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ABSTRACT

Vacuum membrane distillation (VMD) is an attractive method for water desalination due to its high
pure water permeability under lower operating temperatures, resulting in less energy consumption,
lower heat loss via conduction through the membrane surface, and negligible heat transfer by con-
duction due to the low pressure on the permeate side. The aim of this study is to establish a compre-
hensive numerical model that describes the water vapor transfer across a hydrophobic micro-porous
membrane in single-stage and multi-stage VMD processes for seawater desalination. The numer-
ical predictions are compared to previous experimental data, and a good correlation is observed.
The investigation also conducted a sensitivity analysis of process variables and membrane specifi-
cations on VMD performance, as well as an assessment of the impact of temperature and concen-
tration polarization. The obtained results showed that the permeation flux reached 18.42 kg/m*h at
35 g/L feed concentration, 65°C feed temperature, 50 L/h feed flow rate, and 3 kPa vacuum pres-
sure. Moreover, the findings revealed that feed temperature was the most significant factor, while
feed flow rate was the least important in determining permeation flux. Additionally, the results indi-
cated that the structure and porosity of support materials play important roles in determining the
performance of VMD process. Finally, results confirmed that temperature polarization had a more
significant effect on the reduction of permeate flux than concentration polarization.
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1. Introduction

The potential of vacuum membrane distillation (VMD)
is gaining increasing interest due to its effectiveness in
diverse applications, such as separating aqueous solutions
and eliminating gases and volatile organic compounds
from water [1-3]. VMD presents numerous benefits in sea-
water desalination [4,5], and it is not greatly affected by
temperature polarization occurring at the membrane sur-
face. In addition, heat conduction losses through the mem-
brane are significantly decreased, and in certain instances,
they are insignificant [6]. Nonetheless, the principal

* Corresponding author.

disadvantage of VMD pertains to the intricate configura-
tion involving vacuum and external condensers [7,8], as
well as the potential for the applied vacuum to produce
substantial pressure fluctuations on the membrane surface,
which may result in wetting or reduced hydrophobicity
of the membrane. These factors can negatively impact the
quality of the permeate produced [9,10].

To ensure the successful and reliable application of MD
technology, it is essential to gain a comprehensive under-
standing of the processes occurring in the MD membrane
and module through mathematical modeling [11-13]. The
primary aim of MD modeling is to forecast the permeate
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flux and how it relates to the MD module configuration,
membrane properties, and operational parameters [14-16].
Various mathematical models for MD have been created
and documented in literature, with most studies concen-
trating on direct contact MD (DCMD) modeling due to its
simplicity, while other MD configurations have been given
less attention [17,18]. There is still active development in the
analysis and modeling of MD, with efforts being made to
promote the efficient use of VMD in desalination [4,19].

Various experimental investigations have been con-
ducted, and models have been developed to identify the
key factors that could influence VMD membrane modules,
permeation flux, and energy consumption. The performance
sensitivity of a particular membrane typically corresponds
to factors such as the temperature of the feedwater, the
applied vacuum pressure, and the concentration of solutes
in the feed solution. To predict the permeation flux across
MD membranes, the dusty-gas model (DGM), which is com-
monly utilized for characterizing mass transfer in porous
materials is employed [20,21].

Soni et al. [22] established a mathematical model that
accounts for the temperature-dependent physical properties
of the fluid to describe the transport mechanisms in VMD.
Both experimental and modeling outcomes indicate that the
permeate flux rises with a reduction in the vacuum pres-
sure (higher vacuum) and an increase in the flow rate of the
feed fluid. A study by Banat et al. [1] conducted a sensitiv-
ity analysis of the operational conditions and revealed that
the mass transfer across the membrane is highly responsive
to the feed temperature, especially in the case of higher vac-
uum, whereas it is more sensitive to the vacuum pressure
when low feed temperatures are employed.

Similarly, Upadhyaya et al. [23] carried out a sensitiv-
ity investigation of the desalination process through VMD
and observed that the mass flow is significantly influenced
by factors such as thickness, tortuosity, porosity, and pore
diameter of the membrane, while remaining sensitive to
the vacuum pressure and feed temperature. Mericq et al. [4]
also emphasized the significance of membrane permeability
and demonstrated the potential for VMD to compete with
reverse osmosis (RO) in terms of energy efficiency, provided
that a suitable membrane is selected.

Lee and Kim [24] employed a one-dimensional VMD
method in their research to predict the efficiency of seawater
desalination by evaluating the effectiveness of VMD modules
of the hollow fiber type. The study evaluated specific energy
consumption and productivity and scrutinized the primary
operating parameters that influence VMD performance
under varying conditions, such as temperature, velocity, and
mass fraction, as well as the effects of module dimensions,
including module length and the number of fibers. Wang
et al. [25] created a two-dimensional model using the finite
element method in hollow fibers for VMD and discovered
that optimal conditions can lead to a cost reduction of up
to 38% in water production.

Hayer et al. [26] created a numerical model based on the
principles of fluid mechanics and heat and mass transfer to
analyze various parameters affecting VMD in hollow fiber
membrane modules. The study found that increased feed
flow and temperature resulted in higher transmembrane
flux, but the effect of feed flow rate on VMD separation

performance decreased at certain rates. The model also
identified the main mechanisms involved in the diffu-
sion process inside the membrane module, with diffusion
being the most significant factor, followed by viscous flow.
Additionally, the model estimated the individual contribu-
tions of Knudsen diffusion, free diffusion, and viscous flow.

Kim et al. [27] presented an extensive mathematical
model of the hollow-fiber VMD process for seawater desali-
nation. This model incorporated mass, momentum, and
energy balances, as well as the transmembrane flux model.
The researchers discovered that a basic VMD model could
potentially overestimate the mean permeate flux, as the
detailed model accounted for pressure build-up in the fiber
lumen. Liu et al. [28] employed numerical simulations to
investigate hollow fiber VMD by taking into account mass,
energy, and momentum transfer and treating the membrane
as a functional surface. Nevertheless, the study did not
incorporate the impact of concentration on the vapor pres-
sure in the boundary condition equations of the membrane.

Asghari et al. [29] integrated both mass and heat trans-
fer models into a VMD system and validated the models
with experimental data. The impact of several operating
parameters such as feed temperature, vacuum pressure
on the permeate side, feed concentration, and heat trans-
fer coefficient on the permeate flux was also investigated.
According to their results, increasing feed temperature and
heat transfer coefficient enhanced the permeate flux, while
increasing vacuum pressure and feed concentration caused
a decrease in the permeate flux.

The use of artificial neural networks (ANNs) for simu-
lating mass transfer in VMD was explored by Dragoi and
Vasseghian [30], with the aim of predicting the permeate
flux for the treatment of radioactive wastewater. The study
compared various ANN structures to identify the optimal
model for the system and optimized the VMD process to
determine the most favorable operating conditions that
would maximize the mass transfer rate.

Ibrahim and Alsalhy [31] developed a mathematical
model that accounts for both heat and mass transfer during
VMD to examine how changes in membrane properties
during the process affect permeation flux. The model divided
the module into several cells and solved a system of nonlin-
ear equations numerically. The researchers also explored
the impact of module properties, operating conditions, and
membrane characteristics on water permeation flux.

Previous modeling studies on VMD have mainly focused
on predicting permeate flux and its dependence on various
factors. There is a lack of research on the impact of con-
centration polarization on membrane scaling and how MD
modeling can reduce this issue through appropriate mod-
ule, membrane, and parameter optimization. Additionally,
the influence of stirring rates on the feed and permeate sides
of MD modules on transmembrane flux has not been thor-
oughly explored. Consequently, further studies using MD
modeling are required to consider the impact of stirring rate
and the interplay between MD operational parameters on
permeate flux in current configurations [15].

Recently, multi-stage vacuum membrane distillation
(M-VMD) desalination systems have gained more attention
as means of enhancing the performance of single-stage con-
figuration. In the literature, various modeling approaches
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have been used to predict the performance of M-VMD sys-
tems under different operating conditions, such as feed
flow rate, temperature, and pressure. Some studies have
proposed mathematical models which have been validated
using experimental data. Other studies have used compu-
tational fluid dynamics (CFD) to model the flow behavior
and heat transfer in M-VMD systems, providing insights
into the design and optimization of these systems.

Empirical models have also been developed to predict
the performance of M-VMD systems based on experimen-
tal data [32-36]. One of the challenges in modeling M-VMD
systems is accounting for the effects of concentration polar-
ization and scaling, which can significantly affect the per-
formance of the system. Furthermore, the effects of stirring
rates on the feed and permeate sides of MD modules on
transmembrane flux have not been extensively investigated.

This study aims to develop a comprehensive model that
can accurately represent the water vapor transfer process
through a hydrophobic micro-porous membrane in sin-
gle-stage and multi-stage VMD systems for seawater desali-
nation. The model is developed to consider temperature and
concentration polarization effects. A sensitivity analysis is
also performed to examine how various operational con-
ditions, including feed water temperature, feed flow rate,
feed concentration, and vacuum pressure, can influence the
performance of the VMD system.

2. VMD modeling
2.1. Single-stage VMD

VMD uses a membrane as a selective barrier to permit
vapor to pass through, while preventing liquid and impu-
rities from crossing. The vapor that permeates through the
membrane is condensed and collected as permeate. The dif-
ference in vapor pressure between the feed and permeate
sides of the membrane drives the process, and applying a
vacuum to the permeate side increases this pressure differ-
ence, resulting in better separation efficiency. The process
of VMD takes place in a tangential flow cell where a hol-
low-fiber membrane is used for the simultaneous transfer

of heat and mass, as shown in Fig. 1. Heat transfer happens
in the liquid, solid, and gas phases, while mass transfer
happens only in the liquid and gas phases [37].

The Knudsen flow model is used in the study for the
numerical simulation of heat and mass transfer since it
covers most of the mass transport mechanisms in the VMD
process [22]. The model is simplified using the following
assumptions:

* A steady-state process is assumed.

¢ Momentum transfer within the vacuum domain is
negligible.

e Heat transfer in the permeate domain and conductive
heat transfer through the membrane are negligible.

® Mass transfer within the permeate is neglected and the
mass fraction of water vapor is assumed to be unity.

¢ The distillate is salt-free.

When water is mass transported through the membrane,
the water vapor flux, |  is expressed [38,39]:

], = Bm(Pm (Tm,Cm)—Pv) 1)

where B, is the VMD coefficient of the membrane, T is the
membrane surface feed temperature, C, is the solute concen-
tration on the membrane surface in the feed side, P (T,,C,)
is the water vapor pressure on the membrane surface in
the feed side, and P_ is the pressure in the vacuum side.

In the Knudsen flow model the membrane coefficient,
B, is expressed [40]:

kn
B, =0 @

Dk is the diffusion coefficient of solute given by:
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Fig. 1. Schematic of heat and mass transfer in VMD process.
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where ¢ is porosity,  is the pore radius, r is the membrane
thickness, T is the pore tortuosity, M is the molecular mass of
water, and R is the gas constant.

Table 1 presents the key properties of the membranes
used in the study [41].

The membrane surface vapor pressure, P (T C ) is
expressed using Raoult’s law which is valid over a very wide
range of temperatures and concentrations (0 < T < 200°C

and 0 < 5 <240 g/kg) [42]:

(-5.80x10° /T, )+1.39
exp| —4.86x10™T, +4.18x10°T2
+(~1.45%10°T} )+ 6.5510g T,

1+057257(C,, /(1000-C,, ))

P,(T,.C,)= 4)

MD systems employ both latent and conductive heat
transfer to transport heat. In the presence of a boundary layer
on the membrane surface, the temperature at that surface is
lower than the feed temperature. However, due to the low
pressure on the permeate side, VMD systems experience
minimal conductive heat transfer across the membrane. As
a result, the heat flux through the liquid boundary layer
can be described by Eq. (5) [43]:

h,(T,-T,)=T,AH, )

where AH is the latent heat of vaporization, h is the
heat transfer coefficient, and T, is the feed temperature.
The heat transfer coefficient, i is calculated [22,44]:

=t ©)
h
with
d 0.33
Nu=1.86 [Rex Prx Lh] Re <2100 : Laminar flow 7)
or
Table 1

Properties of the membrane module [41]

Membrane type Polypro-

pylene (PP)
Thickness (um) 210
Porosity (%) 50-70
Tortuosity (-) 1.4
Average pore size (um) 0.3-0.7
Effective length of fiber (mm) 100-250
Effective membrane area (mm?) 28 x 107
Average speed of vapor molecular (m/s) 20

Long of cross-section of the flow channel (mm) 3.4
Length of cross-section of the flow channel (mm) 3.3

Nu = 0.023Re"® Pr’* Re > 4000 : Turbulent flow (8)

where A is the thermal conductivity of the water, d, is the
hydraulic diameter and L is the length of the channel.

Nu, Re and Pr are the Nusselt, Reynolds and Prandtl
numbers, respectively.

v-d

Re—pw:’ " ©)
c -

Pr= ”}’:" s (10)

where p is the water density, C  is the water heat capac-
ity, p is the water dynamic viscosity, and p is the feed flow
velocity.

Thermophysical properties of seawater are taken from
the correlations provided by Sharqawy et al. [42] as a func-
tion of temperature and salinity.

Assuming steady-state operation, the mass balance
equation for the feed solution can be written as:

Qfo :QpCp (11)
where Q. is the volumetric flow rate of the feed solution,
C, is the concentration of the feed solution, Q is the volu-
metric flow rate of the permeate, and Cp is the concentration
of the permeate.

The permeate flux, ] is defined as the volume of perme-
ate produced per unit area of the membrane per unit time,
and is given by:

Q,
A

m

Jo=

(12)

where A is the membrane area.
By combining the above equations, the feed flow rate
can be expressed as:

]w i Am

C

Q= (13)

The temperature polarization coefficient (TPC) is a
measure of the polarization effect that results from differ-
ences in temperature. It is usually defined as the ratio of
the actual driving force to the theoretical driving force and
can be represented by Eq. (14) [39,45]:

T -T
TPC =4 7 (14)
Tf_TP

where T is the permeate side temperature.

The concentration profile of salt on the membrane sur-
face can be determined using the equation below [46,47],
which employs film theory to account for concentration
polarization:

oL
Cf k

(15)
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The mass transfer coefficient, k, can be calculated by
the relationship of the dimensionless number [48,49]:

kn
k= ShxD (16)
dh
With:
d 0.33
Sh = 1.86(Re>< Scx th Re <2100 : Laminar flow 17)
or
Sh = 0.023Re"® Sc”* Re > 4000 : Turbulent flow (18)

where Sh is Sherwood number and Sc is Schmidt number.
Schmidt numbers can be calculated by:

Sc=—te -
p,x D™

(19)

The concentration polarisation concentration (CPC)
is the ratio of the actual concentration gradient to the the-
oretical concentration gradient, expressed as Cm/Cf A high
CPC implies a notable concentration polarization effect
that could decrease the efficiency of the process and result
in increased energy consumption [50,51].

In order to evaluate the permeate flux [Eq. (1)], the
temperature and concentration at the membrane surface,
T, and C  are calculated using Egs. (20) and (21):

(—5.80x103/T

m

)+1.39-4.86x10°T,

exp|  +4.18x10°T] +(-145x10°T;)
B, +6.55l0g (T, ) AH,
1+057257(C,, /(1000-C,,))
fi=1,- -
1=ty hw
(20)
(-5.80x10° /T, )+1.39
exp| —4.86x107°T, +4.18x10°T;
+(-145x10°T; )+ 6.5510g(T,,)
B 1+057257(C,, /(1000-C, )) =5
f= C, xexp . o

The complex nonlinear equations described above
were solved using a FORTRAN program that implemented
the classical Newton—-Raphson method with the Jacobian
matrix. This approach is highly effective for solving

nonlinear systems of equations, as it facilitates faster con-
vergence and greater accuracy. The method involves com-
puting the Jacobian matrix at each iteration, which is then
used to update the current estimate of the solution. This
process is repeated until the difference between the previ-
ous and current estimates falls below a specified threshold.
Once the computational process is completed, the tempera-
ture and concentration at the membrane module’s surface
are established using the same method as that for the steam
raiser. The permeate flux is then obtained by employing the
determined surface temperature and concentration of the
membrane (Fig. 2).

2.2. Multi-staging in VMD

Multi-stage VMD (M-VMD) has recently gained atten-
tion as means of enhancing the performance of single stage

Start

Assume feed temperature (Tf) and concentration (Cr)

i

Calculate heat transfer coefficient
Egs. (6)—(10)

A,

Calculate mass transfer coefficient
Equations (16)—(19)

A 4

Calculate membrane surface temperature (T;,) and concentration
(C,,) by Newton-Raphson method with Jacobian Matrix
Egs. (20) and (21)

Calculate the VMD membrane coefficient (B,,)
Egs. (9)-(12)

i

Calculate the membrane surface vapor pressure (P, (T, Cr))
Eq. (4)

v

Calculate the water vapor flux (J,,))
Eq. (1)

A 4

End

Fig. 2. Procedure (algorithm) used to calculate permeate flux
(single-stage VMD).
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configuration. In M-VMD process (Fig. 3), the feed solution
is heated and then introduced into the first stage of the mem-
brane module. The vacuum on the other side of the mem-
brane causes the liquid to evaporate, while the membrane
prevents the liquid from passing through. The resulting
vapor is then condensed on a cool surface to form a distil-
late. The remaining brine solution is then fed into the next
stage, where the same process is repeated. The vapor that
is produced in each stage is typically recycled and used as
the heat source for the next stage, improving the overall
efficiency of the process.

If convection heat loss to the environment is negligible,
the bulk feed inlet temperature for each stage in succes-
sion is obtained using energy balance for the predecessor
stage [52]:

aH,=C,.(Q,),[(1.,),~(1.,),] (22)

where (Q, ), is flow rate of steam from the previous stage.
The above relation can be used to solve for the bulk
feed outlet temperature (T, ), which will be the bulk feed
inlet temperature for the followmg stage.
The water recovery R, for a one-stage VMD can be
expressed as [36]:

R = 1Coollis ~Ton) (AI;I ~%.) (23)

where (T, T, ) is the brine temperature difference between
the inlet and outlet of the module and 1 is the thermal
efficiency of the VMD process assumed to be 90% [53].

The water recovery of each stage is given by:

L e), (),
"Q), (@) TIS(-R)

where (Q, ), is the brine inlet flux of the module and (Qp)n is
the permeate flow rate.

(24)

Water Treatment 313 (2023) 12-25 17

The distillate flux at each stage is combined to make a
total distillate flux:

(Q}")tot :(Qp)l +(Qv)2+”'+(Qr)n :Z(Qr)r (25)

By combining Egs. (24) and (25), the overall water recov-
ery is obtained as:

R, = Ezf)) =R +(1-R))R,
+(1—R1)(1—R2)R3+~-~Rnﬁ(1—Rz,) (26)

Using the mathematical model developed in this study,
the feed outlet temperature, permeate flux and water recov-
ery of the 1st-stage module are calculated. Because the
membrane module is successively connected in series, the
feed outlet temperature of a previous module is the feed
inlet temperature of the next module. The permeate flux
(Q,),, water recovery R and outlet temperature (T, ), of
the modules can be calculated in turn. Then the total water
recovery R, , is calculated (Fig. 4).

The range of the design and operating parameters
used in the numerical simulation are listed in Table 2.

3. Results and discussion
3.1. Model validation

In this study, the accuracy of the developed numerical
model was verified by comparing the results obtained from
the model with experimental data from previous research
conducted on a VMD system for an aqueous NaCl solution
at 3 kPa on the permeate side and a 35 g/L feed solution at
different flow rates [41]. The results showed a strong agree-
ment between the experimental data and the computational
results for feed temperatures ranging from 40°C to 70°C,
as illustrated in Fig. 5. A maximum percentage error of less
than 5% was observed at various feed temperature settings,

i

Hollow-fiber,

Stage 1l Stage 2

Vaccum pump Vaccum pump Vaccum pump

i

Inlet n

= 000

Brine
Stagen

Fig. 3. Schematic representation of M-VMD configuration.
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Start

Decision of the number of effect stages (n)

v

Calculate the bulk feed temperature for each stage (Tb‘o)n
Eq. (22)

Calculate the water recovery (R,,) and the permeate flux rate
(@p) n for each stage
Egs. (23) and (24)

A 4

Calculate the overall water recovery (Ro¢)
Egs. (25) and (26)

which is considered acceptable. As a result, the numerical
model developed in this study could be used to simulate
and design a VMD system for specific operating conditions.

Moreover, the numerical model developed in this study
was compared with the mathematical model described by the
study of Tang et al. [41] for further validation. The predicted
permeate flux for different feed water temperatures at 3 kPa
and feed salt concentration of 35 g/L is given in Table 3. It
can be seen that the proposed model shows a better agree-
ment with respect to experimental data compared to the pre-
vious described model. The mean absolute percentage error
(MAPE) values for the present model and the model devel-
oped in by the study of Tang et al. [41] are found to be 3.76%
and 6.57%, respectively. The high accuracy of the developed
numerical model is due to the consideration of both tem-
perature and concentration polarization effects in the model

Table 2
Desing and operating parameters for VMD simulation

l

End

Fig. 4. Procedure (algorithm) used to calculate water recovery
(multi-stage VMD).

Parameter Value
Feed inlet temperature 40°C-70°C
Vacuum pressure on the permeate side 1-8 kPa
Feed concentration 0-100 g/L
Feed flow rate 30-90 L/h
Number of VMD stages 1-30

25 T T T T

—— Present model (a)
® Experimental

~
&
N~

20

Permeate flux (kg/m>.h)

40 45 50 55 60 65 70
Feed temperature (°C)

|| — Present model
® Experimental

204

(c) 4

~
)

-’
N
o

Permeate flux (kg/m?.h)

40 45 50 55 60 65 70
Feed temperature (°C)

30

— Present model (b
(b) ® Experimenent

25

20

Permeate flux (kg/m?.h)

e

Feed temperature (°C)

30

(d)

— Present model
® Experimental
25

20

Permeate flux (kg/m?.h)

e

Feed temperature (°C)

Fig. 5. Comparison of experimental and simulated permeate flux for different feed flow rates (a) feed flux 30 kg/m*h, (b) feed
flux 50 kg/m?h, (c) feed flux 70 kg/m*h, and (d) feed flux 80 kg/m?*h.
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since heat and mass transfer occur simultaneously in VMD
process. In addition, the feed side membrane surface tem-
perature and concentration were computed using numerical
solutions. Therefore, all these factors resulted in complicated
modeling steps and a more accurate model-based approach.

3.2. Influence of operating parameters

Several operational factors influence the effectiveness of
VMD, such as feed temperature, feed flow rate, and water
vapor pressure. These parameters influence the feed concen-
tration, permeate flux, as well as membrane characteristics.

3.2.1. Effect of feed temperature

The temperature of the feed solution has a significant
impact on the MD process by affecting the partial pressure
gradient of water across the membrane. Fig. 6 displays the
correlation between feed water temperature and permeate
flux. While holding the feed concentration and flow rate
at 35 g/L and 50 L/h, respectively, different vacuum pres-
sures were applied, and the feed temperature was varied
from 45°C to 70°C. The findings reveal that as the feed tem-
perature rises, the permeate flux increases and follows an
exponential pattern at high temperatures. Antoine’s equa-
tion [Eq. (4)] explains this trend, which connects vapor
pressure with feed temperature. For example, for a vacuum
pressure of 1 kPa's, when the feed temperature was raised
from 45°C to 50°C, the permeation flux increased by approx-
imately 31%. Similarly, increasing the feed temperature to
55°C, 65°C, and 70°C resulted in permeate flux increases
of about 117%, 174%, and 242%, respectively. The driving
force for MD is the vapor pressure difference across the
membrane module, and elevated feed temperatures pro-
duce a greater vapor pressure in the solution, leading to a
rise in the permeate flux.

3.2.2. Effect of vacuum pressure

The pressure on the permeate side of the membrane
module is a critical factor in the VMD process as it deter-
mines the driving force for mass transfer between the pres-
surized feed side and the vacuum side. As shown in Fig. 7,
the permeate flux decreases with an increase in vacuum pres-
sure on the permeate side at various feed temperatures, with
a reduction of about 6.2-6.6 kg/m*h observed when the vac-
uum pressure is increased from 1 to 8 kPa [Eq. (1)]. This is
because the vacuum pressure on the permeate side reduces
the pressure difference across the membrane, which is the
driving force for the permeation of water vapor through
the membrane. As the pressure difference decreases, the
driving force for the water vapor to pass through the mem-
brane decreases, leading to a reduction in the permeate flux.
Additionally, an increase in vacuum pressure on the perme-
ate side can cause concentration polarization to occur, where
the concentration of salt or other dissolved solids near the
membrane surface increases due to reduced mass transfer.
This can lead to an increase in the resistance to mass trans-
fer, further reducing the permeate flux. However, excessive
lowering of the pressure may cause the hydrophobic mem-
brane to become moist, leading to a decrease in salt rejection.

3.2.3. Effect of feed concentration

The concentration of the feed solution is a crucial factor
that affects the efficiency of the VMD process. According to
Fig. 8, the permeate flux decreases as the salt concentration
increases at different flow rates. This decrease is due to the
formation of the concentration boundary layer (CBL) par-
allel to the thermal boundary layer, which decreases vapor
transfer resistance and reduces permeate flow [Eq. (15)]. The
permeation flux is observed to decrease by about 12%-18%
when the salt concentration increases from zero to 40 g/L,
owing to the reduced solution vapor pressure caused by
dissolved chemicals. Moreover, as the feed concentration
increases from zero to 70 and 100 g/L, there is a reduction
of approximately 18%—27% and 20%—29% in the perme-
ation flux, respectively. This is because the water activity
coefficient decreases, reducing the pushing force across the
membrane. The physical properties of the feed water solu-
tion, such as increased viscosity and density, affect mass

T T T T T T T T T T T T T
25 - —a— 1 kPa i
—eo— 3 kPa
—A— 5 kPa
= 20 —v—8kPa T
e
;3 15 - .
x
=)
o 10 -
©
£
& °7 7
o
0_ .|

40 45 50 55 60 65 70
Feed temperature (°C)

Fig. 6. Effect of feed temperature on permeate flux at different
vacuum pressures.

T T T T T T T T T T T T T T T
25 - —=— 40°C|]
—e—55°C
—Aa—70°C
. 20 -
<
£
g 15 -
x
2
© 10 - 4
(]
£
T °7 7
o
0_ -
T T T T T T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9
Vacuum pressure (kPa)

Fig. 7. Effect of vacuum pressure on the permeate flux at
different feed temperatures.
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Fig. 8. Effect of concentration on permeation flux at different
flow rates.

flow over the membrane by impacting Reynolds number and
heat transfer coefficient.

3.2.4. Effect of feed flow rate

The VMD process’s efficiency is significantly influenced
by the feed flow rate. Fig. 9 shows how the permeate flux
changes with variations in feed flow rate and temperature,
while the feed solution’s concentration is fixed at 35 g/L,
and a constant vacuum pressure of 3 kPa is applied to the
permeate side. The findings indicate that the permeate flux
increases linearly as the feed flow rate rises, and there is no
significant effect of the feed temperature on this linear trend
of permeate flux concerning the feed flow rate [Eq. (13)]. The
thickness of the boundary layer on the feed side decreases
as the feed flow rate increases, which enhances the mass
transfer coefficient and the permeate flux on the mem-
brane side. Additionally, a decrease in the boundary layer
thickness on the hot feed side leads to a reduction in the
temperature difference between the feed bulk and the mem-
brane surface, which improves the heat transfer coefficient.

An increase in the feed flow rate from 30 to 40 L/h
results in an approximately 1% increase in the permeate flux,
while elevating the feed flow rate to 60 and 90 L/h causes
an increase in the permeate flux of around 2.5% and 3.3%,
respectively. This is due to the more efficient mass transfer
and heat transfer coefficient at higher feed flow rates, result-
ing in higher permeate flux. However, it is important to
note that the feed flow rate should be optimized to ensure
efficient membrane distillation while avoiding fouling or
other operational issues.

3.2.5. Effect of membrane characteristics

The effectiveness of the VMD process is influenced
by various membrane characteristics, and the thickness
of the membrane is a significant factor affecting the pro-
cess. Fig. 10 demonstrates how permeate flux is affected
by membrane thickness at a constant vacuum pressure of
3 kPa on the permeate side and feed temperatures between
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Fig. 9. Effect of feed flow rate on the permeate flux at different
feed temperatures.
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Fig. 10. Effect of membrane thickness on permeation flux.

40°C and 70°C. As membrane thickness decreases, permeate
flux increases due to the reduction of mass transfer resis-
tance [Eq. (2)]. However, thinner membranes also result in
higher heat loss, creating a trade-off between the benefit
of lower heat loss and the disadvantage of lower permeate
flux. Fig. 11 displays the influence of membrane porosity
on the VMD process. It shows that a higher membrane
porosity leads to an increase in permeate flux under simi-
lar feed conditions. Membranes with higher porosity offer a
larger surface area for evaporation and mass transfer, which
reduces mass transfer resistance and enhances mass trans-
fer flux [Eq. (3)]. Improving membrane porosity is espe-
cially beneficial for increasing flux at higher temperatures.
Moreover, it is important to have a highly porous VMD
membrane to prevent wetting.

The membrane material and microstructure have also a
significant impact on the performance of VMD. They deter-
mine the efficiency of vapor transport across the membrane
and, therefore, the overall effectiveness of the process.
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Typically, the porous membrane used in MD processes is
made of hydrophobic materials such as polypropylene (PP),
poly(vinylidene fluoride) (PVDF), and polytetrafluoroeth-
ylene (PTFE) in either hollow fiber (HF) or flat-sheet (FS)
form. In addition, porous polymeric nanocomposite mem-
brane structure with tuned hydrophobicity has gained much
interest. The addition of multi-walled carbon nanotubes
(MWCNTs) and silicon dioxide (SiO,) on the PVDF mem-
brane led to enhanced VMD performance by improving the
membrane porosity with finger-like cavities, and thermal
and mechanical properties without having significant nega-
tive effect on hydrophobicity of the membrane. Synergistic
effects of the two additives led to the increase of overall
porosity by MWNCTs and growth of macrovoids by SiO,,
even though the effect of MWCNT was more prominent [54].

Nanocomposite PVDF/PTFE membrane was also demon-
strated promising performance in the VMD test with the salt
rejection of more than 99.9%. The addition of 40% PTFE into
the PVDF membrane increased the permeate flux by 464%
than the pristine PVDF membrane [55]. Another nanopar-
ticle, such as titanium dioxide (TiO,), has also remark-
ably improved the PVDF membrane flux in the VMD test.
Compared to the pristine PVDF membrane, more than ten
times higher flux was achieved in the test using PVDF mem-
brane loaded with 5 and 2 wt.% of hydrophilic and hydro-
phobic TiO, nanoparticles, respectively [56]. Further opti-
mization of the nanocomposite membrane was conducted
by incorporating 7 nm TiO,, 200 nm TiO,, and hydrophilic
and hydrophobic SiO, into the PVDF membrane. Promising
results were obtained with the addition of 200 nm TiO,
nanoparticles at 2% concentration [57]. Carbon-based nano-
materials, such as carbon nanotubes and graphene, have
also gained much interest due to their high specific surface
area, strength, vapor transport, and tuneable hydropho-
bicity. Membranes coated by carbon-based nanomaterials
exhibit flux enhancement and show anti-fouling proper-
ties. Detailed discussion on the carbon-based membrane for
MD has been systematically reviewed [58].

3.3. Polarization effect

In VMD, polarization effects can occur and impact
the performance of the process. Polarization refers to the
build-up of temperature gradients and/or concentration
gradients at the membrane surface or in the boundary layer
adjacent to the membrane. The two main types of polar-
ization effects in VMD are temperature polarization and
concentration polarization.

3.3.1. Temperature polarization

The generation of temperature polarization is a sig-
nificant challenge in MD processes, where a temperature
difference exists between the feed bulk and the membrane
surface at the liquid/vapor interface. The impact of feed
temperature and flow rate on the temperature polarization
coefficient is demonstrated in Fig. 12. The simulation was
carried out at an absolute pressure of 3 kPa on the vacuum
side. The figure indicates that VMD flux increases with an
increase in feed temperature, whereas changes in feed flow
rate have a minor effect. This rise in VMD flux is attributed
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Fig. 11. Effect of membrane porosity on permeation flux.

0.05 T T T T T T T T
—a—30 L/h

‘qc: —e— 50 L/h
‘5 0044| ——70L/n -
5 —v— 100 L/h
8
§ 003+ -
®
N
kS
g 002+ -
o
=1 r_’—'-/'_/_'_/,,/"/' J
®
5 0.01 -
o
€
()
|_

0.00 T T T T T T T T T T T T T

40 45 50 55 60 65 70

Feed temperature (°C)

Fig. 12. Effect of feed temperature on temperature polarization.

to the higher vapor pressure at the top due to increased feed
temperature, which enhances the driving force for mass
transfer. Moreover, the liquid’s reduced viscosity caused by
the higher temperature promotes turbulent motion. While
increasing the feed flow rate results in a decrease in tem-
perature polarization due to an increase in Reynolds number
and heat transfer coefficient, the transmembrane resistance
remains the main factor influencing heat and mass transfer,
making feed flow rate an insignificant factor in VMD flux.

3.3.2. Concentration polarization

The concentration polarization phenomenon in MD
processes arises when the concentration of solutes near the
membrane surface becomes higher than that of the bulk
feed because of evaporation. Fig. 13 illustrates the effect of
feed concentration and temperature on the concentration
polarization coefficient (CPC) when the vacuum pressure is
3 kPa, and the feed flow rate is 50 L/h. The CPC values rang-
ing from 1.14 to 1.42 were observed as the feed temperature
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increased from 30°C to 40°C. Higher feed concentrations
showed a lower concentration polarization effect. This is
because an increase in feed concentration leads to a higher
concentration of solutes on the membrane surface, reduc-
ing the permeate side pressure. Therefore, the concentra-
tion gradient decreases, leading to a steady increase in
permeation flux. With an increase in feed temperature, the
thicker boundary layer due to the increase in permeate flux
leads to a higher CPC because more solute is transported
towards the membrane and entirely rejected, requiring
more solute to diffuse back to the bulk solution. The figure
indicates that there was a minor change in CPC values as
the feed temperature increased.

3.4. Effect of multi-staging in VMD

Multi-staging in VMD provides the advantages of vac-
uum distillation and multi-effects to generate high heat
and water recovery. Fig. 14a shows the permeate output
for each individual stage of a M-VMD process including 30
one-stage modules for different feed water temperatures.
The simulation was carried out at 35 g/L feed concentration,
100 L/h feed flow rate and 3 kPa of permeate-side absolute
pressure. As can be seen, the water production of each stage
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Fig. 13. Effect of feed concentration on concentration polar-
ization.

Table 3
Prediction models accuracy comparison

decreases gradually along with stage increasing, especially
when the feed temperature is high. The reason behind this
behavior is that in the initial stages the permeate is higher
due to a higher feed solution inlet temperature and a lower
salinity as compared to the following stages.

A higher permeate drives out higher energy from the
feed side, resulting in a decrease in the feed solution inlet
temperature and an increase in the feed concentration for
the successive stage. However, the cumulative production
increases gradually as shown in Fig. 14a. In addition, the
temperature of the first stage is more important to increase
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Feed temperature (°C)

Permeate flux (kg/m*h)

MAPE (%)

Experimental flux Present model

Tang et al. [41] Present model Tang et al. [41]

40 4.048 4.111
45 6.217 5.764
50 8.458 8.100
55 10.988 10.611
60 13.879 13.543
65 17.060 17.901
70 26.096 25.449

4.112
5.550
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10.113
13.651
18.427
24.874

3.76 6.57
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the global water production. The maximum one-stage per-
meate flux and cumulative production are 31.1 kg/m*h
and 28.5 kg/h when feed temperature is 70°C, respectively.
The cross point in Fig. 14a represents the optimum num-
ber of stages, giving the maximum possible performance
of M-VMD system. The optimum stage number is found to
be six when the feed inlet temperature at 1st-stage is 70°C
and the permeate-side absolute pressure is 3kPa.

Fig. 14b shows the one-stage and overall water recov-
ery along with stage increasing, which presents the same
variation tendency as Fig. 12a. The maximum one-stage
and overall recoveries are 0.7% and 6%, respectively, when
feed temperature is 70°C. It should be noted that recover-
ies values cannot exceed more than 7% in a single pass as
indicated in literature for DCMD modules [16].

4. Conclusion

In this paper, a comprehensive modeling approach was
developed by analyzing heat and mass transfer in both
single-stage and multi-stage VMD processes for seawater
desalination to evaluate the impact of various operating
parameters on the water production and the contribution
of polarization to the permeate flux. By identifying critical
parameters and understanding the underlying mechanisms
governing heat and mass transfer, engineers and research-
ers can design and operate VMD systems with improved
performance and stability. The numerical predictions were
compared with previous experimental and numerical results
of VMD, and the findings revealed the following:

* The proposed numerical model is providing better fit-
ting with experimental data by introducing polarization
concentration phenomenon. As a result, the numerical
model developed in this study could be used with confi-
dence to simulate and design a VMD system for specific
operating conditions.

¢ The VMD permeation flux increases with rising feed
temperature and flow rate but decreases with increased
feed salt concentration and vacuum pressure. At 35 g/L
feed concentration, 65°C feed temperature, 50 L/h feed
flow rate, and 3 kPa vacuum pressure, the permeation
flux reached 18.42 kg/m*h.

¢ The VMD process has minimal sensitivity to feed con-
centration, making it highly advantageous for water
desalination.

¢ The permeate flux increases with membrane porosity
and decreases with membrane thickness.

¢ The most influential factor in determining permeation
flux is feed temperature, followed by membrane thick-
ness, vacuum pressure, membrane porosity, feed concen-
tration, and feed flow rate.

¢ Temperature polarization has a more significant effect
on permeate flux than concentration polarization.

* Multi-staging is a promising approach to enhance the
performance of VMD, and has the potential to make this
process more efficient. However, it is important to opti-
mize the operating conditions for each stage to ensure
that the maximum separation efficiency is achieved
while minimizing energy consumption.

Finally, it is worth mentioning that fouling has a lesser
impact on MD compared to other pressure-driven membrane
methods. Nevertheless, it can result in poor performance of
the membrane process. Fouling and the accumulation of
contaminants on the membrane surface led to reduced effec-
tive membrane area and wetting, which causes a decrease
in distillate flux and rejection levels. Hence, it is crucial to
minimize the effects of these issues to achieve optimum
efficiency in the VMD process. This will be published soon
as the second part of the current study, using CFD simula-
tions in order to identify areas of high salt concentration and
their impact on water vapor flux.

Symbols
A — Effective membrane area, m?
B, — Permeate coefficient of the membrane,
kg/m?/s-Pa
C — Solute concentration, g/kg
Dkn — Diffusion coefficient of solute, m?/s*s
d, — Hydraulic diameter, m
h, — Heat transfer coefficient, W/m?s
AH, — Latent heat of vaporization, J/kg
I, — Water vapor flux, kg/m?s
k — Mass transfer coefficient, m/s
L — Effective length of fiber, m
M — Molecular mass of water, kg/mol
P — Pressure, Pa
Q — Flow rate, L/h
R — Gas constant, J/mol-K
— Water recovery, %
r — Membrane pore radius, m
T — Temperature, K
Greek symbols
0 — Membrane thickness, m
€ — Membrane porosity, —
n — Membrane thermal efficiency, %
T — Membrane pore tortuosity, —
P — Water density, kg/m
A — Thermal conductivity of the water, W/m-K
n — Dynamic viscosity, Pa/s
Subscripts
b,i — Brine, inlet
b0 — Brine, outlet
F — Feed
in — Stage number
M — Membrane surface
1% — Vacuum
T — Total
Abbreviations
AGMD — Air gap membrane distillation
ANN — Artificial neural network
CFD — Computational fluid dynamics
CBL — Concentration boundary layer
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CPC — Concentration polarization coefficient
DCMD — Direct contact membrane distillation
DGM — Dusty-Gas model

MD — Membrane distillation

M-VMD — Multi-stage vacuum membrane distillation
PP — Polypropylene

RO — Reverse osmosis

SGMD — Sweep gaz membrane distillation
TPC — Temperature polarization coefficient
VMD — Vacuum membrane distillation
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