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ABSTRACT

Membrane distillation is a process combining thermal and membrane technology, which
uses the vapor pressure difference as driving force because of the temperature difference.
Of the MD configurations, VMD can achieve high flux due to the application of vacuum.
This paper analyzes operating parameters (vacuum pressure, feed flow rate, and feed con-
centration) that affect permeate flux in a modified design VMD system vacuum multi-effect
membrane distillation (V-MEMD). The study investigated the most suitable operating
parameters that would enhance the performance of V-MEMD system at high salinity
(1-4 M of NaCl) with a moderate bulk temperature of 60°C. The result of this study showed
that vacuum pressure is the most influential factor of the selected, and the effect of tempera-
ture polarization is more dominant to permeate flux than concentration polarization. Above
this, the high-salinity solution can be treated by V-MEMD system because it does not affect
the permeate total dissolved solid and flux. A dominant reduction ratio of vapor pressure
was observed even at a low ratio of temperature polarization.

Keywords: Concentration polarization; Temperature polarization; Vacuum membrane

distillation

1. Introduction

Membrane distillation (MD) is a process combining
thermal and membrane technology. The main driving
force in MD is the vapor pressure gradient created by
the temperature difference across a hydrophobic
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membrane [1]. Hence, increasing the vapor pressure
gradient would result in higher permeate flux [2]. MD
consumes less thermal energy due to lower tempera-
ture range between 20 and 80°C in comparison to con-
ventional thermal distillation. As such, MD can
operate with alternative energy, such as waste heat
and solar energy, which reduces the consumption of
fossil fuel requirement. Further, a salt rejection could
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be reached almost 100%, producing high-quality distil-
late [3]. In terms of configuration, the four commer-
cially known MD configurations are direct-contact
membrane distillation (DCMD), air-gap membrane
distillation, sweeping gas membrane distillation, and
vacuum membrane distillation (VMD). Among them,
VMD is able to obtain higher flux due to the incorpo-
ration of vacuum pressure at the permeate side. The
presence of vacuum reduces mass transfer resistance
and heat loss through the membrane. A number of
research papers have been published with regard to
MD for various feed solutions including seawater,
humic acid, sodium chloride (NaCl), and volatile sub-
stance [3]. However, the experimental studies were
mostly using small-scale devices. Recently, Memsys
produced a modified VMD configuration which is
referred to as vacuum multi-effect membrane distilla-
tion (V-MEMD). Due to the modified design, the
V-MEMD system has been reported to be able to
obtain a high recovery rate of around 70-80% [4].

The permeate flux in the VMD process is impacted
by factors such as feed concentration, temperature,
flow rate, and vacuum pressure, as well as the mem-
brane properties [5]. A number of previous studies
have pointed out that feed temperature is one of the
most influencing operating parameters to increase per-
meate flux. However, many of these studies have also
acknowledged that high feed temperature results in
higher temperature polarization effect and required
more thermal energy [6-8]. The aim of this study was
to investigate the most suitable operating parameters
that would enhance the performance of V-MEMD
system at high salinity (1-4 M of NaCl) with a moder-
ate steam raiser temperature of 60°C. The investigation

also analyzed the impact of the selected operating
parameters on the temperature polarization and con-
centration polarization through a model suitable for
the device. Additionally, the contribution of polariza-
tion to the permeate flux was also determined by the
model.

2. Material and methods
2.1. V-MEMD and operating conditions

The V-MEMD system concept is a combination of
vacuum MD process and multistage flash distillation
process. The multi-effect refers to the effect of heat-
ing, evaporation—condensation as well as condensing.
In this system, heating effect and condensing effect
take place internally through the steam raiser module
and the condensing module, respectively. That apart,
it is possible to incorporate multiple membrane
stages into a V-MEMD system for the evaporation—
condensation effect. By consecutively combing a
number of membrane stages, there is an advantage
of being able to continuously use the latent heat of
vapor generated in the previous membrane stage also
in the next stage. Moreover, because feed solutions
go through a number of membrane stages, a high
recovery rate can be obtained compared with other
systems.

Fig. 1 presents a single membrane stage V-MEMD
system used in this study. As shown in Fig. 2,
V-MEMD module is classified into steam raiser (heat-
ing effect); effect stage (evaporation—condensation
effect), where evaporation and condensation is gener-
ated simultaneously; and condenser (condensing

Fig. 1. Memsys V-MEMD system: (a) front and (b) back.
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Fig. 2. Schematic diagram of the water flow on Memsys
V-MEMD system.

effect). In the steam raiser, DI water is heated up
internally and this generates steam (evaporation
effect). The membrane stage consists of condensing
foil, feed channel, and a flat sheet membrane. The foil
performs the role of condensing the steam that gener-
ated from the stream raiser. Heat released from con-
densing steam is used to increase the feed solution
temperature. The hydrophobic membrane that is fixed
on the frame made by plastic allows only vapor to
pass through it (evaporation—condensation effect).[9]
The vapor that has passed through the hydrophobic
membrane comes in contact with the condenser. And
then, it is condensed and discharged out of the system
(condensing effect). The condenser has continuous
water flow to maintain a temperature of 25°C. The
membrane used in this study is GE’s PTFE membrane
with an area of 0.16 m?, thickness of 20 um, pore size
of 0.2 pm, and porosity of 70-75%.

Aqueous solution of 1 M NaCl was used for the
feed solution, and it was operated as batch type until
it was concentrated from 1 to 4 M. Sigma-Aldrich
reagent (purity 99.8%, NaCl) was used in solute for
the feed solution. An initial feed solution of 10 kg was
used in this experiment. Flux was calculated by the
weight of the produced water (distillate) that is mea-
sured by 1 min interval. A CAS’s CBX22KH balance
was used for measuring the distillate weight and this
data were sent to a computer using OHAUS’s pro-
gram (program name: Balance Talk). The permeate
flux was calculated using weight difference according
to the time of the produced water. In addition, the
concentration of the total dissolved solid (TDS) of the
produced water was measured by Thermo Scientific’s
Orion 3 Star conductivity portable.

To investigate the effect of operating parameters,
such as (i) vacuum pressure, (ii) feed flow rate, and

(iii) feed concentration, four sets of operating condi-
tions were chosen as shown in Table 1. For all the set
of experiments, steam raiser temperature was set at
60°C. The initial feed concentration was 1 M of NaCl
and it was concentrated to 4 M due to recirculation of
brine to feed tank during filtration.

2.2. Modeling
2.2.1. Calculation of permeate flux

The device used in this research has a difference
with previous researches [8,10]. In this study, actual
size module that consisted of flat sheet membrane was
used, not a cell unit mainly used in a lab-scale device.
Moreover, the modeling was carried out using a theo-
retical equation of the MD technology that is selected
considering that it is suitable for the device configura-
tion and principle, and conducted comparative analy-
sis with experimental values. The modeling of a
module scale is a step required to scale up the
lab-scale device and can be used in evaluating and
optimizing the performance of the device. The basic
equation of the MD technology was described as the
following. The permeate flux of the MD system was
calculated using Eq. (1) [10].

N=B- (P, — D) ¢))

where N is permeate flux (kg/m?s), B is vacuum
MD coefficient (kg/m?sPa), P, is vapor pressure at
membrane surface (Pa), and P, is applied vacuum
pressure (Pa).

B is a value related to the membrane properties
and is defined as VMD coefficient. It can be calculated
using Eq. (2) [10]. P, value is the vapor pressure at the
membrane surface that can be calculated using Eq. (3).
P, value is calculated using the temperature (T,,) and
concentration (C,,) at the membrane surface. It is
impossible to directly measure the vapor pressure at
the membrane surface, thus, the values are obtained
through calculation.

Table 1
Operating condition in this research at a constant steam
raiser temperature of 60°C

Feed flow rate Vacuum pressure Concentration
(L/h) (mbar) M)
20 70 14
20 90 14
40 70 1-4
40 90 14
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where r is pore size (um), ¢ is porosity (dimension-
less), 0 is thickness (um), 7 is membrane tortuosity
(dimensionless) of membrane, M is molecular

where C, is feed concentration (g/kg) and k is mass
transfer coefficient (m/s).

Egs. (5)—(8) were used to calculate the concentra-
tion polarization. Eq. (5) is then rearranged regarding
C [13].

: o ShD
weight of water (g/mol), R is ideal gas constant K = in (6)
(J/molK), and T, is feed temperature at the mem-
brane surface (K).
exp (—(%87,}‘;3 +1.39 4 (—4.86 x 10°2) - (T, /K) + (—1.45 x 10°8) - (T, /K) + 6.55log(T,, /K)) o
_ m 3

P, =
1+ 0.57257 - (

where T, is feed temperature on the membrane
surface (K) and C,, is feed concentration on the mem-
brane surface (g/kg).

2.2.2. Calculation of temperature and concentration at
membrane surface, and permeate flux on the System

To predict the permeate flux of the vacuum MD
system, the temperature and concentration at the
membrane surface must be known. The reason why
there is a difference between the feed temperature and
concentration at the bulk phase and at the membrane
surface is polarization effect. The vapor pressure can
be calculated when the temperature (T,,) and concen-
tration (C,,) of the feed solution at the membrane sur-
face are known. T,, and C,, cannot be directly
measured, but they must be found through calculation
considering temperature polarization and concentra-
tion polarization. Thus, T,, is calculated using Egs. (1)
and (4) and C,, is calculated using Eqgs. (1) and (5)
[10-12] .

ho(Ty — Tw) = N - H, @

where h,, is heat transfer coefficient (kg/K s> and T,
is bulk feed temperature (K).

In=2=2==— (5)

Cun/(8/k8) )
1000—Cyn/(g/kg)

where Sh is Sherwood number (dimensionless), D is
diffusion coefficient of solute (m?/s), and dh is
hydraulic diameter (m).

Sh =1.86 - (ReSc - (dh/Lm))** )

where Re is Reynolds number (dimensionless), Sc is
Schmidt number (dimensionless), and Lm is channel
length (m).

_dh-u-p
U

Re (8)

where u is flow rate (L/s), p is density (kg/ m?) and U
is viscosity (kg/m-s).

Temperature polarization is calculated using Egs.
4), 9), and (10), and Eq. (4) is then rearranged
regarding T,, [13].

Nu - ky
hy = i &)

where Nu is Nusselt number (dimensionless) and k,
is thermal conductivity of water (J/s-m-K).

0.33
Nu =1.86- <Re-Pr-ﬂ>

Im (10)

where Pr is Prandtl number (dimensionless).
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This research used modeling program to calculate
the temperature and concentration at the membrane
surface by considering the temperature polarization
and concentration polarization, and to calculate the
permeate flux. Fig. 3 is a representation of the process
of calculating the permeate flux with considering the
temperature and concentration at the membrane sur-
face. In this process, the first step is that the tempera-
ture and flow rate of the vapor generated from the
steam raiser was calculated by considering tempera-
ture polarization and concentration polarization from
the steam raiser. Thereafter, the temperature and con-
centration at the membrane surface was calculated by
solving Egs. (4) and (5) with the simultaneous equa-
tions of two unknowns (C,,, T,,). Egs. (4) and (5) were

Start

Calculate the value of T,,, C,, by using eq. (4)and eq. (5) at the
steam raiser

Calculate the generated steam temperature and flux at steam raiser

Decision of the number of effect stages

-+

'

Calculate temperature of feed solution using eq. (11)

Y
Calculate the value of T, C,, by using eq. (4)and eq. (5) at the
effect stage

Increase i

Y

Calculate the generated vapor temperature and flux at effect stage

I < The number of stage
Ye:

‘ End ‘

Fig. 3. Algorithm of calculation on V-MEMD permeate
flux.

combined with Eq. (1) and other equations, and these
equations can be expressed by functions of C,, and
T,,. In detail, Eq. (4) was combined with Egs. (1)-(3)
and 10, Eq. (5) was coupled with Egs. (6)-(8). To solve
the simultaneous equations, that is Egs. (4) and (5),
the solve function in MATLAB was used. The feed
solution temperature at the feed channel was esti-
mated based on the temperature and flow rate of
steam generated from the steam raiser using Eq. (11)
[14].

H, vap

T, — —Vap_
! thpw

+T (1D

where H,,,, is latent heat of vapor (J/s), Q; is flow rate
of steam from the previous stage (m’/s), and Cp,, is
thermal capacity (J/kg-K).

Once this calculation is complete, the concentration
and temperature at the membrane surface of the
membrane module are calculated. These are calculated
using the same step as calculating the temperature
and concentration at the membrane surface at
the steam raiser. The permeate flux is calculated using
the calculated membrane surface temperature and
concentration.

3. Result and discussion
3.1. Influence of operating parameters

Fig. 4 presents the experimental and modeling
results of the permeate flux variation according to
operating conditions. The permeate flux value based
on operating conditions is given in the Table 2. The
extent of the impact on the permeate flux by varied
operating was examined by comparing the variation
of permeate flux for each condition.

To analyze the impact of vacuum pressure on the
permeate flux, an experiment was carried out under
different vacuum pressures of 70 and 90 mbar at a
feed flow rate of 20 L/h and salinity of 1 M of NaCl.
When operation was carried out with a vacuum pres-
sure set to 90 mbar, the permeate flux was approxi-
mately 9.30 kg/m>h and when the operation was
carried out with 70 mbar, the permeate flux was about
11.01 kg/m*h. The permeate flux was increased by
18.4% when the vacuum pressure reduced by 20 mbar
at a feed flow rate of 20 L/h.

Meanwhile, the permeate flux increased by approxi-
mately 30.4% when the vacuum pressure reduced by
20 mbar at a feed flow rate of 40 L/h. When the vacuum
pressure was set at 90 mbar, the permeate flux was
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Fig. 4. The variation of flux with different operating condi-
tions at different feed flow rate (a) 20 L/h and (b) 40 L/h.

10.29 kg/m?h and when the operation was carried out
by lowering the vacuum pressure to 70 mbar with the
same flow rate, the permeate flux was 13.50 kg/m?h.
Variation on vacuum pressure changes P, in
Eq. (1), and this changes AP when calculating the per-
meate flux. Membrane transfer resistance can be
reduced as AP grows, and as the vacuum pressure
becomes lower, it can result in reduced thermal loss.

Table 2

The variation of flux with operating condition (unit: kg/m? h)

Hence, a higher permeate flux value was achieved
when lower vacuum pressure was applied as shown
in the experimental value. The modeling permeate
value is in line with the experimental results.

Increasing the feed flow rate, on the other hand,
would increase the turbulence and reduced the
boundary layer on membrane surface, and it makes
increasing the permeate flux. However, when analyz-
ing based on the variation of the permeate flux, it was
more impacted by the vacuum pressure than flow
rate. Because the variation of permeate flux according
to changes in vacuum pressure is greater than feed
flow rate.

Increasing the feed salinity from 1 to 4 M
resulted in permeate flux reduction ratio of only
15-20% for all experiment conditions. The permeate
flux decreased about 20 and 16% when feed concen-
tration increased 14 M at feed flow rate 20 and 40
L/h, respectively.

The results showed that a 15-16% reduction ratio
of permeate flux was made only when the feed flow
rate was increased from 20 to 40 L/h. On the other
hand, around 18-20% reduction ratio of permeate flux
was observed only when the vacuum pressure was
reduced. This shows that a higher feed flow rate was
important to maintain a reasonable flux in compari-
son to vacuum pressure with increased feed salinity.
This is because when vacuum pressure decreases, the
heat transfer rate decreases and mass transfer rate
increases due to mass transfer resistance decrease.
Thus, it makes higher permeate flux. And, increased
feed flow rate played an important role of increasing
turbulence, reducing the boundary layer at the mem-
brane surface, and minimizing the concentration
polarization effect.

The permeate flux was approximately 14 kg/m?h
at 60°C and 4 M NaCl in DCMDI[15]. But, in this
study, the permeate flux was in 7.30-8.67 kg/m?h at
same temperature and concentration. The flux differ-
ence between DCMD and V-MEMD is attributed to
the permeate side condition.

Concentration of feed Set I (70 mbar,

Set II (90 mbar,

Set III (70 mbar, Set IV (90 mbar,

solution (M)’ 20 L/h) 20 L/h) 40 L/h) 40 L/h)
Experiment Model Experiment Model Experiment Model Experiment Model
flux flux flux flux flux flux flux flux
1 11.01 10.92 9.30 9.31 13.42 13.51 10.29 10.21
2 10.36 10.11 8.42 8.68 12.78 12.50 9.73 9.57
3 9.54 9.25 7.92 7.96 12.00 11.45 9.09 8.88
4 8.75 8.60 7.30 7.26 11.25 11.28 8.67 8.58
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3.2. Rejection rate

Rejection rate was calculated by TDS, the system
achieved a rejection rate that is more than 99.9%, even
at high-salinity feed (1-4 M of NaCl) as shown in
Table 3. This means that the V-MEMD system can
operate even under high salinity condition. The TDS
was measured in permeate tank. As shown Fig. 5,
Permeate TDS is normally below 100 pm/cm.

3.3. Polarization effect
3.3.1. Concentration polarization

In this study, an analysis of concentration polariza-
tion effect with different operating condition was car-
ried out, and a ratio of concentration at membrane
surface (C,,) over the bulk concentration (C;) was used
for calculation of extent of concentration polarization
[15]. The ratio of C,,/C; is closer to 1 meaning that the
polarization occurs less.

The concentration polarization ratio in this system
varied in the range of 1.135-1.349 in Table 4. The low-
est concentration polarization effect at 1.135 was
observed at 90 mbar, 4 M NaCl, and 40 L/h. The
highest concentration polarization effect of 1.349 was
observed at 90 mbar, 1 M NaCl, and 20 L/h.

Eq. (6) was used to calculate the C,, value to
evaluate the concentration polarization ratio. The N
value increases with lower vacuum pressure and

Table 3
Salt rejection rate of each condition
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Fig. 5. The variation of permeate TDS with operating
condition.

concentration at membrane surface (C,,). Thus, a
higher concentration polarization effect was pre-
sented. At increasing feed flow rate, k value (mass
transfer coefficient) grows and C,, value decreases,
and hence, the extent of concentration polarization
reduced. k value can be obtained using Egs. (6)-(8).

At increased feed concentration, a lower concentra-
tion polarization effect was presented. The reason is
because once the feed concentration grows higher, the
C,, value increases, and hence, the P, value grows

Concentration of feed Set I (70 mbar,

Set II (90 mbar,

Set III (70 mbar, Set IV (90 mbar,

solution (M)” 20 L/h) 20 L/h) 40 L/h) 40 L/h)
Rejection rate (%) 99.92 99.88 99.89 99.84
Table 4
The reduction rate of vapor pressure with operating condition
Temperature Concentration
polarization polarization
Operating Concentration of feed solution 1- Pyr (T, Cp)/ CP - P,c (Ty, Cp)/
condition ™M) P,/P, TP P, 1 Py,
90 mbar 1 0.667  0.024 0.672 0.215 0.992
20 L/h 4 0.751 0.016 0.771 0.135 0.973
90 mbar 1 0.670  0.024 0.679 0.212 0.992
40 L/h 4 0.753  0.015 0.774 0.133 0.974
70 mbar 1 0.530 0.037 0.554 0.349 0.987
20 L/h 4 0595  0.028 0.627 0.251 0.950
70 mbar 1 0.536  0.037 0.543 0.343 0.987
40 L/h 4 0.600  0.028 0.631 0.247 0.951
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smaller. Consequently, the N value grows small, the
difference between C, and C,, values becomes smaller
as shown in Fig. 6.

3.3.2. Temperature polarization

Fig. 7 shows the variation of the extent of tempera-
ture polarization according to changes in operating
conditions. In this study, the effect of temperature
polarization is defined by the temperature polarization
ratio (T,,/T;) [16]. Hence, a temperature polarization
ratio becomes closer to 1, which is interpreted as low
effect of temperature polarization.

Overall the temperature polarization ratio for the
operating condition in this study has range from 0.963
to 0.985. Reducing the vacuum pressure (90-70 mbar)
resulted in higher temperature polarization effect by
an increase of 0.013 in ratio. A higher feed salinity
(14 M of NaCl) lowers the temperature polarization
effect by a reduction of 0.008 in ratio. Increasing the
feed flow rate (20-40 L/h) resulted in lower tempera-
ture polarization effect. At this flow ranges, although
the effect on temperature polarization was insignifi-
cant, the permeate flux change is relatively high.

3.3.3. Analysis of contribution of polarization to
permeate flux reduction

In this study, vapor pressure value was used to
explain the influence of concentration polarization and
temperature polarization on permeate flux. This is
because as represented by Eq. (1), vapor pressure is
the driving force on the permeate flux. A variation of
vapor pressure directly represents variation in the

e

90 mbar, 40 L/hr
90 mbar, 20 L/hr
70 mbar, 40 L/hr
70 mbar, 20 L/hr

1.0 1.5 20 25 3.0 35 4.0
Concentration

Fig. 6. The variation of extent of concentration polarization
with operating condition.
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Fig. 7. The variation of extent of temperature polarization
with operating condition.

permeate flux. A vapor pressure reduction ratio that is
P,/P, (P, vapor pressure at membrane surface and
Py, the vapor pressure at feed bulk phase) is adopted
in this study. The wvapor pressure incorporating
only temperature polarization (P, (T,,Cp)), only con-
centration polarization (P, (T,C,,)), and both of this
(Po(Ty, C); Pp) was estimated and compared with Py,

Table 4 shows the vapor pressure difference with
operating conditions considering temperature and con-
centration polarization. The value of P, (T,C,)/Ps,
that is, the vapor pressure difference considering only
concentration polarization was in the range of
0.950-0.992. Since this value was almost close to 1, it
can be concluded that the effect of concentration polar-
ization to vapor pressure drop has almost no impact in
all experimental condition.

In contrast, P, (T,,,Cy)/ Py, that is, the vapor pres-
sure difference considering only temperature polariza-
tion was at a much lower range of 0.543-0.774.
However, the temperature polarization effect for all
experimental condition was actually at a high range of
0.963-0.985 as described in Section 3.3.2. This is
because, for the calculation of membrane surface
vapor pressure, membrane surface feed temperature is
exponentially measured as represented by Eq. (3). This
means that even a small drop of 1-2°C of feed temper-
ature exponentially reduce the value of vapor pressure
at membrane surface. For instance, at a minimal tem-
perature polarization ratio of 0.985, vapor pressure
ratio was reduced to 0.774. In this case, increased feed
flow rate appears to be important to maintain a higher
vapor pressure ratio.

As shown Fig. 8, extent of concentration polariza-
tion is larger than temperature polarization. But P,
(T,n,Cp)/ Py is much bigger than P, c (Ty,C,,)/Py and is
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Fig. 8. Extent of polarization and reduction ratio of vapor pressure with different operating condition.

similar with P,/P,. It means that temperature polari-
zation is more dominant for vapor pressure reduction
than concentration polarization.

4. Conclusion

This study was conducted to examine the impact
of vacuum pressure, feed flow rate, and the feed con-
centration on the permeate flux in a vacuum MD sys-
tem. Further, the impact of temperature polarization
and concentration polarization was also investigated.
The results are as follows:

(1) The 304% increase of permeate flux was
achieved with a lower vacuum pressure (70 mbar).
The 21.8% increase of permeate flux was achieved at
higher feed flow rate (40 L/h). Both vacuum pressure
and feed flow rate influenced permeate flux positively,
with vacuum pressure having a higher impact at
lower feed salinity and feed flow rate at higher feed
salinity.

(2) The increase of feed water salinity from 1 to
4 M NaCl reduced the permeate flux by 16-20%. Fur-
ther, the rejection rate was over 99.8%, which means
the vacuum MD process is not sensitive to the salinity
of the feed solution. This indicates that the V-MEMD
process can be used for the treatment of high-salinity
water.

(3) A dominant reduction ratio of vapor pressure
was observed even at a low ratio of temperature
polarization. The vapor pressure little affected by
concentration polarization. As the vapor pressure is
highly sensitive to temperature change and is the

driving force for the system, it is important to main-
tain a minimal temperature change. For this purpose,
a higher feed flow rate was necessary.

(4) Overall, although vacuum pressure increases
the permeate flux by about 30%, it significantly
reduces the vapor pressure ratio to 0.6. On the other
hand, feed flow rate increased the permeate flux by 2%
while maintaining the vapor pressure difference ratio
at 0.7. For this system, at a feed temperature of 60°C, it
appears to be sustainable to maintain a higher range of
feed flow rate as well as vacuum pressure resulting in
a sustainable permeate flux of 8.7-10.3 kg/m?h at high
feed salinity.
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