
Recovery and development of correlations for heat and mass transfer in
vacuum membrane distillation for desalination

Sushant Upadhyaya*, Kailash Singh, S.P. Chaurasia, Rajeev Kumar Dohare,
Madhu Agarwal

Department of Chemical Engineering, Malaviya National Institute of Technology, Jaipur, India, Tel. +91 9549654173;
Fax: +91 141 2713486; email: supadhyay.chem@mnit.ac.in (S. Upadhyaya)

Received 1 August 2015; Accepted 9 April 2016

ABSTRACT

This study evaluates the recovery of pure water by vacuum membrane distillation (VMD).
The VMD process has been experimentally studied using a polytetrafluroethylene (PTFE)
membrane for aqueous sodium chloride solution containing salt concentration of
20,000 ppm and permeate pressure of 7 kPa. The percentage recovery was observed to
increase with time of operation and in 183 h, it became 86%. A mathematical model for
recovery has also been developed and validated with experimental data. Heat transfer and
mass transfer correlations have been developed for the range of feed flow rate of 0.5–2 lpm
and feed bulk temperature of 40–60˚C. The effect of feed salt concentration and membrane
fouling was also studied on permeate flux. Permeate flux was found to decrease by 15 and
10% at 55 and 60˚C, respectively, on increasing feed salt concentration from 5 to 40 g/l. The
permeate flux was observed to decrease by 8% from 26.1 to 24 kg/m2 h after continuous
operation of 180 h at 60˚C and 20,000 ppm feed salt concentration due to fouling. However,
after washing the membrane with water, the flux regained up to 25.7 kg/m2 h. The fouling
was confirmed in the study of membrane morphology using SEM images.

Keywords: Vacuum membrane distillation; Recovery; Heat and mass transfer correlation;
PTFE; Modeling; Desalination

1. Introduction

Vacuum membrane distillation (VMD) is a ther-
mally driven process, in which only vapor molecules
are transported through porous hydrophobic mem-
branes; the downstream pressure during the process is
kept lower than the equilibrium vapor pressure of
volatile components to be separated from the feed
solution [1,2]. In a VMD configuration, vacuum is

applied on the permeate side of the module by a vac-
uum pump. The applied vacuum pressure is lower
than the saturation pressure of volatile components to
be separated from the feed solution. The liquid feed to
be treated by VMD must be in direct contact with one
side of the membrane and should not penetrate the
dry pores of the membranes. Liquid/vapor interface is
formed at the entrances of the membrane pores. The
driving force is the transmembrane vapor pressure
difference that may be maintained in the permeate
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side of the membrane [3]. VMD is an emerging tech-
nology for desalination and is distinct from the other
membrane separation processes in terms of driving
force as vapor pressure instead of total pressure.

An increasing number of areas on our planet will
suffer more in the near future because of rapid deple-
tion of ground water and surface water [4]. VMD has
been applied for water reuse, water desalination, envi-
ronmental waste clean-up, food processing, milk and
juice concentration, biomedical applications such as
water removal from blood, and treatment of protein
solutions. Lower operating systems’ temperatures has
also made VMD attractive in the food industry where
concentrated fruit juices can be prepared with better
flavor and color [5] Since VMD is a thermally driven
process, operating pressure is generally of the order of
zero to a few kPa, relatively low as compared to pres-
sure-driven processes such as reverse osmosis. VMD
and conventional distillation processes work on the
principle of vapor–liquid equilibrium for separation;
both operations involve the latent heat of vaporization
to create vapor phase. Despite this, the main differ-
ence between these two operations is that in conven-
tional distillation, the liquid solution is required to be
heated up to the bubble point, whereas it is not
required in the case of VMD. VMD performs well
with the feed temperature lower than its boiling point.
In addition to it, the components to be separated can
form an azeotropic mixture and have close boiling
points. Hence, VMD belongs to a special class of
distillation process [6].

Recently, numerous mathematical models have
been developed for VMD. Mainly, these models
[1,7–24] have been used for the prediction of permeate
flux and estimate the sensitivity of various parameters
such as feed flow rate, feed bulk inlet temperature,
feed concentration, permeate pressure, pore diameter,
membrane thickness, and membrane porosity. Mathe-
matical models on membrane distillation have been
reviewed by Lawson and Lloyd [24]. Several research-
ers assumed Knudsen flow for gas permeation
through membrane as the basis in their models
[9,24–29]. Some other authors took into consideration
the combination of Knudsen–Poiseuille flow for their
models to estimate the VMD flux [21,24,30]. Many
attempts were made in developing the theoretical
model for better understanding of VMD process with-
out due attention of characterization of VMD mem-
brane before and after utilization for explaining the
fouling effect [31,32].

Numerous heat transfer correlations were devel-
oped for VMD to apprehend the effect of heat transfer
coefficient (HTC) on feed bulk inlet temperature by
many investigators [9,15,21,24,33], but no systematic

study has been reported to develop the mass transfer
correlation for VMD process. The HTC at boundary
layer is generally determined by correlations for heat
exchangers, but these may not be appropriate in deter-
mining the HTC at boundary layer in case of VMD
since these well-known correlations for heat exchanger
are based on non-porous and rigid heat exchanger,
while the membrane used in VMD is porous and non-
rigid. Due to this difference, the correlations for heat
exchanger and VMD are not identical. Moreover, it is
known that the VMD process is influenced by the
combination of mass, heat, and momentum transport.
Hence, in the present study, various experimental
runs were conducted in VMD at various feed flow
rates, feed bulk inlet temperatures, etc. by ascertaining
all the considerations like porous, non-rigid mem-
brane, temperature polarization, and coupling of heat
and mass transfer phenomena to develop heat transfer
and mass transfer correlations.

Recovery is defined as the fraction of feed flow
through the membrane and ranges from 0 to 1. It is a
parameter of economic importance. Commercially,
membrane processes are designed with a recovery
value as high as possible; however, high recovery
influences the membrane process performance in due
course of time.

So far, no paper has been found that discusses a
theoretical mathematical model for recovery and effect
of feed temperature on recovery for desalination by
VMD. In the present paper, experimental study has
been performed on VMD using a polytetrafluo-
roethylene (PTFE) membrane. A theoretical model for
recovery calculation has been developed, which has
been validated with the experimental data. The per-
meate flux at various feed temperatures has been com-
puted theoretically to determine the recovery. The
correlations for heat transfer and mass transfer coeffi-
cients have been developed. The effect of fouling on
permeate flux has also been studied. The fouling on
membrane has been corroborated with energy disper-
sive spectroscopy (EDS) data of used membrane. The
pore size distribution of PTFE membrane has also
been measured to confirm the blocking of pores after
utilization.

2. Mathematical modeling for recovery in VMD

A schematic diagram for recovery calculation is
depicted in Fig. 1.

Assuming density as constant, overall material
balance in the membrane module is:

QF ¼ QR þ QP (1)
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Salt material balance in feed tank is:

d CF Vð Þ
dt

¼ QR CR �QF CF (2)

CF
dV

dt
þ V

dCF

dt
¼ CR QR �QF CF (3)

Overall material balance in feed tank is:

dV

dt
¼ QR �QF (4)

Substituting Eq. (4) in Eq. (3), we get:

CF QR �QFð Þ þ V
dCF

dt
¼ CR QR �QF CF (5)

) V
dCF

dt
¼ CR QR �QF CF � CF QR þ QF CF (6)

) dCF

dt
¼ CR � CFð ÞQR

V
(7)

Applying salt material balance in membrane module:

d CR Vmð Þ
dt

¼ QF CF � CR QR � CP QP (8)

Eq. (8) can be rewritten by equating CP to zero as:

d CR Vmð Þ
dt

¼ QF CF � CR QR (9)

) d CRð Þ
dt

¼ QF CF � CR QR

Vm
(10)

The permeate flux (permeate flow rate per unit area of
membrane) can be calculated using the following
equation [23]:

N ¼ e
sdRTfm

1� yA
DAB

þ 3

4d

ffiffiffiffiffiffiffiffiffiffiffi
2pM
RTfm

r� ��1

Pfm � Ppm

� �

þ er2

sd
PfmM

8gRTfm
Pfm � Ppm

� �
(11)

where Pfm and Ppm are partial pressures in feed side
and permeate pressure of water, respectively. The
porosity of PTFE membrane ε was taken as 0.70.
Thickness of the membrane δ was 175 microns,
tortuosity τ was 1.6, Tfm is the feed side membrane’s
surface temperature, DAB is the diffusion coefficient,
yA is the mole fraction of water vapor, membrane pore
size d (=2r) is 0.22 μm, M is the molecular weight
of water, and η is the viscosity of water vapor
(temperature dependent).

The relationship between QP and N is as follows:

QP ¼ NMpD2

4q
(12)

where D is the effective membrane diameter (52 mm)
and ρ is the water density.

The value of permeate volumetric flow rate QP

was calculated using Eq. (12) at various feed inlet tem-
peratures (45, 50, 55, and 60˚C). Further, model Eqs.
(4), (7), and (10) were simulated in MATLAB by a
writing code in M-file using ode15s.

3. Experimental

A lab-scale VMD setup was used in the study. The
schematic diagram of the experimental setup is shown
in the Fig. 2. A flat sheet hydrophobic micro porous
PTFE membrane (porosity 70%) with an effective

Fig. 1. A schematic diagram for recovery calculation.

Fig. 2. A schematic diagram of VMD setup.
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diameter of 52 mm, pore diameter 0.22 micron, and
membrane thickness 175 micron was used for the
experiments. The aqueous feed solution of 20 g/l
NaCl was prepared and heated to the required tem-
perature using a heating apparatus equipped with a
temperature controller at base of the feed tank. The
feed solution was then pumped from the feed tank by
a feed pump (0.37/0.50 HP of Crompton make) to the
membrane unit. The feed was circulated through the
membrane module. The feed flow rate was monitored
using rotameter installed on the membrane unit. The
temperature of both fluids of inlet and outlet was
monitored using digital thermometers. A vacuum
pump (FRACOVAC make) was installed at the base to
create the required vacuum on the permeate side by
which the partial pressure difference across the
membrane was maintained.

A condenser unit was used at the permeate side to
condense the vapor coming from the membrane unit.
A cold water reservoir was housed in the setup to
supply cold water to the condenser unit. A permeate
receiver was used to collect the water, which comes
from the condenser. A pressure gauge was used to
measure and maintain the vacuum created. Electrical
conductivity of the distillate permeate was measured
using a multi-ion meter (Thermo Scientific Orion USA
make). The specifications and makeup of the various
instruments used in the setup are shown in Table 1.

4. Results and discussion

4.1. Water recovery

The water recovery through VMD was calculated
using the developed model equations. The average
permeate flow rate was estimated by carrying out
VMD experiment and collecting the permeate over a
definite period of time which was obtained to be
0.0471 kg/h, assumed to be constant for the whole
time of operation. The retentate was recycled into the
feed tank. The feed flow rate, feed inlet temperature,
and permeate pressure were kept at 1 lpm, 60˚C, and

7 kPa, respectively. The initial volume of water in the
feed tank was 10 L with the concentration of
20,000 ppm of NaCl. The recovery was calculated as
shown in Fig. 3. It was assumed that the maximum
feed concentration can go up to 45,000 ppm, beyond
which the tank is refilled with fresh feed. The water
recovery increased with time and it was 86% at 183 h.
The recovery time is high due to low effective area of
the membrane used in the setup, which was
0.00212 m2. However, on using the membrane of effec-
tive area of 1 m2, the recovery time reduced to
183 × 0.00212/1 = 0.38796 h or 23.2 min. It can be seen
from Fig. 3 that the developed model for recovery is
in good agreement with experimental recovery.

The transient salt concentration in feed tank and
recovery was also calculated using the model equa-
tions at temperatures 45, 50, 55, and 60˚C as shown in
Figs. 4 and 5, respectively, at feed flow rate of 1 lpm
and permeate pressure of 7 kPa. It is clear from Fig. 4
that salt concentration in the tank goes on increasing
and becomes 22, 27, 34, and 55 kg/m3 in 200 h at 45,
50, 55, and 60˚C, respectively. It can also be observed
that at high temperature, such as 60˚C, the salt rejec-
tion rate increases exponentially, suggesting that
higher temperature favors the salt rejection rate.

Fig. 5 illustrates the percent recovery as calculated
by model equations at various feed inlet temperatures:
45, 50, 55, and 60˚C. It can be observed that the recov-
ery increases linearly with time and at 200 h, it
becomes 16, 39, 64, and 95% at feed inlet temperatures
of 45, 50, 55, and 60˚C, respectively.

4.2. Heat transfer correlation development

The HTCs on the boundary layers are generally
calculated from well-known heat transfer empirical
correlations. These correlations are valid only for
non-porous and rigid heat exchangers. However, the
membranes are porous in nature. Therefore, there is a
difference between the mechanisms of heat transfer in
membrane distillation systems and in heat exchangers.
Moreover, in an MD system, the heat transfer is

Table 1
Specifications and makeup of various instruments used in VMD setup

Instrument Specification Make

Thermocouple 0–125˚C with least count of 1˚C RT 100
Rotameter Range 0–2 lpm, Accuracy 99.16% Star flow India
Pressure gauge 0–2.5 kgf/m

2 Gluck
Vacuum gauage 0 to −760 mm Hg with least count of 20 mm Hg Guru India
Multi-ion meter Advanced microprocessor based total

electrochemistry benchtop meter V star 93
Thermo Scientific Orion USA make
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coupled with mass transfer [24]. In this work, VMD
heat transfer phenomenon was studied using a test
cell module consisting of PTFE flat sheet membrane.
The temperature polarization effect and the mecha-
nisms of heat and mass transfer through the system
have been considered. The experimental heat transfer
correlation was obtained in terms of Nusselt,
Reynolds, and Prandtl numbers.

The heat energy needed for the water to vaporize
into the membrane pores is provided by heat transfer
through the boundary layer at the feed side. The heat
flux is given by:

qf ¼ hf tf � tfmð Þ (13)

Assuming the contribution of both evaporation and
conduction, the total heat flux transferred through the
membrane is:

qm ¼ NDH þ hm tfm � tpm
� �

(14)

where hm ¼ 1�eð Þks þ ekg
d , λs (=0.28 W/m ˚C) and λg

(=0.021 W/m ˚C) are thermal conductivities of PTFE
membrane material and water vapor in the pores,
respectively [22]. The feed side HTC hf can be calcu-
lated by equating Eqs. (13) and (14). In the above cal-
culations, the values of N were taken from
experiments. The values of hf were calculated at vari-
ous feed temperatures and feed flow rates as shown
in Fig. 6. It is observed that the HTC increases as the
feed flow rate and feed bulk inlet temperature
increase. This may be due to the fact that increasing
feed flow rate lowers the salt concentration deposition
(reduction in concentration polarization effect) on the
membrane, which in turn increases the vapor pressure
causing higher permeate flux. Moreover, higher feed
bulk temperature also causes increase in vapor pres-
sure on the membrane surface and hence the driving
force increases leading to higher permeate flux. Also,
the temperature polarization effect decreases on
increasing the feed bulk temperature as fluid viscosity
decreases and therefore thermal boundary layer thick-
ness decreases, thereby increasing the HTC.

The following empirical correlation was fitted
using nonlinear regression, which gives the optimum
values of the constants a, b, and c by minimizing the
error between experimental and calculated values
using Newton’s method. It is found that there is a
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following relationship between the HTC and feed bulk
inlet temperature:

At 0:5 lpm hf ¼ 142:52Tf � 5185:6 (15)

At 1 lpm hf ¼ 173:82Tf � 6317:2 (16)

At 2 lpm hf ¼ 276:1Tf � 9879:6 (17)

The R2 values for the above equations were found to
be 0.970, 0.970, and 0.944, respectively.

The Nusselt number, Nu, was calculated by
Nu = hf de/k, where de is the effective diameter of
membrane and k is the thermal conductivity of water.
Reynolds number, Re, was calculated by Re = vdeρ/μ,
where v is the approach velocity of water, ρ and μ are
the density and viscosity of liquid water, respectively.
The heat transfer correlation was developed using
nonlinear regression for varied feed bulk inlet temper-
atures and feed flow rates.

Nu ¼ a Reb Prc (18)

The correlation after fitting the data was found to be
as follows:

Nu ¼ 0:43Re0:837 Pr0:33 (19)

The indexes to Reynold’s number and Prandtl number
are similar to those reported by others [22]. The plot of
theoretical and experimental values of log(Nu/Pr0.33)
vs. log(Re) is shown in Fig. 7. It is observed that the

theoretical model is in good agreement with the exper-
imental data. The R2 value was found to be 0.971. It
can also be concluded from this correlation that the
HTC increases on increasing the feed bulk temperature
as the fluid viscosity decreases (hf / l�0:5).

4.3. Mass transfer correlation development

The VMD process involves both heat transfer and
mass transfer. The mass transfer is due to the flow of
vapors through membrane pores. It depends on per-
meate pressure, feed temperature, and feed flow rate.
Therefore, a correlation was developed to estimate the
mass transfer coefficient, kf, (in terms of Sherwood
number, Sh) as a function of the dimensionless num-
bers, Reynolds number, and Schmidt number, Sc, as
follows:

Sh ¼ a0 Reb
0
Scc

0
(20)

where Sh = kfde/DAB, and Sc = μ/ρDAB. The value of
mass transfer coefficient (kf) was calculated using
Eq. (21) developed as follows:

N ¼ kf ðCfm � CpmÞ

Putting Cfm = PfmM/RTavg and Cpm = PpmM/RTavg,
where Tavg is the average of Tfm and Tpm.

Therefore

kf ¼ NRTavg

M Pfm � Ppm

� � (21)
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The values of kf were calculated at various feed tem-
peratures (45–60˚C) and feed flow rates (ranging from
0.5 to 2 lpm). It can also be observed from Fig. 8 that
the mass transfer coefficient increases by increasing the
feed flow rate and feed bulk inlet temperature. The
increment of mass transfer coefficient (kf) with respect
to feed flow rate and feed bulk inlet temperature can
cause the reduction in concentration and temperature
polarization effect. The mass transfer correlation was
developed by minimizing the error between the experi-
mental and estimated Sherwood number using
Newton’s method, given as follows:

Sh ¼ 31:79Re0:46 Sc0:33 (22)

The plot of theoretical and experimental values of log
(Sh/Sc0.33) vs. log(Re) is shown in Fig. 9. It is observed
that the theoretical model is in good agreement with
the experimental data. The R2 value was found to be
0.975.

4.4. Effect of feed concentration on permeate flux

The experiments were conducted for various NaCl
salt concentrations at feed flow rate of 2 lpm, and
permeate pressure of 6 kPa, at different feed bulk tem-
peratures of 55 and 60˚C as shown in Fig. 10. It is
observed from this figure that the experimental per-
meate flux decreases slightly with increase in the feed
inlet concentration from 5 to 20 g/l. This decrement
was less than 1 and 2% for 55 and 60˚C of feed bulk
inlet temperatures, respectively. It shows negligible

effect of salt concentration on permeate flux. However,
the effect was not negligible at higher feed concentra-
tion, i.e. 30–40 g/l. It was observed that the declina-
tion of permeate flux was nearly 15 and 10% at 55 and
60˚C feed bulk inlet temperatures, respectively. On
increasing the concentration of non-volatile solutes in
the form of salt in the feed solution results in the
declination of permeate flux due to the decrease of
water vapor pressure, as per modified Raoult’s Law
(The activity coefficient of water for NaCl solution is
given by γ = 1–0.5x − 10x2, where x is the salt mole
fraction), which may affect the driving force for mass
transfer. Moreover, at higher salt concentrations, the
extra boundary layer is created on the surface of mem-
brane–feed interface. This problem can be minimized
by creating turbulence or increasing the feed flow rate
for enhancing the VMD performance. Hence, the per-
formance of VMD was different for low salt concentra-
tions and high salt concentrations. However, due to
low salt concentrations in ground water, the permeate
flux will not change significantly. Sometimes, this
reduction of permeate flux at high salt concentrations
leads to the crystallization and scaling on membrane
surface. But, it was observed that the effect of scaling
in water desalination through VMD was not signifi-
cant. This outcome was also supported by Moham-
madi and Safavi [34]. Due to this reason, VMD can be
used for desalination of higher salt concentrations as
compared to other membrane process like RO without
altering a huge drop in production. Since concentra-
tion polarization is very large in RO, it ultimately cre-
ates reduction in permeate flux to a large extent in RO
as compared to the VMD.
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The mathematical model [23] values were com-
pared with experimental results, and are found to be
in good agreement. The R2 and MAPE values are
given in Table 2. It can be observed that R2 value cor-
responding to 55˚C is lower than that at 60˚C. This
deviation from theoretical prediction may be due to
increase in concentration polarization effect at low
temperature.

Based on the above discussion of the effects of var-
ious parameters, the permeate flux is found to be
higher at feed temperature of 60˚C as compared to
that at 55˚C.

4.5. Effect of membrane fouling on permeate flux

In a continuous operation, the salt concentration of
20 g/l was used as a feed solution for a VMD setup
and the transmembrane permeate flux was collected
continuously for about 180 h. Fig. 11 shows that there
was slight declination of the permeate flux. At 60˚C,
the permeate flux was 26.1 kg/m2 h and decreased
gradually till 180 h at 6 kPa of permeate pressure and
2 lpm of feed flow rate. It was observed that the flux
decreased nearly 8% in 180 h, which may be due to
the minor scale deposit on the membrane surface. The
effective membrane characteristics parameter ε/τδ
decreases on continuous use of membrane due to salt
deposition; therefore, the mass flux gets decreased.
The PTFE membrane used in the present study was
hydrophobic and therefore it has been assumed that

there is no wetting of membrane. The fouling was
observed over the membrane surface after using for
180 h. Therefore, subsequently, water washing was
done and the membrane performance was checked
again. It was observed that the flux regained to about
25.7 kg/m2 h under the same process conditions with
99.9% salt rejection.

4.6. Comparison of membrane morphology before and after
use

The membrane morphology was tested by SEM.
The membranes before and after its use in VMD were
analyzed. The SEM micrograph of a brand new mem-
brane’s morphology is shown in Fig. 12(a). It was
observed that the new membrane used in SEM study
had pore diameter upto 0.30 μm, whereas the average
pore diameter of the membrane was 0.22 μm as per
the specifications given by the manufacturer
(Millipore). The other characteristics of fresh PTFE
membrane are given in Table 1. Large pores of size
10 μm were also observed by other researchers [12,35],
despite the average pore size of Accurel PP S6/2
membrane mentioned as 0.22 μm. EDS image is also
shown in Fig. 12(b), which indicates the presence of
carbon, fluorine, and oxygen atoms, which are the
constituents of PTFE membrane.

The PTFE membrane was used continuously under
6 kPa of permeate pressure, feed flow rate of 2 lpm,
feed inlet temperature of 60˚C, and feed salt concen-
tration of 20,000 ppm for 180-h run time. The SEM
micrograph of this membrane is shown in Fig. 13(a). It
is seen that there is little fouling over the membrane
surface. Therefore, little reduction in permeate flux
was observed after 180 h of continuous use of mem-
brane. The flux was almost found to regain its original
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Table 2
R2 and MAPE values for effect of feed salt concentration
on permeate flux

Feed bulk temperature (˚C) R2 MAPE
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Fig. 12. (a) SEM (30,000×) micrograph and (b) EDS image of a new brand membrane.
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Fig. 13. (a) SEM Micrograph (30,000×) and (b) EDS image of used membrane after 180-h run time.
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value after washing the membrane with water. In the
present study, at 20 g/l of salt concentration in feed
solution, the permeate flux was observed to decrease
by 8% over 180 h. Mericq et al. [36] have also reported
33.6% decrease in permeate flux for synthetic sea
water solution of salt concentration 300 g/l and about
10% decrease for 34 g/l of salt concentration in feed
solution. In the later case, no crystal growth and scale
deposit were observed in SEM micrograph. The EDS

image of membrane after 180-h run time at feed salt
concentration of 20,000 ppm is shown in Fig. 13(b). It
is evident that sodium and chlorine are present in
addition to those for pure membrane, which confirms
salt deposition.

The SEM micrograph of PTFE hydrophobic mem-
brane after its use for 240 h continuously at 7 kPa of
permeate pressure, feed flow rate of 2 lpm, feed inlet
temperature of 60˚C, and feed NaCl salt concentration

(a)

(b)

Fig. 14. (a) SEM Micrograph (30,000×), the circle represents the crystal of NaCl and (b) EDS image after 240-h run time
dealing with high feed salt concentration of 40,000 ppm.
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of 40 g/l is shown in Fig. 14(a). The figure shows little
crystal deposition (some crystals have been encircled
for clarity), which may be due to very high NaCl feed
concentration on the feed side of the membrane. Also,
at this high concentration, the declination of 8% in
permeate flux was observed, which was supported by
the SEM picture as NaCl deposit lapped only on a fee-
ble portion of the membrane surface which increases
the temperature polarization effect and reduces the
membrane permeability due to salt deposition. Ulti-
mately, the vapor pressure difference was reduced
since there is reduction in partial pressure of the water
vapor and significantly the declination of the permeate
flux was observed in the experimental run under the
above-mentioned conditions. Membrane scaling and
deposition were also reported by other workers [35,37]
for tap water purification. The EDS image of used
membrane after 240-h run time at feed salt concentra-
tion of 40,000 ppm is shown in Fig. 14(b). It depicted
the increased presence of sodium and chlorine as com-
pared to that of 20,000 ppm salt concentration in feed
and 180-h run time.

The pore size distribution estimated from software
ImageJ from SEM image is given in Fig. 15. It is
observed that the average pore size of a new brand
membrane is 0.22 μm. However, after using for 180
and 240 h for feed concentrations of 20 and 40 g/l,
respectively, the average pore size reduced due to salt
deposition on the pores. Therefore, the permeate flux
declined after long usage of the membrane.

4. Conclusions

Water recovery has been estimated from experimen-
tal data on VMD. It was found to be 86% at 183 h of

operation. The developed mathematical model for
recovery was in good agreement with the experimental
results. Heat transfer and mass transfer correlations
were developed in the range of feed flow rate of 0.5–
2 lpm and feed inlet temperature of 40–60˚C. The effect
of salt concentration on permeate flux was also studied.
Only 2% decrease in flux was observed with increase in
salt concentration from 5 to 20 g/l at 60˚C of feed bulk
temperature. However, this declination reached 15% at
feed salt NaCl concentration of 40 g/l at 60˚C. Rejection
of NaCl at different concentrations was observed to be
more than 99%. After continuous operation upto 180 h
with recycle of retentate into the feed tank, the perme-
ate flux reduced from 26.1 to 24 kg/m2 h at 60˚C and
feed salt concentration of 20 g/l. This 8% decline in the
permeate flux was due to some salt deposition on the
membrane surface. When the membrane was reused
after washing with water, the permeate flux increased
to 25.7 kg/m2 h. The SEM and EDS images also indi-
cated salt deposition on the membrane. The pore size
distribution confirmed the cause for reduction in
permeate flux after long use.
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