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Abstract

Membrane distillation (MD) is an emerging thermal membrane technology that involves water vapor driven by a vapor pressure gradient
over a hydrophobic membrane. MD faces several challenges, one of which is the flux of water vapor. The total cross-membrane flux
in membrane distillation was investigated in this paper using the co-current PVDF flat sheet for direct contact: membrane distillation
applications. The goal of this research is to improve total cross-membrane flux. The effect of various operational parameters is studied,
including feed inlet temperature (333.15-358.15 K), feed flow rate (1-2.5 kg/s), permeate inlet temperature (288.15-313.15 K), and feed
inlet NaCl concentration (0.035 to 0.485 kg/kg). To acquire a good value of total cross-membrane flux, their interactions with the total
cross-membrane flux are studied in this work. The obtained results were computed during MATLAB-Simulations under several scenarios
adopting the Trial-&-Error approach. This last inputs various parameters' values and thus draws the required curves to be discussed and
analyzed. The results indicated that the PVDF flat sheet membranes provide a significantly higher total cross-membrane flux at higher
feed input temperatures, producing a 73.2075 kg/(m? h) at a feed inlet temperature of 358.15 K, a permeate inlet temperature of 293.15 K,
and a flow rate of 2.5 kg/s, with a feed inlet NaCl concentration of 0.035 kg/kg. Feed inlet temperature significantly affected the total flux
through the membrane; however, flow rate, permeate inlet temperature, and feed inlet NaCl concentration had a less significant effect.
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1 Introduction

Water scarcity is more visible today than ever due to waste-

ful consumption, urbanization, and population growth

(the world population has reached 7.9 billion people [1].

By 2050, approximately half of the world's population will

confront water scarcity, according to UN predictions [2].

To resolve this shortage and satisfy people's needs, mem-

brane distillation (MD) technology is one of several water

treatment methods In the literature, such methods include:
1. reverse osmosis (RO) [3, 4],

. ultrafiltration (UF) [5, 6],

. ion exchange (IX) [7, 8],

. coagulation and flocculation [9],

. activated carbon filtration [10, 11]

. chlorination [12],
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. ozonation [13].

These are some of the various water treatment proce-
dures utilized alongside membrane distillation. For pro-
viding potable water around the world worldwide, MD is
concerned with quantity and quality [14]. This technol-
ogy has sparked much attention due to its low equipment
cost, low energy usage, simple pretreatment, and achiev-
able operation conditions. Because the process liquid does
not need to be heated above its boiling temperature in this
technology, the operating pressure and temperature are
both reduced compared to alternative methods [15].

The MD is a developing water treatment membrane
separation technique that involves water vapor driven
by a vapor pressure gradient over a hydrophobic mem-
brane [16]. This method combines thermal distillation
and membrane separation using a hydrophobic porous
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membrane, which is a thin sheet or film of semiperme-
able material [17]. The resulting device separates liquid
and gas phases and is designed to reject undesirable sub-
stances from the feed side, such as dissolved salts and
mineral components (non-volatile particles). Instead, only
water molecules in the vapor phase (volatile particles) are
permitted to pass through the membrane toward the per-
meate side. As a necessity, the separation process consists
of three significant steps:
1. The demand for thermal energy is reduced on the hot
feed side between 318.15 and 363.15 K [18], and
2. through the hydrophobic membrane pore, diffusing
volatile vapor molecules and migrating to the perme-
ate side by a driven force, then
3. the condensation carrying between the permeate
side and the bulk wall [19].

The MD process is grouped into four basic configurations
based on the nature of the condensation operation; the per-
meated water vapor is condensed via various means. In all
configurations where the heated liquid solution is in direct
contact with a hydrophobic membrane to transfer as a vapor
through it, the feed side of the membrane stays the same.
The most straightforward MD configuration is direct contact
membrane distillation (DCMD), which uses a heated liquid
in direct contact with both membrane interfaces [20, 21].

Many studies have been interested in the enhancement
of the permeate flux and the reduction of membrane foul-
ing, such as the modification of pore size, by putting two
geometric forms of 3D turbulence promoters (circular and
square) into the feed channel between a hydrophobic com-
posite membrane and an acrylic plate in a silicone rubber
1 mm thick while leaving the permeate channel empty.
Chang et al. [22] aimed to prevent vibrations from increas-
ing the membrane's stability and reducing the temperature
polarization effect by increasing heat and mass transmis-
sion. Due to the significant temperature differential, Chang
reached a higher value in the countercurrent flow, where
the flow was increased by 61.7%. Much research, rather
than membrane design, focuses on establishing optimum
system configurations for maximum energy efficiency.
Francis et al. [23] assessed the improvements of modified
and innovative MD configuration designs, prioritizing
upscaling impacts and pilot-scale research, reducing heat
loss, and improving mass transmission to obtain a high
flux. Suarez et al. [24] developed a mathematical model to
predict distillate flux in DCMD when an inorganic fouling
layer forms at the membrane surface due to salt deposition
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related to cake-filtration theory to represent the permeate
flux drop once the fouling membrane begins. The obtained
permeate flux is ~12 to 14 kg/(m? h) then decreases to zero
once membrane fouling occurs. Hidayah et al. [25] have
fabricated a polysulfone-nano zinc oxide (ZnO) mem-
brane by mixing one wt% nano ZnO into 19 wt% polysul-
fones (PSFs) polymers with a 6000 Da polyethylene gly-
col (PEG) additive and 1 min ultraviolet (UV) irradiation,
as pore former on the membrane structure to increase the
stability and value of the permeate flux, and a three wt%
of polyvinyl alcohol (PVA) coating to increase the rejec-
tion value.

Furthermore, Khalifa et al. [26] assessed experimentally
and analytically the effect of the main parameters on the
performance of the DCMD system, such as the feed tem-
perature, which the researchers increased from 313.15 to
363.15 K with an increment of 283.15 K at five different
permeate temperatures (278.15, 283.15, 288.15, 293.15,
and 298.15 K). The permeate flux increased from 80 to
100 kg/(m? h), the permeate temperature varied from 278.15
to 298.15 K with an increment of 278.15 K at different feed
temperatures (323.15, 343.15, and 363.15 K) with a feed
salinity of 2 g/L. The permeate flux increased as the perme-
ate temperature decreased, and the flow rate varied from 2.5
to 4.6 L/min. The permeate flux increased by 31% from 55
to 72 kg/(m? h), and feed concentration was tested at four
levels: 0.14, 2, 43, and 100 g/L at a permeate temperature
of 298.15 K. The permeate flux decreased continuously.
Alwatban et al. [27] concentrated on analyzing the influence
of properties and operational parameters on a three-dimen-
sional DCMD system using a computational fluid dynamics
(CFD) model. The researchers also used a net-type spacer
in the feed and permeate channels to reduce the influence of
polarization. Permeate flux improved by 50% from 32.31
to 59.05 kg/(m? h) at Reynolds number (Re) Re = 100 and
Re = 1500, respectively, permeate flux generation increased
with Reynolds number, and polarization was reduced by
up to 30%. This result is consistent with the previous find-
ings conducted by Lagbagbi et al. [28]. They also investi-
gated the fouling problem on both the membrane surface
and within its pores while treating textile dye solutions
with polyvinylidene fluoride (PVDF) flat sheet membranes.
In addition, Al-Salmi et al. [29] investigated a DCMD mod-
ule to generate water from an oil field using a polypropyl-
ene (PP) membrane with a 0.2 pm pore size. According to
the findings, DCMD offers a strong potential for treating
hypersaline oilfield water. The overall salt rejection rate
was greater than 99.9%. By fluorinating zinc oxide (ZnO)
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over an electrospun PVDF membrane, Li et al. [30] created
a slipping super-hydrophobic nanofibrous composite (FZP)
membrane with contact and sliding angles of 162.3° and
9.8°, respectively by fluorinating a ZnO-blend electrospun
PVDF membrane. The findings were compared to those of
neat and nanofibrous membrane (ZP); the membrane made
from a PVDF membrane with ZnO added demonstrated
strong anti-wetting performance, a high value of liquid entry
pressure (LEP) while desalting NaCl solution, and a steady
permeate flux. Foureaux et al. [31] used polytetrafluoro-
ethylene (PTFE) and PVDF membranes to test DCMD for
water reclamation for eight months. For a PTFE membrane
with a spacer, the permeate flux was 6.82 L/(m? h). Both
membranes maintained a 99.2% salt rejection rate. DCMD
was identified by researchers as a prospective choice for
performing MD for future water reclamation.

Moreover, Wanke et al. [32] also performed a mus-
sel-inspired technique of addition by electrospinning
a layer of polyvinylpyrrolidone-co-polymethyl methac-
rylate (PVP-co-PMMA) over a hydrophobic commercial
PVDF microfiltration membrane modified with the poly-
dopamine membrane. The inclusion of this layer with
hydrophilic properties quadruples the permeate flux.
Niknejad et al. [33] conducted an electro-blowing method
to create a superhydrophobic nanofibrous polymethyl
methacrylate (PMMA) membrane that outperformed
commercial membranes such as polypropylene (PP) and
polytetrafluoroethylene (PTFE) in terms of permeate flux.
In both 35 and 150 g/L salty water desalination, the mod-
ified PMMA membrane outperformed commercial mem-
branes. The PMMA membrane with the highest permeate
flux achieved 41.04 and 35.94 kg/(m? h) due to its super-
hydrophobicity of 164.2° and high liquid entry pressure
(LEP) of 227.3 kPa. PTFE and PP, on the other hand, gave
a decent permeate flux of 35 kg/(m? h) The nanofibrous
PMMA membrane is a promising choice for performing
promising desalination using the DCMD method due to its
high production rate, simplicity of fabrication, and cost-
effectiveness. Also, Bin Bandar et al. [34] tested a modi-
fied membrane with well water as a feed stream and found
an average permeate flux of 13.10 kg/(m? h) and salt rejec-
tion of 98.96%. Fortunato et al. [35] compared DCMD's
efficiency in treating a synthetic textile dye solution to
that of other research studies. Furthermore, it is import-
ant to note that the influence of operating parameters
on DCMD performance in synthetic effluents, including
reactive and dispersed dyes, was examined by de Sousa
Silva et al. [36]. The performance of the DCMD improved

with feed temperature and flow rate, allowing it to gener-
ate a permeate flux of 97.3% for reactive dyes and 98.7%
for dispersed dyes while rejecting more than 98% of dyes.

Lastly, to facilitate global DCMD module scale-up
for seawater desalination, Dong et al. [37] developed two
open-source simulators of a flat sheet membrane in plate-
and-frame configuration and a hollow fiber membrane to
enable global DCMD module scale-up for seawater desali-
nation. where the simulators used laboratory-scale exper-
imental data from a single configuration as simulated
inputs to predict the performance of scaled-up modules
in co-current and counter-current configurations, as well
as a shell- and bore-side feeds (for hollow fiber modules).
A connected "tanks-in-series" and "black box" analy-
sis approach was devised to create profiles of all essen-
tial DCMD parameters vs membrane length. The simula-
tors developed were then used to predict the desalination
performance of industrial-scale flat sheet and hollow
fiber modules, as well as the effect of membrane physical
properties, module dimensions, and operating conditions
on the performance of large-scale DCMD modules.

The current work examines how to enhance the perme-
ate water vapor flux by using a co-current PVDF flat sheet
DCMD system by highlighting the operating parameters
on permeate flux that Dong et al. [37] did not investigate
via their numerical model, namely NaCl concentration,
flow rate, and feed and permeate temperatures, pointing to
the effect of the temperature and concentration polariza-
tion. This work aimed to compare the effects of different
operating parameters on the permeate flux enhancement.

2 Theoretical model

This section describes the computational modeling work
for DCMD transport processes in a flat sheet membrane
proposed by Dong et al. [37].

2.1 Heat and mass transfer
The DCMD system couples both heat and mass transfer
mechanisms, as shown in Fig. 1.

2.2 Mass tranfer

The hot feed solution concentration is described with
the mass transfer. The general form of permeate flux J
(kg/(m? h)) in the MD process, which crosses the pores
of a hydrophobic membrane as water vapor, can be
written as:

J, =AxC,x(Pu—Pu). (1)
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Fig. 1 Schematic of heat and mass transfer in the DCMD process with

the variation of temperatures and concentrations

The surface area of the membrane (m?) is 4, C, is the
overall mass transfer coefficient (water vapor membrane
permeability) (kg/(m? Pa s)), P, is the saturation vapor
pressure (Pa) at the feed-membrane interface, and P,f;’ is
the vapor pressure (Pa) at the permeate-membrane inter-
face. The pure water vapor is expressed by the exponential
relation between saturated vapor pressure and tempera-
ture according to Antoine's equation:

3816.44 j

2
T —46.13 @

P= exp(23.20 -
P is the vapor pressure in Pa, and T is the local tem-
perature on the membrane surface in K. The feed side sat-
urated water vapor pressure can be expressed as the func-
tion of the water activity coefficient (a ), which varies
with temperature and solute content, and could be deter-
mined using empirical equations (NRTL and VanLarr) or
using experimental data using Raoul's law [26, 38—40]:

Pf;:’ = (1 - xNaCl ) x aw X })v:at (3)
a,=1-0.5xx.—10xx7¢ - @)
Where x is the NaCl mole fraction in water solu-

NaCl
tion, a  is water activity, P, is the water vapor pressure

w

feed-membrane (permeate-membrane interfaces from [41]):

D
T+C

g P = A— )
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psat —133.322x 10{8.07131—[1730.630/(7"—39‘724)]} ) (6)

Based on the mean temperature across the membrane
surfaces, the Antoine equation is used, 7, , where:

_ Tfm +Tpm .

" 5 Q)

2.3 Heat transfer

Heat transfer occurs in three regions in the co-current flow
DCMD module, referring to the DCMD configuration in
Fig. 1, based on inlet and outlet temperature.

Convective heat transfer (W) in the feed solution side of
the membrane, where fluid with such a high temperature
and salinity is flowing along the surface, and Newton's law
of cooling governs convective heat transfer (W) through
the feed boundary layer between the feed side and the
membrane surface, as shown in Eq. (8) [42]:

o :th(T/b_Tﬁn)' ®)

Where 7, and 7, is the bulk feed and membrane sur-
face temperatures in (K), respectively, and hf is the feed
convective heat transfer coefficient (W/(m? K)) obtained
using different correlations based on the regime type (lam-
inar or turbulent).

Convective heat transfer (W) in the boundary layer
region from membrane surface to permeate solution:

Qp :hpx(Tpm_pr)' ()

Where T, and T, are the bulk permeate and membrane
surface temperatures on the permeate side, respectively,
and hp is the permeate convective heat transfer coefficient
(W/(m? K)), determined using various correlations.

Heat transfer across the membrane (Q, ), as indicated
in Eq. (10), through the conductive heat (Q ) carried by
the membrane material and through the pores by the latent
heat (Q ) carried by the water vapor diffusion, as shown in
Eq. (11) and Eq. (13), respectively.

0,=0.+0, (10)

Where the conductive heat Q calculated conduction
Fourier's law calculates the conductive heat (Q) as:

AxK,
0

0. =A><hm><(Tfm—T ):

- (T, =T,,) - an

Where ¢ is the thickness membrane (m), and K
(W/(m K)) is the effective thermal conductivity of the mem-
brane, can be calculated using the membrane material data:
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K, =(1-¢)K, +¢K,. (12)

Where ¢ is the porosity, K and K, are the thermal con-
ductivity (W/(m K)) of solids and gas in pores. The evap-
orative heat transfer Q is the product between the vapor
mass flux J (kg/(m* h)) and the water vaporization
enthalpy AH (kJ/kg):

0, =J, xAH,. 13)
The enthalpy of water vaporization (AH ) (kJ/kg) is

given as [26]

AH, =1.75535xT,, +2024.3. (14)
Where T, is the feed membrane surface temperature

in (K). According to Eq. (8) and Eq. (9), this heat flow

must be equal to both the convective heat flux across the

feed boundary layer (Q,) and across the permeate bound-

ary layer (Q)) to validate the conservation of the energy.
As a result, the heat balance is given in Eq. (15):

0,=0,=0, (15)

The membrane surface temperature at both the feed and
the permeate side can be calculated as [43]:

kmx(pr+ZfxTﬁ)+((5x(hf><be—waAHV)))
T - P

Y (km)+[hf (‘%”D

kaETﬂ)+Z:prbj+((5><(hp><Tph+Jw><AHV)))

- (km)+[hp X[5 WJJ

The convective heat transfer coefficient 4 can be deter-

(16)

17)

mined using Eq. (18), which varies based on the MD mod-
ule's operating conditions. This coefficient can be calcu-
lated by Eq. (18) (W/(m K)):

Nuxk

h= D (18)

Where & is the fluid's average thermal conductivity
((W/(m K)) on the feed and the permeate side, D, is the
flow channel's hydraulic diameter (m), and Nu is the
dimensionless Nusselt number which is determined

from the following correlations types and valid for flows
in both the feed and the permeate sides:
* The case of the laminar channel flow (Re < 10%):

Nu =0.664x Pr'*x Re"?. (19)

e In the case of the turbulent channel flow, Dittus
Boelter correlation (Re > 10%):

Nu=0.023xRe”*xPr’*.  (20)

Where Re is the Reynolds number of the channel flow,
and Pr is the Prandtl number which is the ratio of viscous
diffusion rate to thermal diffusion rate and is defined as:

k

Pr (21)
Where u is the dynamic viscosity (Pa s), K is the thermal
conductivity, and C, is the fluid's specific heat (J/(kg K)).
The total heat transfer in the membrane versus overall heat
coefficient U (W/(m? K)) is determined as follows:

0, =Ux(T,-T,). (22)
Where this overall heat coefficient U can be calculated as:

-1

1 1 1

U=|—+ +—1 . (23)
h, (km}r J,XAH,  h,
s) (T,-T,,)

To solve the problem. The steady-state simulation algo-
rithm was implemented using MATLAB code to simulate
the states of mass and heat transport. The "Supporting
Information" contains the "Function file" and the
"MATLAB code main file" as a zip file and is available
on the journal website.

3 Results and discussion

The effect of feed inlet temperature, permeate inlet tem-
perature, flow rate, and feed inlet NaCl concentration
on total cross-membrane flux will be studied and dis-
cussed in this section. The total cross-membrane flux
expresses the permeate generated during membrane sep-
aration per unit of time and membrane area. The flux
is expressed in kilograms per square meter per hour
(kg/(m? h)). As described in Eq. (1). This is a signifi-
cant character, and it is affected by operational settings.
The total cross-membrane flux performance of a co-cur-
rent PVDF flat sheet DCMD system is investigated at var-
ious feed inlet temperatures, permeate inlet temperatures,
flow rates, and feed inlet NaCl concentrations.



3.1 Effect of feed temperature

MD is an evaporative thermal separation process, and the
temperature-affected driving force is the vapor partial
pressure difference between the feed and permeates sides.
As aresult, the first element investigated is feed inlet tem-
perature, which is an essential operational parameter.

That has a significant effect on total cross-membrane
flux variables due to the thermal-driven separation nature
of the MD process. The PVDF flat sheet DCMD system
was utilized to examine the effect of feed inlet temperature
on total cross-membrane flux for feed inlet temperatures
ranging from 313.15 to 358.15 K with a 278.15 K interval.
The highest temperature used is lower than the feed solu-
tion’s boiling point. The permeate inlet temperature, feed
inlet NaCl concentration, and flow rate, on the other hand,
were held constant. The temperature of the permeate inlet
was maintained at 293.15 K, the concentration of NaCl
in the feed inlet was maintained at 0.035 kg/kg, and the
flow rate on both feed and permeate sides was adjusted at
2 kg/s. Fig. 2 depicts the overall profile of the cross-mem-
brane flux for a variety of feed inlet temperatures.

When the temperature of the feed inlet is raised from
333.15 K to 343.15 K, the total cross-membrane flux
increases from 25.6223 kg/(m? h) to 39.5313 kg/(m? h).

At lower feed inlet temperatures, there was hardly any
discernible difference in the overall cross-membrane flux.
This is an important point to keep in mind. There is a dif-
ference in flux at higher feed inlet temperatures above
343.15 K, with the total cross-membrane flux increasing
from 39.5313 kg/(m? h) to 68.3627 kg/(m? h).

The highest flux generation occurs near the boiling
point and low permeate inlet temperature. This signifi-
cant effect of feed inlet temperature and transmembrane

70 T T T

mass flow rate 2(kg/s)

Total cross-membrane flux

1 | | 1 1 |
333.15 33815 343.15 348.15 353.15 358.15
Feed inlet temperature (K)

Fig. 2 The total cross-membrane flux as a function of feed side
temperature (7; = 293.15K, PVDF membrane)
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temperature difference on total cross-membrane flux is
consistent with previous research [44]. The feed inlet tem-
perature has a strong effect on improving the flux with its
increment, as widely accepted in the literature because the
flux increases exponentially by increasing the feed inlet
temperatures, which causes an increase in water vapor
pressure, which is relatively slight at low temperatures
but significant at high temperatures, as seen in Antoine's
equation by the exponential relationship between satu-
rated vapor pressure and temperature which thus improves
the driving force. Although increased feed temperature
benefits high flux, energy consumption, and as previously
demonstrated by various research [45-47]. Moreover,
because of the low effect of temperature polarization
in high temperatures, which diminishes with increasing
feeding temperature the evaporation temperature is close
to the feed bulk temperature, resulting in a large flux.

3.2 Effect of permeate temperature

The effect on the overall improvement of total cross-mem-
brane flux is not confined to the feed inlet temperature
alone but also includes the permeate temperature, which
has anegligible effect compared to the feeding temperature.
A more significant vapor pressure differential at low per-
meate temperatures resulted in a higher total cross-mem-
brane flux. In most DCMD investigations, the permeate
temperature varies between 283.15 to 313.15 K [41].

In this study, the temperature of the permeate inlet
ranges anywhere from 288.15 K and 313.15 K. As can
be seen in Fig. 3, feed inlet temperatures varied from
328.15 K to 358.15 K with a 278.15 K step under a feed and
permeate flow rate of 2 kg/s.

—5—32845K
- 333.15K
= ——33845K
Eqnf 34345K
=)
=

——348.15K
——353.15K
o 358.15K

Total cross-membrane flux

28815 29315 20815 303.15 30815 31315

permeate inlet temperature (K)

Fig. 3 The effect of permeate inlet temperature on the total
cross-membrane flux at different feed inlet temperatures
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The curves show that the total cross-membrane flux
increases as the permeate temperature decreases, with the
highest quantities obtained at the highest temperatures;
thus, at 353.15 K and 358.15 K, the total cross-membrane
flux rises to 61.2473 and 68.7062 kg/(m? h), respectively,
at the lowest permeate inlet temperature. This is due the
greatest temperatures provide the biggest quantity.

While there is a considerable decrease in total cross-
membrane flux as permeate inlet temperature increases, this
decline sharply decrease from 288.15 to 313.15 K and due
to the decrease in driving force when the temperature differ-
ence between the feed and permeate sides decreases.

As a direct result of this, there was not a noticeable
improvement in the permeate flux despite the elevation
in the permeate inlet temperature. At fixed feed tempera-
tures, the effect of permeate inlet temperature on total
cross-membrane flux is almost negligible.

At these temperatures, the only variable of total
cross-membrane flux is the water vapor pressure at the
permeate-membrane interface (Ppm), which is what
causes this weakening effect according to Eq. (1) [48].
This is because the Antoine equation has less fluctuation
at lower temperatures, as found by [49, 50].

3.3 Effect of feed and permeate flow rates

The changing hydrodynamic conditions affect the total
cross-membrane flux. Permeate flux increases as hydrody-
namic conditions increase. Flow rate is the rate at which flu-
ids are debited through the system and has a direct effect on
DCMD system performance. The flow rates on both sides of
the membrane must be increased to avoid temperature and
concentration polarization effects. For each feed inlet tem-
perature condition, a total of four unique feed and perme-
ate flow rates were utilized. These flow rates ranged from
1.0 kg/s to 2.5 kg/s, with a 0.5 kg/s interval between each
value. When the temperature at the feed side is increased
for each flow rate, trans-membrane flux increases. So, the
temperature difference between the two sides of the mod-
ule may be enlarged, and the total cross-membrane flux
is increased, as shown in Fig. 3, and the MD process is
enhanced. Fig. 4 shows a noticeable improvement in total
cross-membrane flux with higher flow rates.

However, the change that occurred as a result of rais-
ing the feed flow rate was rather slight when the feed inlet
temperatures were low. It is reliant on the cell on the feed
side, which may not be fully flat in shape [51], but there
is no noticeable variation across the feed temperature
(333.15-343.15 K) at flow rates of 1, 1.5, and 2 kg/s.

s

60 - —a—333.15K
—a—338.15K
—=—343.15K

348.15K
—#—353.15K
—a—358.15K

3

(kg/(m*?h}))

<

Total cross-memhbrane flux

-
R —

I
1.0 15 20 25

Feed inlet mass flow rate (kg/s)

Fig. 4 Total cross-membrane flux as a function of feed and permeate
side flow rate at different feed inlet temperatures
(Tp o= 293.15 K, PVDF membrane)

In addition, when simulating a flow rate of 2.5 kg/s
over a temperature range of (333.15-358.15 K), the total
cross-membrane flux acquires the maximum amounts of
water vapor at 348.15, 353.15, and 358.15 K, respectively:
50.4980, 61.1611, and 73.2075 kg/(m? h). When feed inlet
temperatures and flow rates are increased, the resulting
flux values are increased as well. When molecules of
vapor pass through the membrane from the feed side to
the permeate side, the temperature of the surface of the
membrane falls below the temperature of the feed bulk.

This results in a boundary layer near the membrane
surface, known as a temperature polarization phenome-
non. Its influence weakens with increasing flow rate by
reducing the thickness of the thermal boundary layer [52].
Overall, the results indicate that a high flux amount was
obtained with high flow rates, as clearly shown in Fig. 5.

65 T T T T

60 |- .

Total cross-membrane flux

45 - i

40 I I I I
0.5 1.0 1.5 2.0 25 3.0
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Fig. 5 Overall effect of flow rate variation on the total
cross-membrane flux



This behavior is due to the relative thermal boundary
layer thickness that gets thinner when the circulation rate
increases. Thus, the flux increases due to more effective
heat transfer from the bulk to the membrane surface.

3.4 Effect of feed inlet NaCl concentration

To examine the influence of feed inlet NaCl concentration
on total cross-membrane flux and the vapor pressure dif-
ference that drives the process to create the flux, the objec-
tives of this study are as follows.

The range of feed inlet NaCl concentration that was
investigated ranged from 0.035 to 0.285 kg/kg, and all
other variables, including flow rate of 2 kg/s, feed inlet
side temperature of 358.15 K, permeate side temperature
of 293.15 K, were held constant.

The feed inlet NaCl concentrations affect the total
cross-membrane flux and the pressure vapor difference;
it can change the total cross-membrane flux slightly, espe-
cially at lower concentrations, because the flux in the
membrane distillation is a function of feed temperature
and concentration. As a result, as the feed inlet NaCl con-
centration increases, the total cross-membrane flux prod-
uct decreases significantly. The primary reason may be
the simultaneous decrease in the vapor pressure differ-
ence [50]. In addition, the authors stated that the transi-
tion of the solvent from the feed side to the permeate side
causes a continuous change in concentration which affects
the vapor pressure on the feed side and the thermal con-
ductivity. This behavior proved that the decrease in total
cross-membrane flux is related to the low vapor pressure at
the feed side, leading to a lower partial pressure gradient
between the two sides (decrease in the driving force) [53].

As indicated in Fig. 6, the primary observation is that
the total cross-membrane flux reduced when the feed inlet
concentration increased on the feed side.

Approximately, when the NaCl concentration increased
from 0.035 to 0.335 kg/kg, the total cross-membrane flux
decreased by 31.98% from 68.3627 to 46.5031 kg/(m? h),
and the vapor pressure difference decreased by 13.59%
from 11.33 to 9.79 kPa. It is worth noting that increasing
the feed inlet NaCl concentration has a more extensive and
significant influence on total cross-membrane flux than
increasing the vapor pressure difference.

Three phenomena explain this flux decrease: first, tem-
perature polarization [52] is represented by layers formed
on both sides of PVDF flat sheet DCMD, second, concen-
tration polarization increased due to the accumulated salt
molecules on the membrane surface, which blocked the
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Fig. 6 The effect of NaCl concentration on flux and vapor pressure
difference (feed inlet temperature of 358.15 K, permeate inlet
temperature of 293.15 K, and flow rate of 2 kg/s)

vapor from moving, resulting in resistance to mass transfer,
which causes clogging of pores and increases the risk of
scaling the membrane surface [41, 50, 53], which facilitates
the membrane pore wetting [54]. Third, fouling reduces the
available evaporation area [55, 56] by weakening the mem-
brane's hydrophobicity due to partial wetness and caus-
ing the passage of salt molecules through some membrane
pores [57]. These factors contribute to a reduction in overall
cross-membrane flux generation and quality. Similar find-
ings have been reported by [50, 52-56]. It is worth noting
that the effect of temperature and concentration polarization
in the MD process decreases when the feed membrane sur-
face temperature is close to the feed bulk temperature [40].

On the other hand, the influence of feed inlet NaCl con-
centration on total cross-membrane flux was investigated
as feed inlet temperature increased.

Fig. 7 shows the curves of results. The feed inlet tem-
peratures ranged from 343.15 to 358.15 K at 278.15 K
intervals, with feed inlet concentrations of 0, 0.035, 0.085,
and 0.185 kg/kg, and remained constant at 2 kg/s.

However, as feed inlet NaCl concentrations increase
from 0 to 0.285 kg/kg at 358.15 K, it drops progressively
by 30.17%, from 74.4823 to 52.0099 kg/(m? h), bringing
the total down to 52.0099 kg/(m? h). One more thing to
keep in mind is that while the temperature of the feed inlet
remains the same, the water activity of the NaCl solu-
tion in the feed inlet falls significantly [58, 59] when the
amount of NaCl in the feed inlet increases.

This behavior is attributed to adding NaCl in water
with concentration [54] because water activity is a func-
tion of temperature and NaCl concentration. The same
results are shown in Fig. 8, and membranes become less
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293.15 K, and flow rate of 2 kg/s

conductive. The driving force declines and decreases
in total cross-membrane flux [60] until it reaches negative
values associated with a rapid fall in water activity [41].

As depicted in Fig. 9, this is the reverse flux phenom-
enon [54]. Another issue induced by an increase in NaCl
concentration at the feed inlet that interrupts evapora-
tion process and affects water quality is the wetting of the
membrane pores due to salt deposition on the membrane
surface, which accelerates membrane degradation when
the water activity level decrease [39].

Water can penetrate the membrane pores as a result of
this problem. Membrane wetting refers to membrane pore
penetration. To protect the membrane's hydrophobic pores
from becoming wet, one of the essential parameters used
to describe membrane's hydrophobicity; liquid entry pres-
sure (LEP) must be taken into consideration. This significant
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Fig. 9 The effect of water activity on total cross-membrane flux vs.
varied feed inlet NaCl concentrations at 358.15 K feed inlet, 293.15 K
permeate inlet, and 2 kg/s flow rate

character is defined as the minimum hydrostatic pressure
required in the liquid feed solution to overcome membrane's
hydrophobic forces and allow the liquid to penetrate the
membrane pores [39], resulting in the membrane wetting.

Because the feed liquid and any dissolved salts are
pushed through the membrane when the liquid entry pres-
sure (LEP) is less than the transmembrane hydrostatic
pressure [41]. As a result, to keep away from this phenom-
enon, the hydrostatic pressure should always be lower than
LEP [39]. The LEP is determined by the suitable size and
shape of the pore allowing a sufficiently high LEP and the
liquid-membrane contact angle.

3.5 Comparison between operating conditions effects:
feed temperature, flow rate, permeate temperature,
and NaCl concentration

This section compares the effect of feed temperature, per-
meate temperature, flow rate, and NaCl concentration on
the total cross-membrane flux for a co-current PVDF flat.
At a flow rate of 2 kg/s on both the feed and permeate
sides, the first thing that we are going to do is compare
the temperature impacts of the feed and the permeate.
A global view of the results is shown in Fig. 10.

This view reveals that the overall cross-membrane flux
decreases when the permeate temperature increases while
the feed temperature remains the same. Therefore, the
total cross-membrane flow decreases by 20.75% when at
T, = 348.15 K in Fig. 10 (a), and the total cross-membrane
flux decreases by 16.13% when T,,=35815K in Fig. 10 (b),
respectively. As a result, the highest feed inlet and lowest
permeate inlet temperatures produced the most extraordi-
nary amounts of the total cross-membrane flux.
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Another illustration is presented in Fig. 11; thus, at the
same temperature difference (A7 = 318.15 K) in Fig. 11 (a),
the effect of feeding temperature is greater than that of
permeation temperature where the flux at the range of
(348.15-303.15 K) is compared to that at the temperature
of (358.15-313.15 K). This is because the exponential rela-
tion between pressure and temperature causes a signifi-
cant difference in water vapor pressure at higher tempera-
tures. An identical observation can be found in Fig. 11 (b)
for the temperature difference (A7 = 328.15 K).

Second, Fig. 12 depicts the effect of flow rate on the total
cross-membrane at a feed inlet temperature of 358.15 K
and a permeate inlet temperature of 293.15 K, where the
total cross-membrane flux increases by 20.04% between
flow rate values of 1 and 1.5 kg/s, 12.69% between 1.5 and

~
=]
|
~
=1
|

;E g 62.4287
E %01 57.3369 Eﬁﬂ

2 £

.gm, ECE 48,1735
E: 43,2053 =

E 40 Em_

o

£ 30 £

[T

E E

Iy 7]

g 20 | gzn,

=] (]

® 10 ©10

B I

g :

0 0
348.15— 303.15 358.15 — 313.15 348.15 — 293.15 358.15 — 303.15

Feed ___ Permeate temperature (K) Feed ___ Permeate temperature (K)

@ (b)
Fig. 11 Overall fluxes at different temperature differences
((a) AT=318.15 K, (b) AT =328.15 K) for a co-current PVDF flat
sheet DCMD system with a flow rate of 2 kg/s for the feed and

permeate sides
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Fig. 12 The effect of flow rates on total cross-membrane flux in a
co-current PVDF flat sheet DCMD system with feed and permeate
inlet temperatures of 358.15 K and 293.15 K, respectively

2 kg/s, and 7.09% between 1.5 and 2.5 kg/s and 2 kg/s, and
7.09% between 1.5 and 2.5 kg/s.

Even when the flow rate increases, the ratio of the
change in the total cross-membrane flux drops from 12.69
to 7.09%. The effect of flow rate is less pronounced and
less influential on the total cross-membrane flux than the
influence of temperature, which is more pronounced and
effective. Third, make a comparison between the effects of
feed temperature and NaCl concentration (Fig. 13).

In comparison, the total cross-membrane flux increases
by 64.08% as the feed temperature increases. In compar-
ison to the feed temperature effect, the effect of the feed
NaCl concentration is less effective, despite increasing
total transmembrane flux when the NaCl concentration
decreases. Based on this comparison, it can be concluded

Feed inlet NaCl concentration (kg/kg)
0.1 0.2 0.3 0.4 0.5

(kg/(m?h))

Total cross-membrane flux

=—feed inlet NaCl concentration effect
=—feed inlet temperature effect

10
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Feed inlet temperature (K)

Fig. 13 The feed inlet NaCl concentration effect compared to the feed

inlet temperature on the total cross-membrane flux
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that the feed inlet temperature has the most significant
influence on total cross-membrane flux, as seen in Fig. 14
because of the exponential increase in vapor pressure with
temperature, the total cross-membrane flux improvement
is more remarkable at higher temperatures.

4 Conclusions

MD transports water vapor through a hydrophobic micro-
porous membrane utilizing a thermally-driven separation
process to separate hot saline water and cold distillate.
MD uses vapor pressure to separate hot saline water and
cold distillate into freshwater.

With a micro-porous PVDF flat sheet membrane with
14 (cm?) area and 0.12 (mm) thickness, several oper-
ational factors were theoretically studied on MD pro-
cess performance (mm). The membrane had a porosity
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of 0.75, feed inlet temperature (333.15-358.15 K), feed
flow rate (1-2.5 kg/s), permeate inlet temperature
(288.15-313.15 K), and feed inlet NaCl concentration
(0.035-0.485 kg/kg).

Trial-and-error  MATLAB-Simulations yielded the
results. This last inputs parameter values to construct
curves for discussion and analysis. This paper revealed
findings about total cross-membrane flux performance:

* The feed inlet temperature affects cross-membrane

flux the most, which is beneficial for improvement.

e Flow rate increases cross-membrane flux and
decreases the thermal boundary layer.

* Maintaining the permeate inlet temperature at
293.15 K has little effect on total cross-membrane
flux, which matches the shift in water vapor pressure
and thermal properties (lowest at low temperatures).
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Fig. 14 Comparison of main effects of operating parameters on the total cross-membrane flux: (a) feed inlet temperature, (b) permeate inlet

temperature, (c) feed and permeate flow rate, and (d) feed inlet NaCl concentration



* Increased feed inlet NaCl concentration decreased
membrane flux and vapor pressure differential, so the
feed inlet NaCl concentration's impact on membrane
flux was greater than the vapor pressure differential.

This study examined how operating conditions affected
membrane flux. The results, which are consistent with
previous studies, reveal that feed temperature and flow
rate are the most important elements in boosting total
cross-membrane flux. The overall cross-membrane flux
increases with increasing feed inlet temperature and flow
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