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ABSTRACT: Precipitated silica is a highly required and employed product on the
worldwide market; its production involves the reaction of sulfuric acid and sodium silicate
in aqueous solutions, leading to the undesired generation of a significant volume of brine
containing Na2SO4. The treatment of this brine is crucial within the framework of a
circular economy, as it enables the dual objective of preventing pollution and extracting
value from waste. This study focused, at first, on evaluating the performances of the air-
gap membrane distillation (AGMD) technology using a synthetic Na2SO4 brine. Then,
the feasibility of applying this technology to the concentration of an industrial Na2SO4
brine was evaluated. To achieve these goals, an AGMD pilot plant with a flat sheet
membrane module with an effective area of 0.025 m2 was employed. The effects of the
brine concentration and feed temperature on flux were analyzed. It was observed that the
flow rate and the temperature of the brine were significant parameters influencing the
magnitude of the permeate flux, while flow rate and temperature of the cooling water
were not particularly influential. The industrial brine concentration ranged from 120 to 270 g/L, and continuous 2-month operation
was successfully achieved. Very low values for permeate conductivity were observed (1−12 μS/cm), and values close to 100% for salt
rejection were measured, resulting in perfectly depurated water. A 1-D model for flat sheet-type AGMD was also developed, and it
was observed to strongly correlate with the experimental data. Since no adjustable parameters were included in the model, this result
validates the experimental tests and suggests that the model could be further employed to predict with accuracy many different
operating conditions.

■ INTRODUCTION
Precipitated silica is a widely employed material, with a global
market larger than 4 billion euros and applications in many
industries, like rubber, painting, food, or pharma.1 It is
produced by neutralizing sodium silicate with sulfuric acid,2

with a reaction (eq 1) that generates as a byproduct a high
conductivity salt stream. The salt generated in the process,
sodium sulfate (Na2SO4), must be removed from silica by
washing, thus determining huge water consumption. The waste
of the separation process, constituted of a Na2SO4 aqueous
solution, is conventionally addressed as brine.

· · + · + +r rSiO Na O H SO SiO Na SO H O2 2 2 4 2 2 4 2 (1)

Within the context of circular economy, the concept of zero
liquid discharge must be applied to reduce brine release,
minimize water consumption, and recover sodium sulfate as a
valuable product. Given the dimension of precipitated silica
market, the sustainable disposal of the Na2SO4 brine is
becoming an issue of emerging interest. The application of
novel technologies to this process is highly captivating for the
chemical industry, where research for more sustainable
solutions must align with the economic viability of a process.
The conventional method for brine treatment is represented by
reverse osmosis (RO), which is a process suitable for low salt

concentration since high salinity requires a high osmotic
pressure.3 This sets a limit to the concentration of the brine
that can be reached by RO and leads to a more concentrated
brine that cannot be treated any further. To handle highly
concentrated solutions, membrane distillation (MD)4 repre-
sents a cutting-edge technology, a process that can be
conducted with different configurations, giving rise to several
types of MD: direct contact membrane distillation (DCMD),
air-gap membrane distillation (AGMD), swept gas membrane
distillation and vacuum membrane distillation.5

The MD process involves a phase change from liquid to
vapor on one side of the membrane and condensation from
vapor to liquid on the other. In MD, a hydrophobic porous
membrane is employed to allow water vapor to pass through its
pores. Moreover, as only water vapor can pass through the
membrane, a salt rejection of almost 100% is achieved. Unlike
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the RO, MD does not require a high hydraulic pressure for
mass transfer. Therefore, MD is a very promising technology
for the treatment of highly saline solutions.6−9

The main advantages of MD technology compared to other
separation processes can be summed up as follows: (1) low
operating temperatures (<80 °C) which allows the use of low
quality energy (industrial waste heat or solar energy);10−13 (2)
MD works at atmospheric pressure which decreases fouling
and pore plugging, unlike RO; (3) the feed usually does not
require pretreatment; (4) MD is not limited by salt
concentration, since the water vapor pressure is poorly
reduced as the salt concentration increases. This fact allows
MD to treat wastewater with high salt content, such as RO
brines; (5) it is easy to scale up and (6) the membrane
modules offer a large area per unit volume.14−19

As discussed, due to its nondependency on the solution
concentration, it is quite common to see MD applied, as a
further concentration step, in the treatment of RO brines of
different nature,20 deriving from seawater21 or process
wastewaters.22,23 For what concerns the concentration of
sodium sulfate solutions, most of the research is conducted
with DCMD or membrane crystallization.24−27 Sodium sulfate
can be present in several process streams, and therefore, it can
be in aqueous solution together with other compounds, which
affect the efficiency of the separation. It has been observed that
sodium-containing solutions behave very similarly (NaCl and
Na2SO4 in Kurdian et al.,

26 to have a positive solubility-
temperature coefficient and a negative solubility-temperature
coefficient respectively), and that the lower the ΔT between
permeate and retentate, the lower the flux through the
membrane, with fluxes in the range 5−25 kg·m−2·h−1. It was
also observed in DCMD that the presence of soluble silica
within the brine determines a decrease in the flux in two
different stages: a first stage with a sudden drop, and a second
more gradual decreasing stage.28 This was elucidated as the
deposition of silica onto the membrane, becoming wet out and
subsequently depositing gradually at a deeper layer within the
membrane.
The DCMD is by far the most consolidated technology,

even though it does not have a wide range of applications from
a business standpoint, mainly because of the huge energy
consumption due to a significant energy loss.29 The AGMD,
on the other hand, is a promising desalinization technology,
and can be considered a good compromise between heat loss
and transfer resistance.30 This concept has been theoretically
explained31,32 and extensively studied by Alklaibi and Lior,33

who evaluated that the process thermal efficiency is 6% higher
in AGMD than DCMD, and this gap in further increased by
either one between decreasing the inlet temperature and
increasing the inlet velocity of the cold stream, which both
negatively impact on the DCMD configuration’s thermal
efficiency. On the other hand, to the best of our knowledge,
not much has been investigated in AGMD configuration,
especially in the field of Na2SO4 brines. Strategies for the
enhancement of the flux have been proposed,34 as well as
suggestions like batch recirculation or different concentration
stages (continuous operations)35 to increase the recovery. On
a lab scale, flux as high as 25 kg·m−2·h−1 have been reported,36

even though this result is not fairly comparable to the ones
achieved on a larger scale (0.5−4 kg·m−2·h−1).6,37

Numerical simulation of MD processes has been approached
by many researchers. Nowadays, almost anything requires an
accurate mathematical representation, since a trustworthy

model can spare much of the expensive and time-consuming
job that is evaluating the effect of each operating condition
change on the system.38 Models following the Nusselt number-
based approach have been proposed, and a comprehensive
review has been recently given by Olatunji and Camacho.39

These models have important applications from the
perspective of using them in industry to predict the behavior
of a system when perturbed by an external agent. In addition,
however, most of the mathematical models reported in the
literature so far aim to calculate specific parameters in a section
where they cannot be experimentally measured, giving more
details of the operation of the membranes. For instance, the
interfacial temperature is a key parameter of the developed
models, and it was attempted to be measured experimentally
but this approach needs a specifically designed equipment and
numerous assumptions.40

In northern Spain, Industrias Qumicas del Ebro (IQE) is
particularly interested in a technological solution for effective
Na2SO4 brine treatment in the precipitated silica manufactur-
ing process. In IQE, in the framework of the LIFE
ZEROSILIBRINE project, RO concentrates the initial stream
up to 12 wt %, and crystallization provides solid sodium sulfate.
To improve the efficiency of the process and to comply with
the standards of circular economy, the combination of three
techniques is now being evaluated: RO + MD + crystallization.
The concept is to increase the concentration of the RO
product via MD, thus decreasing the energy consumption in
the crystallizer. This study investigated the concentration of
Na2SO4 brine using AGMD technology and developed a
mathematical model to verify the consistency of the
experimental results and predict the behavior of the system
in different operating conditions. Hence, this study provide a
full overview, both from an experimental and mathematical
point of view, of sodium sulfate brine desalination in AGMD
configuration. The experiments have been conducted on a
significant scale plant and continuously operating the facility
(24/7) for two months, reproducing the operation of an
industrial plant, thus making these results particularly
significant for the industrial sector.

■ MATERIALS AND METHODS
AGMD System. To evaluate the system performances, a

real brine and a simulated one have been tested with an initial
concentration of 120 g·L−1, which corresponds to the
concentration expected at the outlet of the RO process
(upstream the membrane) in IQE. The simulated brine was
prepared with distilled water and Na2SO4 (Los productos de
Aldo, Spain), in exact amount to reproduce the desired
concentration, while the real brine was provided directly by
IQE, with an initial sodium sulfate concentration of 16 g·L−1,
and was concentrated in the laboratory experimental facility up
to the expected value for RO retentate prior to further
experiments. The experiments were carried out in an AGMD
pilot plant provided by Apria Systems. This pilot plant is
composed of an MD module integrated in a system with two
hydraulically separated circuits, one for the hot brine and one
for the cooling solution, which consists of distilled water. It has
an 80 L PP feed tank equipped with a 3 kW electric resistance
heating system with a feed pump (Figure 1). Cooling is
controlled by an external temperature sensor. A centrifugal
pump helps to ensure thermal homogeneity by recirculating
fluid (chilled water) inside the tank (80 L). The hot and cold
streams are fed in a countercurrent flow to the membrane
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module, which houses a membrane area of 250 cm2 (Sterlitech,
poly(tetrafluoroethylene), 45 μm). This is an AGMD module
with an airtight air chamber, and the distillate is collected when
it condenses on a cold plate. Furthermore, prior to the entry
into the membrane module, a prefilter with a pore diameter of
0.3 μm has been installed to capture any potential particles
present in the brine. This precautionary measure is particularly
crucial in the case of industrial brine solutions. The purpose of
this process is to prevent the arrival of substances that could
potentially foul or contaminate the membrane. The installation
features temperature sensors for both the inlet and outlet of
the membrane, as well as pressure sensors. Additionally, there
are two rotameters that allow for the establishment and
modification of the flow rates of both hot brine and cold water
(Ff and Fc, respectively). The flow rate of the distillate was
measured gravimetrically. To analyze the evolution of the brine
concentration, a conductivity meter (Thermo Fisher Scientific)
was employed.
Mathematical Model. The mathematical modeling of MD

involves the application of mass and energy balance equations.
These equations are used to describe the behavior of the
system and predict the real temperatures of the membranes,
which, in turn, allow estimation of the actual membrane flux.
Vapor transport across the membrane in the AGMD mode is
generally described by molecular diffusion theory. Non-
condensable gases and the air inside the membrane pores
and in the air gap between the membrane and the
condensation surface on the permeate side are also described
in that model. The model involves solving the mass and energy
balances of the process. One-dimensional models have been
previously conducted, yielding satisfactory outcomes.41−43

Water flux through the membrane and the air-gap (J) can be
described, according to Darcy’s law, as eq 2, where Bm (L·m−2·
s−1·Pa−1) is the membrane coefficient�a function of MD
configuration, membrane temperature, and membrane charac-
teristics�and Δp represents the pressure difference between
the partial pressure of water at the feed membrane surface
(Pmf) and at the permeate membrane surface (Pp).

= =J B p B P P( )m m mf p (2)

In order to calculate the membrane coefficient, the
governing transport phenomena must be assessed among
Knudsen, molecular, and viscous flow. The Knudsen number
(Kn), is given by eq 3, were kB is the Boltzmann constant (1.38

× 10−23 J·K−1), 2r is the diameter of the pores of the
membrane, which is the characteristic length, and dvap is the
water vapor collision diameter.

= =K
r

k T
r d P2 2 2n

B

vap
2

(3)

In this case, for a membrane with a pore diameter of 0.45
μm, a pressure of 101 kPa, and temperature in the range 60−
80 °C, Knudsen flow, and molecular diffusion govern the
transition flow. Thus, the equation to calculate the water flux
through the membrane is given as eq 4, where the diffusion
coefficient for water/air can be expressed as eq 5.17
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(5)

In the AGMD process, heat transport takes place through
the following phenomena:

• Heat transfer from the brine feed to the membrane
surface, expressed as eq 6, where Tf and Tmf are the bulk
temperature of the feed and the temperature of the feed
at the membrane surface respectively, J is the mass flux,
Cp,f is the specific heat capacity of the feed, and hf′ is the
convective heat transfer coefficient. Simplifying the
equation, it is possible to define hf as global heat
transfer coefficient in the feed section.

• Heat transfer from the membrane surface, through the
pores and the air space, to the condensate (eq 7), which
accounts for the sensible heat flux and the vaporization
at membrane hot surface. The heat transfer coefficient h
is given by eq 8;42,44 it gives also the effect of finite mass
transfer rates on the heat transfer coefficient.15 Ccd, Hv, b,
and ky are respectively the gas (air + vapor) specific heat
capacity, the latent heat of vaporization, the air-gap
thickness, and the gaseous thermal conductivity.

• Heat transfer through the condensate layer and cooling
plate to the coolant liquid, given by eqs 9−11, where hcd
and hp respectively are the convective heat transfer
coefficient of the condensate layer and the coolant
liquid, while kcp and l are respectively the thermal
conductivity and the thickness of the cooling plate.

= + =Q h T T JC T T h T T( ) ( ) ( )pf f f mf ,f f mf f f mf

(6)

= +Q h T T JH( )m mf p v (7)
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eqs 9−11 can be easily combined according to eq 12, and a
global heat exchange coefficient (hcdp) can be defined as eq 13

Figure 1. Scheme of AGMD equipment.
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to express the overall heat transfer (Qcdp) across the
condensate layer, the cooling plate and the cooling liquid
bulk, as eq 14.

= = =Q h T T
k

l
T T h T T( ) ( ) ( )cdp cd p cpp

cp
cpp cpc p cpc c

(12)

i
k
jjjjjj

y
{
zzzzzz= + +h

h
l

k h
1 1

cdp
cd cp p

1

(13)

=Q h T T( )cdp cdp p c (14)

At steady state, the heat transferred from the brine feed (Qf)
is equal to the heat transferred through the membrane, which
in turn is equal to the heat transferred through the condensate
layer and cooling plate to the coolant liquid. Therefore, given
the equality of heat fluxes (eq 15), by combining the equations
and rearranging, eqs 16 and 17 can be calculated to express
respectively the temperature on the membrane surface (feed
side), Tmf, and the temperature of the permeate film, Tp.

= =Q Q Qf m cdp (15)
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The modeling process begins by assuming the temperatures
of the brine at the membrane surface and the cold side, as well
as the brine concentration at the membrane surface and
calculating the resulting flux. Heat transfer coefficients are
determined through correlations that describe the heat transfer
across the membrane. Using these parameters, the temper-
atures at both sides of the membrane and the brine
concentration at the membrane surface can be calculated by
using the aforementioned equations.
The mass balance equation takes into account the mass flow

rates of the feed, permeate, and retentate considering the
concentrations of solutes in each stream. The energy balance
equation accounts for the heat transfer between the feed,
permeate, and retentate as well as the heat losses to the
surroundings. These equations, combined with the heat
transfer coefficients, allow for determination of the real
temperatures of the system.
The mathematical model was developed using MATLAB,

employing a straightforward approach where the equations of
mass and energy balance have been solved through an iterative
process. The procedure begins with an initial assumption of
the temperature at the membrane surface. The water flow is
then computed based on this assumption, and subsequently, a
revised temperature value is determined considering this water
flow. This iterative process continued until convergence is
attained. At this point, the model provides a reliable estimation

of the real membrane temperatures and, consequently, predicts
the actual membrane flux.
It is important to note that the accuracy of the mathematical

model depends on the quality of the input data such as heat
transfer coefficients, concentration profiles, and membrane
properties. Experimental data and correlations are commonly
used to validate and refine the model, ensuring its reliability in
predicting the performance of the MD systems.

■ RESULTS AND DISCUSSION
Dependency of the Flux on the Operating Parame-

ters. Synthetic Brine. To assess the system performance and
membrane efficiency, a series of experiments were conducted
using a synthetic brine consisting of water and Na2SO4, at a
120 g·L−1 concentration. The experiments were designed to
investigate the impact of various factors, including different
partial pressure gradients, temperature in the cold side
(ranging from 20 to 40 °C), temperature in the feed side
(ranging from 60 to 80 °C), and varying flow rates.
The obtained results are reported in Figure 3, which shows

the permeate flux (J) versus DPW, i.e., the difference between

the partial pressure of water at the feed side of the membrane
(Pmf) and the partial pressure of water at the permeate side
(Pp) (see Figure 2). The permeate flux increased with the brine

Figure 2. Temperature and pressure profiles for AGMD.

Figure 3. AGMD permeate flux as a function of the driving force,
vapor pressure difference (ΔPw) for the different flow rates.
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temperature, indicating a direct correlation between the
temperature and the rate of permeate production. On the
other hand, the AGMD flux displayed limited sensitivity of the
coolant temperature. This behavior can be attributed to the
minor fluctuations in the partial pressure of water at lower
temperatures compared to the ones occurring at the hot side.
In the laminar region, it is anticipated that the flux will increase
in response to higher feed flow rates, as can be observed from
the variation of the flux at the highest ΔP.
Real Brine. In a second set of experiments, the industrial

brine was employed in the same conditions to evaluate any
possible differences in the behavior compared to the system
with synthetic brine. Then, the experiments of Figure 3 where
repeated using the real brine. Remarkably, when industrial
brine was employed for the tests, it exhibited a trend consistent
with that observed with synthetic brine. To perform these
tests, the plant processed real brine for a significant time. This
means that during the initial operating tests, no signs of
membrane deterioration or fouling were detected. Moreover, it
is worth noting that the permeate conductivity remained
consistently below 20 μS·cm−1 across all experimental cases,
demonstrating the system ability to consistently produce water
with excellent purity.
Evolution of Brine Concentration with AGMD

System. As stated above, the objective of this work is to
concentrate brine using MD technology. In this study, a 120 g·
L−1 synthetic brine, simulating that obtained from a RO
treatment, was utilized. The experiment was conducted under
conditions that aimed to maximize the flux, which was
achieved�according to the experiments of Section 3.1�by
maintaining a high partial pressure difference between the hot
side (Tf = 80 °C) and the cold side (Tc = 20 °C). To ensure
that the process operated at the desired level, the brine
concentration was maintained by removing permeate and
replenishing it with an equal amount of brine. A constant brine
feed flow rate of 60 L·h−1 was maintained during the trials. The
flow rate of cold water was 100 L·h−1, enough to keep the
temperature almost constant in the cold side.
As shown in Figure 4a, the permeate flow rate gradually

decreases over the course of the operation days. The reduction
in AGMD permeate flux can be linked to the increase in brine
concentration. As concentration rises, the water activity
decreases, consequently lowering the partial pressure (driving
force) for vapor transport.
No concentration polarization is observed as the permeate

flow decreases due to a lower driving force resulting from the
increased salt concentration. This is attributed to the decrease
in water activity associated with higher solute concentration,
restricting water molecule movement, and diminishing the
driving force for vapor transport. Additionally, the absence of
temperature polarization results from the lack of significant
temperature gradients across the membrane, as mentioned.
Moreover, the obtained water exhibited very low conductivity
(less than 20 μS·cm−1), indicating high rejection values and no
fouling phenomena. This outcome demonstrates the applic-
ability of the AGMD technology for the treatment of highly
concentrated RO brines.
The evolution of water flux through the membrane, pressure

drop in the prefilter, and brine concentration along time are
reported in Figure 4. A pressure increase in the feed stream was
observed (Figure 4a), due to the fouling of the prefilter (see
Figure 1). When working with industrial brine, a prefilter is
necessary, and it would be advisible to use two filtration units

in parallel, to permit cleaning while continuing the operation.
This fouling occurs due to retention of particles in the prefilter,
although it does not affect the operation of the MD, since the
pressure at the hot side of the membrane was always
atmospheric pressure. The water flux through the membrane
decreased over time (Figure 4a) corresponding to the increase
in brine concentration (Figure 4b).
The study aimed to investigate how the permeate flow varies

with the temperature and the concentration of the brine itself.
The permeate flow is a differentiating factor, as it determines
the membrane area used and, consequently, the operational
cost of the process. In the experiments conducted to observe
the evolution of permeate flow as a function of concentration,
special attention was given to the temperature gradient used
(i.e., hot side−cold side), which was the highest in the range
80−20 °C.
According to the obtained experimental data, the permeate

flow decreased as the brine concentration increased (Figure
5a). This decrease can be primarily attributed to the decrease
in the water activity in the solution. As the salt concentration
increases, the water activity decreases, resulting in a reduction
of the water partial pressure in the solution. This reduction in
water partial pressure decreases the driving force for vapor
transport through the membrane, leading to a decrease in the
permeate flow.7,45 As per the provided experimental results, the
permeate flux started at 14 L·m−2·h−1 when the brine
concentration was 120 g·L−1 and decreased to nearly 9 L·
m−2·h−1 when the concentration reached 275 g·L−1. This
represents a reduction in the permeate flow of approximately
35%.

Figure 4. Evolution with the time of the flux (J) (parts a,b) and the
concentration of the remaining brine (b). The increase of pressure
drop in the prefilter of the feed stream due to fouling is also shown in
panel (a) (triangles).
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Effect of Brine Concentration and Temperature on
Permeate Flux. Testing of the Mathematical Model. To
observe the effect of temperature, the temperature on the cold
side (Tc) was kept fixed at 20 °C, while only the temperature
on the hot side (Tf) was varied. As seen in Figure 5a, the flow
increased as the temperature in the brine arose. As the
temperature increases, the water vapor pressure in the hot side
also increases, creating a greater water partial pressure gradient
between the feed and the permeate, which promotes a higher
permeate flow. These experiments were carried out with the
highest brine concentration (280 g·L−1), and the decrease with
temperature was quite pronounced, resulting in a flow
reduction of 66% for a 20 °C drop in the feed temperature.
Figure 5 also shows that the mathematical model (solid

curves) described in previous sections of this paper predicted
the experimental data. This correspondence between the
model predictions and the experimental results supports its
effectiveness as a reliable tool for estimating permeate fluxes in
different scenarios. The model ability to capture the effects of
key parameters such as brine concentration, temperature, and
flow rate demonstrates its utility in the precise prediction of
permeate flux under a wide range of conditions.
Ultimately, the effects of different variables on the permeate

flow have been examined. In MD is essential to find the
optimal balance between using a large temperature difference,
to achieve high flow and lower membrane area cost but high-
energy consumption, and a smaller temperature difference, that
incurs higher membrane costs but lower energy costs.

Determining this compromise will depend on the availability
of residual or renewable energy and the specific needs of each
industry. However, it is clear that the use of modeling and
simulation tools can help find this balance and maximize the
benefits of MD processes.46,47

■ CONCLUSIONS
An experimental and theoretical study of MD for the treatment
of brine from previous RO was carried out. The effect of flow
rate, brine and coolant temperature, and brine concentration
have been analyzed. MATLAB was used to calculate the
permeate flow rate using the mass and energy balances of the
process.
Experimentally, it has been found that the permeate flux

decreased by 35% when the concentration increased from 120
to 270 g·L−1. However, the decrease is significantly higher
when the driving force was lowered by reducing the brine
temperature from 80 to 60 °C. In all cases, the salt retention
values were above 99%. The model predicts well the flux
through the membrane when changing the temperature in the
hot and cold sides and the concentration of brine. Taking into
account the conditions outlined in this study and the
utilization of a real industrial brine, the demonstrated
capability of the proposed model to accurately replicate
experimental data renders it a powerful tool, especially from an
industrial standpoint.
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■ ACRONYMS AND SYMBOLS

List of acronyms
AGMD air-gap membrane distillation
DCMD direct contact membrane distillation
MD membrane distillation
RO reverse osmosis
SGMD swept gas membrane distillation
VMD vacuum membrane distillation
List of symbols
2r representative length: membrane pore diameter m
b air-gap thickness m
Bm membrane coefficient kg·m−2·s−1·Pa−1

Ccd gas specific heat capacity J (kg·K)−1

Cp,f feed specific heat capacity J (kg·K)−1

dvap water vapor collision diameter M
Dw/a water−air diffusion coefficient m2 s−1
h overall heat transfer coefficient in membrane + air gap

W·m−2·K−1

hcd heat transfer coefficient in the condensate film W·m−2·
K−1

hcdp overall heat transfer coefficient in condensate + cooling
plate + coolant bulk W·m−2·K−1

hf overall heat transfer coefficient in the feed bulk W·m−2·
K−1

hp heat transfer coefficient in the coolant bulk W·m−2·K−1

Hv latent heat of vaporization W·m−2

J water vapor flux through the membrane kg·m−2·s−1
kB Boltzmann constant J·K−1

kcp cooling plate thermal conductivity W·m−1·K−1

Kn Knudsen number
ky gas thermal conductivity W·m−1·K−1

l cooling plate thickness m
Mw molecular weight kg·mol−1
P average pressure in the membrane Pa
Pa average pressure of air inside the membrane Pa
Pmf partial vapor pressure at the feed membrane surface Pa
Pp partial vapor pressure at the permeate membrane surface

Pa
PT total pressure Pa
Qf heat flux through the bulk feed W·m−2

Qm heat flux through membrane + air-gap W·m−2

Qcd heat flux through the condensate film W·m−2

Qcp heat flux through the cold plate W·m−2

Qp heat flux through the coolant bulk W·m−2

Qcdp heat flux through the condensate film + cold plate +
coolant bulk W·m−2

R gas constant J·(mol·K)−1

T temperature K
Tc coolant bulk temperature K
Tcpc temperature at the cooling fluid interface K
Tcpp temperature at the cooling plate surface K
Tf feed temperature K
Tmf feed temperature at membrane surface K
Tp permeate temperature at the membrane surface K
Tp temperature at the permeate film K
δ membrane thickness m
ε hydrophobic membrane porosity
λ mean free path m
τ tortuosity
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