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Abstract One of the problems that most afflicts
humanity is the lack of clean water. Water stress, which
is the pressure on the quantity and quality of water
resources, exists in many places throughout the World.
Desalination represents a valid solution to the scarcity of
fresh water and several technologies are already well
applied and successful (such as reverse osmosis), produ-
cing about 100 million m?-d™" of fresh water. Further
advances in the field of desalination can be provided by
innovative processes such as membrane distillation. The
latter is of particular interest for the treatment of waste
currents from conventional desalination processes (for
example the retentate of reverse osmosis) as it allows to
desalt highly concentrated currents as it is not limited by
concentration polarization phenomena. New perspectives
have enhanced research activities and allowed a deeper
understanding of mass and heat transport phenomena,
membrane wetting, polarization phenomena and have
encouraged the use of materials particularly suitable for
membrane distillation applications. This work summarizes
recent developments in the field of membrane distillation,
studies for module length optimization, commercial
membrane modules developed, recent patents and
advancement of membrane material.

Keywords membrane distillation, recent developments,
heat and mass transfer, wetting, membrane material

1 Introduction

Water shortage affects at least one billion people on earth
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and the trend does not seem to stop because of the growing
demand of water for domestic, agricultural and industrial
use [1]. It has been estimated that almost 6 billion people
will suffer from this plague by 2050 [2]. Desalination
represents a valid solution to the scarcity of fresh water [3].
Over time, different desalination technologies have been
adopted: multi-stage flash distillation (MSF), multiple-
effect distillation (MED), mechanical vapor compression
(MV), reverse osmosis (RO), nanofiltration (NF) and
membrane distillation (MD) [4]. In recent decades,
membrane technologies (in particular RO and NF) have
replaced thermal-based technologies (such as MSF and
MED) with high energy consumption. About 90% of the
desalinated water is produced by RO nowadays [5]. MD is
a cutting-edge technology for water desalination that is
arousing an ever-increasing interest worldwide. As shown
in Fig. 1, the number of MD publications has grown
considerably since 1998. In MD operations, water
evaporates at the feed/membrane interface and diffuses
through non-wetted pores to the permeate side under the
action of a vapor pressure gradient. The membrane,
interposed between the liquid and the vapor phase,
prevents any liquid-vapor mixing. The separation mechan-
ism of MD retains all nonvolatile solutes on the feed side
so that fresh water is collected on the permeate size. MD is
suitable for the separation of highly concentrated salty
solutions, e.g., brines from RO installations, produced
water and industrial wastewaters. It can be considered as a
hybrid membrane and thermal desalination [6]. Histori-
cally, different thermal processes have been used in
desalination: MSF, MED and TVC (thermal vapor
compression). However, since the fifties of the last century,
they have been replaced by more efficient membrane
processes that make use of electric energy including, in
particular, RO [7]. Among the advantages of MD, the
ability to work at low temperatures and pressures, the
reduced footprint of the plant, the low capital costs
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Fig. 1 Growth rate of MD publications up to December 31, 2020 (according to the search results of Science Direct using “membrane

distillation” as keyword).

compared to conventional distillation processes and the
almost total absence of flux limitations due to concentra-
tion polarization must be considered. Unfortunately, the
MD permeate flux is a few times lower than that obtained
in RO [8]. With the aim of achieving a zero-liquid
discharge in desalination, the concept of membrane
crystallization (MCr) has been introduced by Drioli and
his colleagues in recent times [9—13]. This new salt water
treatment technology shares the same separation/concen-
tration mechanism with MD. It is considered as an
extension of MD because it concentrates the solution up
to the supersaturation state to recover valuable ions from
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feed solution. As well as for MD, the driving force of MCr
is not significantly affected by the concentration polariza-
tion phenomenon. This implies that high recovery factors
and concentrations can be reached in MCr operations, as
opposed to RO [14]. The production rate of MCr
publication (Fig. 2) is, at least for now, markedly lower
than that on MD, showing that although this technology
has a great potential, it is not yet fully mature.

Only in recent years the supply of membranes and/or
membrane modules for MD has become more pronounced
and differentiated. Table 1 (modified from [15]) lists the
characteristics of the commercial membranes applied in
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Fig. 2 Growth rate of MCr publications up to December 31, 2020 (according to the search results of Science Direct using “membrane

crystallization” as keyword).
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MD processes; some of them have been fabricated for
different membrane operations and subsequently adapted
to MD applications, other have been suitably developed for
the MD technique (such as the membrane modules
manufactured by Econity, TNO, Scarab, Solar Spring
GmbH, Aquastill BV, Memsys GmbH). The existing
commercial modules are mainly based on the use of flat
membranes in spiral wound and plate and frame config-
urations. Some attempts were made by KmX Corporation
(Canada) to produce hollow fiber membrane-based
modules, but not many information about their properties
and performance are provided [16]. A successful effort was
done by Econity whose hollow fiber membrane modules
have been recently used in the seawater reverse osmosis-
membrane distillation (SWRO-MD) pilot plant built at the
institute of Fisheries Science in Pukyong National
University (located in Busan, South Korea) in the frame-
work of the GMVP project.

All the membranes listed in Table 1 are made of
polymeric materials. In the last years, ceramic membranes
are being prepared for MD applications, too. The main
advantages in using ceramic membranes are their greater
resistance to strong solvents (such as acids) and mechan-
ical strength compared to polymeric materials. However,
the ceramic membranes have high thermal conductivity
and are inherently hydrophilic in nature and therefore, in
principle, not suitable for MD applications. According to
Al-Obaidani et al. [26], high thermal conductivity is
associated with reduced thermal efficiency. The latter can
be improved by increasing membrane thickness in order to
lower heat losses. Regarding the hydrophilic nature of the
ceramic membranes, some attempts have been made to
alter it: Picard et al. [27] have reported the application of
different fluorinated silanes to render hydrophobic char-
acter to various hydrophilic microfiltration and ultrafiltra-
tion membranes; Dafinov et al. [28] used alcohol
adsorption to modify the hydrophilic surface of commer-
cial y-alumina membrane. Ko et al. [29] prepared two
different hydrophobic ceramic membranes for MD and
MCr operations: i) a first membrane was fabricated by
coating hydrophobic polymethylsilsesquioxane aerogels
on alumina membrane supports via a sol-gel process; ii) a
second one was prepared by applying fluoroalkylsilanes
(1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane) hydropho-
bic agent at porous as-sintered alumina hollow fibers. The
membranes showed stable hydrophobic character in
membrane distillation tests and in the crystallization of
NaCl (sodium chloride) and LiCl (lithium chloride). Chen
et al. [30] investigated the water flux and salt retention in
vacuum membrane distillation of tubular hydrophobic
alumina membranes grafted with hexadecyltrimethoxysi-
lane. Among the membranes tested, the most performing
one produced a constant water flux of about 30 kg-m2-h™!
and a salt rejection of 99.9%, for a desalination of
1000 min. For what concerns the principal configurations
in which MD can be operated, these can be found in Fig. 3:

direct contact membrane distillation (DCMD), air gap
membrane distillation (AGMD), sweep gas membrane
distillation (SGMD) and vacuum membrane distillation
(VMD). Among all, DCMD is the simplest and most
studied configuration in which a hot feed and a cold
permeate flow from opposite sides of the membrane [31].
The AGMD works by means of the interposition of an air
gap between the membrane and the condensation surface
while SGMD employs a sweeping gas as a vapor catrier on
the permeate side [32]. Finally, in VMD the vapor phase is
vacuumed from the liquid through the membrane, being
condensed in another device. The merits and demerits
related to these configurations are listed in Table 2. The
thermal and concentration profiles of each configuration
are presented below in Section 3. The most recent patents
related to MD are reported in Table 3. They concern
materials and methods used in membrane preparation and
new module designs, aimed at improving the process
efficiency and the energy consumption. Several reviews on
MD can be found in literature: Drioli et al. [22] presented
aspects related to module design, heat and mass transport
phenomena, nontraditional fouling and MD applications;
Ravi et al. [33] discussed the morphology and the impact
on fluid dynamics of surface modified, dual-triple layer and
nanocoated membranes, and Yao et al. [35] treated
extensively the problems associated with wetting, fouling
and strategies to prevent them. This review paper provides
information on some of the main areas of interest in MD
including design, materials and wetting problems, while no
particular attention has been devoted to MD applications
(already extensively reported in [22,35]), and MD pilot
units (described in detail in [36]). More specifically, it
illustrates the optimal characteristics for MD membranes,
principal design equations related to the best-known and
most used MD configurations, definition and theories on
concentration and temperature polarization, results
obtained from computer simulation on the optimized
module length, exergy analysis, progresses in membrane
material, wetting and fouling phenomena, with a reference
to experimental observations of wetting due to the
interaction between ions and membrane material.

2 Optimal characteristics for MD
membranes

MD is a membrane-dependent process because the
structural and physicochemical parameters of the mem-
brane strongly determine its efficacy and efficiency.
Thickness, porosity, mean pore size, pore distribution
and geometry are included among the physical properties
of MD membranes while the chemical properties of MD
membranes are affected by the chemical treatments, the
composition of matrices and the presence of additives and
coatings, if any. Both the physical and the chemical
properties contribute to the following physicochemical
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Fig. 3 (a) DCMD; (b) AGMD; (c) SGMD; (d) VMD. Reprinted from ref. [37] (Open access).

parameters: liquid entry pressure (LEP), thermal conduc-
tivity, permeability, fouling rate, thermal and chemical
stability, mechanical strength and long-term performance.
The subsection below focuses on the desired character-
istics for MD membranes.

2.1 High liquid entry pressure

LEP,, is the minimum hydrostatic pressure that a feed
solution requires to penetrate the hydrophobic membrane
[38]. The higher the LEP,, the lower the tendency to
wetting. Franken et al. defined LEP,, as follows [39]:

2By,cosf

LEP,, = ey

rmax
where the factor B accounts for geometrical irregularities
of pores (B = 1 for cylindrical pores), y, is the surface
tension of water, # stands for the contact angle between
water and the membrane surface and r,,,, is the radius of
the biggest pore of the membrane. To increase LEP.,
membranes must have high contact angles and small pore
sizes. According to Wenzel’s theory the contact angle is

correlated with surface roughness though Eq. (2) [40,41]:

cosh = r (ysvfysl), (2)

Yiv

in which r* represents the surface roughness factor, @ is the
contact angle, y,,, yq and y,, are solid/vapor, solid/liquid,
liquid/vapor interfacial tensions respectively. It is also
noteworthy that if on the one hand a reduction of pore size
may lead to an increase of LEP,, it could reduce the
permeate flux up to unacceptable levels.

2.2 High thermal stability and low thermal conductivity

A MD membrane is thermally stable if high temperatures
do not degrade or decompose its material. The glass-
transition temperature (7,) and the melting point (7;,) are
associated with morphological changes in amorphous and
crystalline polymers, respectively. Over T, an amorphous
material goes from a hard and brittle state to a viscous or
rubbery state as the temperature is increased. The value of
T, is determined by the chemical structure of polymers,
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Table 2 Advantages and disadvantages of the four most used MD configurations. Adapted with permission from ref. [22], copyright 2015, Elsevier

Configuration Advantage Disadvantage
DCMD The easiest and simplest configuration to realize practically; Flux obtained is relatively lower than vacuum configurations under the
flux is more stable than VMD for the feeds with fouling tendency; identical operating conditions; thermal polarization is highest among all
high gained output ratio [42]; suitable for the removal of volatile the configurations; flux is relatively more sensitive to feed concentra-
components since it was found to give higher selectivity than tion; the permeate quality is sensitive to membrane wetting; suitable
SGMD and VMD under similar operating conditions [43] mainly for aqueous solutions
AGMD Lower fluxes than the other MD configurations [44]; low thermal  Air gap provides an additional resistance to vapors; difficult module
losses; integrable with heat recovery systems; no wetting on design; difficult model due to the involvement of too many variables;
permeate side; less fouling tendency lowest gained output ratio [42]
SGMD Thermal polarization is lower; no wetting from permeate side; Additional complexity due to the extra equipment involved; heat
permeate quality independent of membrane wetting recovery is difficult; low flux; pretreatment of sweep gas might be
needed
VMD High flux; can be used for recovery of aroma compounds and  Higher probability of pore wetting; higher fouling; minimum selectivity

related substances [45,46]; the permeate quality is stable despite

of volatile components [43]; require vacuum pump external condenser

of some wetting; no possibility of wetting from distillate side;

thermal polarization if very low

mainly the chain flexibility and chain interaction. Table 4
presents the values of 7, for the most common polymers
employed in MD. It is evident that PTFE preserves its
glassy morphology for a greater temperature range than PE
and PP, being its 7, by far greater. 7, is always lower than
the melting temperature of the crystalline state of the
material, if one exists. The material, thickness and porosity
of the membrane influence its thermal behavior. Low
thermally conductive membranes are preferable because
they reduce the conductive heat losses and the occurrence
of thermal polarization phenomena. Thinner membranes
are intrinsically more conductive than their thicker
counterparts [47]. High porosity lessens the conductive
heat losses, since vapor has lower thermal conductivity
than the solid membrane material, but enhances perme-
ability too [48-50].

2.3 High permeability

Trans-membrane molar flux (V) can be described by the
following equation [51]:

y'e
w0’
where y“ stands for the average pore size for Knudsen
diffusion (¢ = 1) or the average squared pore size for
viscous flux (a =2). The other parameters are: the
membrane porosity &, the membrane tortuosity r and the
membrane thickness d. From the equation above, it is clear
that molar flux is directly proportional to membrane pore
size and porosity, and inversely proportional to tortuosity
and membrane thickness. Even though the molar flux is
favored by high porosity and reduced thickness, large
pores and thin membranes could induce a flux reduction
due to the decrease of LEP and the increase of heat losses.
Therefore, it is noticeable that the morphological para-
meters of Eq. (3) must be optimized in the membrane

N 3)

design process [52]. A narrow pore distribution is always
preferable, being associated with flux uniformity. The
optimal values of porosity, pore size and thickness are
80%-90%, 0.5-0.6 and 100-200 pm, respectively [53—
55].

2.4 Low fouling rate

Fouling is the deposition of organic and inorganic
materials on the surface or in the pores of the membrane.
It influences the wettability of the membrane and reduces
its performance by lowering the permeate flux because of
the decrease of temperature and vapor pressure on the feed
side [56]. Fouling is more relevant in pressure driven
processes like RO, in which it also occurs in membrane
pores. Calcium carbonate and calcium sulfate are common
types of inorganic foulants, often referred to as scaling.
MD membranes could be exposed to organic foulants such
as oil or bio foulants (especially microorganisms), as costal
industry effluents and spillages are sometimes dumped into
the sea. The main mitigation strategies for this undesirable
phenomenon are: pre-filtration (particularly suitable for
wastewater with high fouling tendency [57,58]), mem-
brane cleaning (obtainable either with physical processes
involving hydraulic, pneumatic, mechanic and electric
approaches or by the use of chemicals such as acids, bases,
oxidants and surfactants [59]), operating conditions
(including temperature, pressure, time, pH [60]), hydro-
dynamic optimization of the membrane module and
modification of the membrane surface (by coating or
grafting of special hydrophobic and hydrophilic materials
[61] as discussed in Section 9).

2.5 Excellent chemical stability

MD membranes that exhibit excellent chemical stability
are more likely to resist chemicals over the long-term. Feed
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Table 3 List of MD-related patents published in the period from January 2020 to February 2021

Patent

Inventor

Remark

Membrane distillation device with bubble
column dehumidifier

Publication number: US20200095138A1
Date of patent: Mar. 26, 2020

Porous membrane for membrane distillation,
and method for operating membrane
distillation module

Publication number: US20200109070 Al
Date of patent: Apr. 9, 2020

Multistage membrane distillation system for
distilled water production

Publication number: US20200179877 Al
Date of patent: Jun. 11, 2020

Plate-type membrane distillation module with
hydrophobic membrane

Publication number: US20200179876 Al
Date of patent: Jun. 11, 2020

Porous membrane for membrane distillation,
membrane module, and membrane distillation
device

Publication number: US20200179876 Al
Date of patent: Jun. 11, 2020

Hollow fiber membrane module for direct
contact membrane distillation-based
desalination

Publication number: US20200197867 Al
Date of patent: Jun. 25, 2020

Nanostructured fibrous membranes for
membrane distillation

Publication number: US20200316504 A1l
Date of patent: Oct. 8, 2020

Hydrophobic polyethylene membrane for use
in venting, degassing, and membrane
distillation processes

Publication number: US20200406201A1
Date of patent: Dec. 31, 2020

Novel materials and methods for photothermal
membrane distillation

Publication number: US20210023505 Al
Date of patent: Jan. 28, 2021

Solar thermal membrane distillation system
for drinking water production

Publication number: US20210017048 Al
Date of patent: Jan. 21, 2021

Apparatus for solar-assisted water distillation
using waste heat of air conditioners
Publication number: US10926223B2

Date of patent: Feb. 23, 2021

Atia Esmaeil Khalifa
Mohamed A. Antar
Suhaib M. Alawad

Tomotaka Hashimoto
Hiroyuki Arai
Kazuto Nagata

Noboru Kubota
Hiroki Takezawa
Takehito Otoyo

Atia Esmaeil Khalifa

Atia Esmaeil Khalifa

Mitsunori Iwamuro
Yasuharu Murakami
Tatsuya Makino

Kamalesh Sirkar
Dhananjay Singh
Lin Li
Thomas J. McEvoy

Benjamin Chu
Benjamin S. Hsiao

Wai Ming Choi
Jad Ali Jaber
Vinay Goel
Vinay KALYANI
Anthony Dennis

Young-Shin Jun
Srikanth Singamaneni
Xuanhao Wu
Qisheng Jiang

Peng Yi
Rahamat
Ullah Tanvir
Shahin Ahmed Suion

Fahad G. AL-AMRI

The present disclosure relates to a desalination device comprising a membrane
distillation module with a water feed chamber, a CG (carrier gas) chamber, and a
hydrophobic microporous membrane configured to separate the water feed
chamber and the CG chamber

The invention relates to a membrane distillation device, provided with a
membrane distillation module including a plurality of hydrophobic porous hollow
fiber membranes, and a condenser for condensing water vapor extracted from the

module

The present disclosure relates to a membrane distillation module with a
circulating line to circulate a portion of distilled water, which is formed and
accumulated in a distillate zone, to enhance a permeate flux of water vapor

through a hydrophobic membrane of the membrane distillation module. Various
combinations of embodiments of the membrane distillation module are provided

The invention relates to a membrane distillation module with a circulating line to
circulate a portion of distilled water, which is formed and accumulated in a
distillate zone, to enhance a permeate flux of water vapor through a hydrophobic
membrane of the membrane distillation module. Various combinations of
embodiments of the membrane distillation module are provided

The object of the present invention is to provide a porous membrane, containing
aerogel particles, for membrane distillation excellent in thermal insulation
properties

The present disclosure has been developed to describe the observed water
production rates of a cylindrical cross-flow module containing high-flux
composite hydrophobic hollow fiber membranes in multiple brine feed
introduction configurations

The present disclosure relates to membranes suitable for use in membrane
distillation including nano-fibrous layers with adjustable pore sizes, hydrophobic
nanofibrous scaffolds and thin hydrophilic protecting layers that can significantly

reduce fouling and scaling problems

The invention relates to polyethylene membranes and with high molecular weight
and hydrophobicity, that have been obtained by stretching polyethylene and
grafting hydrophobic monomers onto the membrane surface

This patent discloses a photothermal distillation membrane comprising a
tridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane (FTCS) fluoro-silanized,
polydopamine (PDA) coated, PVDF membrane and a process for synthesizing a
FTCS-PDA-PVDF membrane

This invention relates to a solar distillation device that includes a feed water
chamber having an open interior feed water compartment and a feed water inlet to
the feed water compartment. The top, the rear wall, and the sides of the distillate

chamber include a solar radiation transmissive portion

The invention presents an apparatus for water purification that includes a MD cell,
an air conditioner and a photovoltaic solar collector cell including a transparent
photovoltaic cell configured to generate electricity

solutions contaminated with highly reactive chemicals and  branes [62]. High operating temperatures can also have a

treatments such as backwashing or cleaning with solvents
could accelerate the degradation process of MD mem-

detrimental impact on the structure of polymeric mem-
branes.
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Table 4  Glass transition temperature 7,,, melting point 7,,, and thermal conductivity X of polymers

Polymer T,/°C Ref. T,/°C K/(W-m K™
PE -120 [65] 85 to 140 0.33 to 0.52
PVDF 40 [65] 155 to 185 0.1t00.25
PP -15 [65] 165 to 175 0.1t0 0.22
PTFE 126 [65] 320 to 330 0.25
Polysulfone 190 [65] 185 0.26
Hyflon 192 [66] 280 to 290 0.20
Polyethersulfone (PES) 230 [65] 230 0.13 to 0.18
Polyimide (Kapton) 300 [65] 375 to 401 0.10 to 0.35
2.6 Excellent mechanical strength ( Pr— me)
Ry = N (%)
Low mechanical resistance leads to pore collapse and
membr.ane breakage. Sponge—l.ike structures slow down.the (Pt — P
formation of macrovoids which weaken the mechanical Ry = N , (6)
strength of membranes [63]. The presence or not of
macrovoids is directly related to the membrane formation (P—P,)
process [64]. R, = %7 (7)

2.7 Excellent long-term performance

Enhancing the long-term performance of membranes
translates into a reduction of operational costs of MD
operations. Membrane modification or special coating
might be done to enhance the mass transfer through the
membrane thus improving the MD performance [67,68].
However, McGaughey et al. [69] found that membranes
with surface coatings or active layers are more easily
damaged in long-term MD operations. After a prolonged
exploitation of MD membranes, flux and salt rejections
decrease while the electric conductivity of the obtained
distillate increases [70].

3 Mass and heat transfer in MD
configurations

In the following section, mass and heat transfer phenomena
as well as exergy analysis of principal MD configurations
are described.

3.1 DCMD

In DCMD, the total mass resistance (Rpot) can be defined
as the sum of the feed resistance (R;), the membrane
resistance (R,,)and the permeate resistance (R,), as
follows [71]:

Rror = Ry + Ry, + R, “4)

where:

where Pp, and P, are the vapor pressures at the
membrane surface on feed and permeate side, respectively.
According to the mass transport model chosen, the
preferable value of R, changes accordingly. If the
Knudsen model is used, R, corresponds to:

otRT

mn = T (®)
EMW Dy

where 0 is the membrane thickness, 7 the tortuosity factor,
R is the universal gas constant, & the porosity, T the
average temperature across the membrane, MW, the
molecular weight of the solvent (water, specifically) and
Dy, the Knudsen diffusion coefficient that can be

MW,
mean pore size). In accordance with the molecular

diffusion model, R, can be calculated as:

o 5TRPIHT
™ eMWPDy,’

0.5
calculated as Dy = 97r< > (in which r is the

©)

with Py, the long mean partial pressure of air calculated at
the membrane surface temperatures, P the total pressure of
air and water vapors and Dy, the molecular diffusion

coefficient that can be calculated as Dy, = 1.19x%
1.75

10‘47. In the event that, in the considered physical

system, it is not possible to neglect one of the two models,
R, becomes:

_ otRT
 EMWDya

StRP,T

R, .
EMW PDy

(10)
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The total flux in MD applications is expressed as:
PP,

= (11
Ri+ Ry + R,

where Py and P, are the feed and permeate vapor pressures
at bulk, respectively. In general, the transmembrane flux is
represented by the following simple correlation:

(12)

where the permeability C is the membrane mass transfer
coefficient for the system whose value is determined by the
mass transport model chosen.

Similarly, the heat transfer occurs in three steps: from the
feed bulk to the membrane surface (Qr), through the
membrane (Q,,) and from the membrane surface to the
bulk of the permeate (Q,):

N = C(me_Ppm)7

Or = hy(T;~Tiy). (13)

On = "2 Ty~ Ty) +7
ZhC(Tfmepm) —I—hV(Tfmepm), (14)
0y = hy(Tym Ty, (15)

where A and hy, are the heat transfer coefficients for the

feed and permeate side obtainable from the general
Nu;K;

equation A; = (with Nu the Nusselt number, K

h
the thermal conductivity and D, the hydraulic diameter).

The latent heat is referred to as A while K, stands for the
thermal conductivity and can be calculated as:

Ky = &K, + (1-8)K,, (16)

with K, and K, the thermal conductivity of air and of the
specific membrane material considered, respectively.
According to Eq. (14), h, = Kn and h, = L
Y (T fn — 7| pm)
Tt, Ttm, Ty and T}y, are the bulk and surface temperatures at
feed and permeate side, according to the subscript.
At steady-state:

Or = On = Oy, (17

from which the overall heat transfer coefficient can be
written as:

(18)

Finally, the total heat transfer across the membrane is

given by:

0 = UAT, (19)

while the thermal efficiency in MD can be specified as the
ratio of latent heat of vaporization to the total (latent and
conduction) heat. For DCMD, the thermal efficiency
(T.E.) can be expresses as:

JA

TE =—F717%~.
U(Ty-Tp)

(20)
The surface temperature at the feed side is given by the

equations below, deriving from Egs. (13), (14) and (15)
[72]:

1
(Tf_Tp)h_
Tfm:Tff 1 lf 1 (21)
km  h, by
ho 4 - P f
v+ s
in which:
JA
hv—m. (22)

Equation (21) is applicable in the most general case. On
the other hand, if the difference Ty, — Ty, 1s less than 10 °C
in a MD unit and for dilute solutions, Eq. (23) defines the
pure water flux quite accurately:

dpr

(Tfmf Tpm)'
T‘lﬂ

(23)

This relation is based on the statement that for limited
temperature ranges between feed and permeate, the
following equation is valid:

m~ Fpm dpP

PPy | dP , (24)
(Tin=Tom) I, ATz,

where, according to the model of Clausius-Clapeyron,

dpr PIMW, .

—| = 5 whist pressure can be evaluated from

dT| . RT

3841
the Antoine equation as P = exp (23.238 T 45>.

Considering that feed and permeate produce the same

temperature polarization, 7}, can be defined as:
Ty + T,

T, = % 25)

Equations (14) and (23) allows to write the total heat
transfer across the membrane as follows:

k. dP
Om = (7—" Cd_TTmA> (Tfmepm)' (26)

0O,, can be also expressed as:
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Om :H(Tfmepm)a

where H is the effective heat transfer coefficient of the
membrane.
From Egs. (13), (15) and (27):

@n

(Ton—Tyn) = (T~ T,) (1 A +£).

28
hfm hpm ( )

From Egs. (23) and (28), and substituting the overall

film heat transfer coefficient 7 = 71 I\ gives:
G * )
dp| (Tt - Tp)
N=C— > 29
a7 (29)

T HY
(142

o . . . k
Substituting in the previous equation H = —+

0
dpP
Cd_T A from Eq. (27) and rearranging, the relation
Tm
below can be obtained:
kin
Ty — T, 1 1 5 1
= — | 1+ —. 30
NA dpP| CA + h * h (30)
dT|z,
The only unknows of Eq. (30) are % and C. Plotting
Kin
Ty — T 1 1 | 5
fN p P ys. P yieldszas intercept anda 1 +%
dT|z,

as slope from which the value of C can be determined.
3.2 AGMD

In the AGMD configuration, the mass transport across the
feed bulk and the membrane surface on the permeate side
can be written using the same equations obtained for
studying DCMD. However, the air gap flux differs from
that exhibited on the permeate side in the DCMD
configuration. The flux N can be written as follows:

Ppm 7Pcf

2
Ry

N = 31
where P is the water vapor pressure at the condensing
film while R,, is the mass transport resistance in the air

gap. The latter can be defined as:
5,Py RT;,
w = |t (32)
eDPMW,

in which ¢, is the air gap width, D the water vapor
coefficient, and Py, and T}, the logarithmic mean pressure

and temperature within the air gap, respectively. The total
resistance to mass transfer Rygyp 1S then:

Ragmp = R + Ryg, (33)

where R, can be calculated by Eq. (8), (9) or (10). The
total flux in AGMD is defined by the following equation:
P fm_P cf

N = .
Racmp

(34)

Regarding the heat transfer, Eq. (14) is suitable to
describe the thermal flux across the membrane in AGMD,
too. The other relevant heat transports associated to this
configuration are: the heat transfer in the air gap (Q,,), the
heat transfer across the falling film (Q.), the heat transfer
across the condensing plate (Q.,) and the heat transfer for
the coolant channel (Q,). They are listed below:

K,

Qag = ;g(Tpmf ch) + N4, (35)
K.
Ot = 55Tt Tew), (36)
cf
K
QCP = 5_Cp(Tcw7ch)a (37)
cp
O = hc(ch_Tc>> (38)

where K, = thermal conductivity of the air/water mixture
in the air gap; 7,¢ = surface temperature of the condensing
film; K¢ = thermal conductivity of condensed water; d,c =
thickness of the condensed film; 7, = interface tempera-
ture between the condensed film and the condensing plate;
K, = thermal conductivity of the condensing plate; d, =
thickness of the condensing plate; 7, = interface tempera-
ture between the condensing plate and the cold fluid; 4, =
convective heat transfer coefficient; T, = temperature of the
cooling fluid.

3.3 SGMD

Equations (12), (13), (14) and (15) (used to describe the
DCMD configuration) can be applied to the development
of mass and heat transport models for SGMD [73]. In
effect, except that a sweeping gas flows on the permeate
side instead of cold water, the two processes are very
similar. However, it should be noted that the condenser, the
presence of which is inevitable in this configuration, can
involve significant costs.

34 VMD

Since in VMD the cold permeate is replaced by vacuum,
the flux can be calculated as:
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Nin _PV

=— ¥ 39
TR (39)

where P, is the vacuum pressure. Because of the high
velocity of the process, the conductive heat transport
thought the membrane can be neglected in the heat balance
as shown below:

O =NA=he(Tt—Tt)- (40)

As well as for SGMD, the costs associated to the VMD
condenser can affect the economic feasibility of the entire
process.

4 Concentration polarization coefficient

The concentration polarization coefficient (¢) considers the
accumulation of solute on the membrane surface. It is
defined as follows:

(=, (41)
Cr

with c¢g, the salt concentration at the hot membrane
surface, and cq, the salt concentration in the feed bulk
solution. If (—1, then ¢4, ~ ¢; and the concentration
polarization phenomenon becomes negligible. In the case
of complete rejection of the solute, as one would expect
from hydrophobic membranes, the following equation is
physically consistent [67]:

J
)

where p is the solution density and K is the solute mass
transfer coefficient. Concentration polarization occurs only
at higher feed concentrations. Overall, it can be said that
the impact of the concentration polarization phenomenon
is very limited in MD/MCr operations and can be
neglected most of the time.

(42)

5 Temperature polarization coefficient

The temperature polarization coefficient (TPC) gives
account for the thermal efficiency of the process that can
be significantly reduced by decreasing membrane thermal
conductivity as well as with an improvement in fluid
dynamics inside the membrane module. 7PC correlates the
difference of temperature at membrane surfaces to the
corresponding difference in the bulk:

Tfm - Tpm

TPC = ——.
Iy — T,

(43)

The value of TPC ranges from 0 to 1, being the latter
associated with a thermally efficient process. The more
TPC approaches 0, the more the driving force of the

membrane distillation reduces, which is highly undesirable
[68]. The value of TPC increases with higher Reynolds
numbers since high flow speeds reduce the resistance to the
mass transfer of the feed side boundary layer and increase
the heat transfer from the bulk to the membrane surface.
On the other hand, TPC reduces at higher feed inlet
temperatures. This is because of the decrease of the
membrane surface temperature on the feed side, owing to
the cooling effect induced by fast evaporation, and the
increase of the membrane surface temperature on the
permeate side caused by the transmembrane heat flux.
Actually, even though the Reynolds number of the feed
stream increases at high feed inlet temperatures, the
increased heat transfer drives the value of 7PC down.
There is another parameter affecting 7PC: feed concentra-
tion. Viscosity and density increase as a result of raising
feed concentration. While the increased solution viscosity
slows down the vapor diffusion and the heat transport from
the bulk to the feed membrane surface, viscosity and
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Fig. 6 Dependence of transmembrane flux, calculated on the basis of different considerations, on feed solution concentration. Jy,, Jy,
Jexp and Jgo represent the flux calculated using bulk temperatures, membrane surface temperatures, bulk temperatures combined with
solution concentration effects and experimental flux, respectively. Reprinted with permission from ref. [31], copyright 2013, Elsevier.

density jointly contribute to the reduction of the Reynolds
number of the feed stream. It follows that both these
phenomena decrease the value of TPC. The impact of
Reynolds number, feed inlet temperature and feed
concentration on temperature polarization can be seen
from Figs. 4, 5 and 6, respectively. They are all referred to
the same experiments performed by using temperature
sensors, positioned inside the membrane module, that
allowed to measure the bulk and surface temperatures in a
DCMD system in different operating conditions [31].
According to Fig. 4, both theoretical and experimental data
confirm that 7PC increases at higher Reynolds numbers.
Figure 5 highlights the fact that an increase in feed inlet
temperature corresponds to higher values of total heat flux
transported across the membrane and Reynolds number,
while the TPC is significantly reduced. Finally, Fig. 6
presents the quantitative role of solution concentration in
flux reduction. In addition to including the experimental
flux (Jexp), it also shows the trends of transmembrane
fluxes calculated on the basis of different assumptions as
Jb, Jm and J,, are evaluated considering the bulk
temperatures, the membrane temperatures and both bulk
temperatures and solution concentration effects, respec-
tively. As one can notice from the figure, the temperature
polarization effect always prevails over the concentration
effect in reducing the transmembrane flux, at increasing
feed concentrations.

6 Optimization of module length

The ITM (Italy) and INC (South Korea) research groups
were the first to address the issue of optimization of
module length for hollow fiber membranes in DCMD

rather than flat sheet membranes. The optimum module
length (Ly, o) for hollow fiber membranes in DCMD has
been estimated by means of cost analysis by Ali et al. [74].
Cost analysis is based on the evaluation of total costs (7C),
subdivided into operational costs (OP) and fixed costs
(FC) so that the value of L, ., can be derived by the
minimization of 7C. OP comprise steam, electricity,
chemical and membrane replacement costs, while the
main cost items of FC are the heat exchanger area and the
membrane module. The parameters affecting the value of
Ly opt are the feed inlet temperature, membrane thickness
and recovery factor. It has been observed that TC
decreases, or equivalently the module length becomes
optimal, in the following circumstances: at higher feed
inlet temperatures (associated with increased thermal
efficiencies, high fluxes and decreased heat exchanger
areas), with thicker membranes (in which conduction
losses are reduced and a larger portion of the fiber
contributes to the transmembrane flux), and at higher
recovery factors (implying a diminished feed inlet volume
and a reduced thermal energy consumption). According to
another definition, Ly, o, can be defined as the module
length that minimizes the SEC function, defined as the
ratio between the heat duty of the MD process and the
productivity (the product of the average flux and the
corresponding membrane area) [75]. It was found that the
value of Ly, for a generic DCMD membrane strongly
depends on feed inlet temperature, solution concentration
and membrane thickness. The computer simulation has
allowed to observe that when F/P (i.e., the reciprocal of the
recovery factor) is fixed, Ly, o, increases with feed inlet
temperature while decreasing at higher F/P ratios,
associated with reduced productivity and heat duty. The
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evaluation of the effect of feed salinity showed that Ly, o
increases by decreasing solution concentration for any
given F/P ratio because of the reduction of the driving
force at high salt concentrations. The simulation has also
allowed to verify that L, ,, increases at higher values of
membrane thickness, less energy dispersive. As a result of
the optimization work, a 48 cm long and 20 um thick
membrane working with 8% (w/w) solution concentration
has been proposed as example of optimized membrane. In
agreement with these results, a hollow fiber membrane
with a similar length (40 cm), produced by Econity, has
been adopted in the SWRO-MD pilot plant designed in the
framework of the GMVP project in Busan (South Korea).

7 Exergy analysis

As much as the energetic analysis is useful in determining
the energetic requirements of the considered system, it is
the exergy analysis that allows to measure the effective
energy use, to identify the critical energetic losses and to
fix them [76-79]. The total energy of a system can be
divided in exergy and anergy [80], the first one
corresponding to a form of energy that can be converted
through reversible transformations from one form to
another, while the second one being seen as the dissipative
part of energy that degrades as heat to the surrounding
environment. In other words, exergy represents the
maximum work achievable by a system that undergoes a
reversable transformation from a non-equilibrium to a state
in equilibrium with the environment, taken as a reference
state [26,78]. For a fluid system whose governing intensive
parameters are temperature, pressure and composition,
exergy (Fx) is described by the following equation in
which these three contributions are clearly identifiable:

T
EX = G|:Cp(TT0)CpT01H<7O>+<

PP,
p

)NSRTolnxl]
= Ex + Ex + E%, (44)

where G = mass flow, T, = reference temperature, P, =
reference pressure, ¢, = specific heat of the solution, Ny =
moles of solvents per unit weight of solution

1000—2%

= , ¢; = weight concentration of the i-th
MW,
. . N
component per liter of solution, x; = - B
N. + Pt

S; = number of particles generated by the dissociation of
the i-th component in the solution, MW; = molecular
weight of the i-th component.

The contribution of concentration to exergy (EY) is
calculated assuming pure water at 7, and P, as reference

state. Each transformation corresponds to a variation of
exergy as follows:

AEy = —ToRs + Wy + Wi,

= E Ex;i— E Ex (45a)
i k
and
ToRs = Wy + Wy — AEy, (45b)
where Rg = rate of production of entropy, 7oRg = total

energy destroyed and transformed irreversibly in entropy
[kJ-h'] (as illustrated by Eq. (45b)), Wy = electric exergy

supplied to the system [kJ-h™'], W[IJ = thermal exergy
supplied to the system [kJ-h™], i = inlet stream, k = outlet
stream.

Wy and W{J are often operatively determinable so that
the term TRg could be derived by the equations above.
The exergetic efficiency is typically defined as:

_ EX,output

&x (46)

EX,input ’
where Ex opu TEpresents the exergy exiting the system and
Ex input TEPresents the value of exergy entering the system.
The term TyRg of Egs. (45a) and (45b) is the energy
generation, or equivalently the exergy consumption. It is
expressed in kJ-h™' and corresponds to the product of the
generated entropy and the reference temperature [81].

The exergy content of a stream is determinable if flow
rate, temperature, pressure and composition are known
while the exergy of a process can be calculated from values
of processed flow rates, temperature and pressure of the
operation, efficiency of the various equipment (if any),
electric energy consumption (if any) and thermal energy
consumption (if any). The application of the exergetic
analysis to MD/MCer units showed that, because of the low
operating pressures, the electric energy consumption term
is considerably smaller than that of pressure-driven
membrane processes while the thermal energy requirement
of the feed inlet stream is not negligible [77]. Such a heat
load increases the irreversible production of entropy and
inevitably the global energy demand [77]. On the other
hand, when the required thermal energy is available in the
plant through the use of heat recovery systems, the MD/
MCr applications can compete with other desalination
processes because of their higher exergetic efficiency [82].
In general, the lower the operative temperature of the feed
stream, the less its thermal energy requirement is and the
values of W{J and Ex iy accordingly. The exergetic
analysis is particularly effective in comparing different
integrated membrane systems. It has been used to
determine the best position of a MD/MCr unit for a simple
flow sheet taken as a reference [77]. Moreover, this



606

calculation approach allows to find alternative process
designs that result in a reduction of entropic losses (for
example the replacement of expansion valves with energy
recovery devices such as Pelton wheel and pressure
exchanger system- or the availability of thermal energy
in the plant) [76,78]. Exergy analysis of an integrated
membrane desalination system with RO, MD and RED
(Reverse ElectroDialysis) units was carried out by Tufa et
al. [83], too. They proved that the highest exergy efficiency
(53%) can be achieved when working at the lowest water
recovery factor (75%) and temperature (40 °C). The
specific energy consumptions associated with the analyzed
configuration was 3.5 kWh-m™ and, in agreement with
[78], this value can be reduced in case of the availability of
free thermal supply sources.

8 Membrane materials and thermal
conductivity

The main barrier to the spread of MD/MCr technology for
water desalination is due to the lack of high-performing
membranes that would completely replace RO [32]. MD/
MCr membranes are required to be porous, hydrophobic,
chemically resistant and thermally stable. However, there
is no doubt that the thermal conductivity of a membrane
material is one of the critical parameters as it influences
mass and heat transfer as well as membrane porosity and
thickness. This is because thermal conduction is consid-
ered as a heat loss mechanism, as no corresponding mass
transfer takes place. In principle, the membrane surface
should be made of material with small thermal conductiv-
ity; however, the thermal conductivities of most hydro-
phobic polymers are close to each other. For example, the
thermal conductivity of PVDF, PTFE and PP are 0.21-
0.37, 0.25-0.27 and 0.11-0.16 W-m™-K™, respectively.
To improve the performance of MD membranes, one
possibility is to consider the use of microporous composite
membrane, with a top hydrophobic thin layer responsible
for the mass transport, and a hydrophilic sub-layer able to
reduce the conductive heat loss through the whole
membrane matrix. An example can be found in [84],
where a low thermally conductive tetra-fluoroethylene/
2,2 ,4-trifluoro-5-tri-fluorometoxy-1,3-dioxol (HYFLON
AD 60) nanofilm was suspended onto a PES honeycomb
texture for the fabrication of a nanostructured membrane.
The membrane tested in MD operation with 5 mmol-L™
salty solutions exhibited better performance (in terms of
flux and thermal efficiency) when compared with other
home-made and commercial membranes. An average
water flux of 51 L-m2-h™! versus a thermal efficiency of
70.2% was measured for the composite nanostructured
membrane, whereas fluxes less than 5 L-m2-h! and
thermal efficiency not superior to 35% were estimated for
commercial membranes in PP traditionally used in DCMD
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operations [26]. Other membranes processed at much
higher feed temperature showed a thermal efficiency
ranging from 55% to 80% approximately, but an average
flux much lower (less than 13 L-m2-h™") [85].

Recently some new materials have received attention for
improving wetting resistance, thermal stability, chemical
resistance and mechanical strength of MD membranes;
sometimes, however, neglecting the thermal conductivity
of the material. One of these is graphene. The latter is an
interesting material with several applications due to its
very high thermal stability and electric conductivity, high
mechanical stiffness, low permeability to water, and is low
cost. In addition to its use in various fields (foldable
electronics, biological engineering, composite materials,
energy storage), recent researches have shown that, due to
its high aspect ratio and high specific surface area,
graphene is an ideal filler that could promote better
interaction with the host polymer [86]. Water and vapor
molecules cannot penetrate via pure graphene pore due to
its unique nature [87]. Graphene is particularly attractive
for MD application due to its hydrophobic nature, selective
sorption of water vapors, and anti-fouling properties [87—
89]. Moreover, the incorporation of graphene provides
additional properties to the composite membrane such as
added roughness and hydrophobicity that leads to robust
and highly efficient MD membranes.

Graphene membrane with thickness near 1 nm has
shown high mechanical strength and excellent selectivity
toward various gases [57]. Thanks to these features, it is
possible to reduce the thickness of the graphene-based
membranes and to apply them in desalination applications
including MD. The drawback of graphene is its very
high thermal conductivity (~5000 W-m™-K™) in the
in-plane direction at 300 K for graphene [90] and
~2000 W-m™'-K™' for graphite [91]), as they could
originate significant polarization events. Therefore, the
use of graphene in thermally driven operations could be in
principle unsuitable. Nevertheless, various applications of
graphene membranes in MD can be found in literature
[86,92-95].

Other two-dimensional (2D) materials of atomic thick-
ness represent the next generation membrane materials
with extraordinarily high permeability. Examples can be
found in the transition metal dichalcogenide monolayers
recently introduced in PVDF-based membranes to enhance
the performance of membrane distillation and membrane
crystallization processes [96,97]. In particular, Bi,Se;
crystals [97] and Bi,Te; flakes [98] were incorporated in
PVDF based membranes and tested in MCr the crystal-
lization of NaCl. Topological insulators such as Bi,Te; and
Bi,Ses;, also known as “graphene like materials”, are
characterized by excellent surface electric conductivity,
comparable to that of graphene. However, compared to
the latter, they have a very low thermal conductivity
(0.4 W-m"-K' for Bi,Se;and 1.6 W-m™" - K™ for Bi,Tes)
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and they can be produced by relatively inexpensive
processes. All this makes them particularly suitable for
MD and MCr processes.

9 Wetting and fouling in MD/MCr systems

Wetting is a common problem in MD applications. It
consists in a liquid contacting with a solid membrane
through intermolecular interactions [99]. When a porous
membrane gets wet, the liquid phase penetrates the pores
because the transmembrane pressure exceeds the LEP,,
(discussed in Sec. 2.1). There are two types of wetting:
partial pore wetting and complete wetting. While the
former is associated with vapor flux decline (due to the
blockage of some pores of the membrane), the second
implies a steep rise in flux due to the direct liquid passage
across the membrane pores [69,100,101]. As a result of
wetting, either partial or complete, salt rejection decreases
and the distillate electric conductivity increases [8,69,102].
It is interesting to note that wetting phenomenon typically
affects MD operations based on the phase transition from
liquid to vapor, whereas it is absent in RO, as in the other
pressure-driven membrane processes in which the liquid is
forced to penetrate through the membrane pores [103].
Anyway, the performance of both membrane operations is
negatively influenced by the fouling problem even though
membrane fouling in MD is thought to be less severe than
in conventional RO [104]. As earlier described in section
2.4, fouling is the accumulation of unwanted materials on
the surface or inside the pores of a membrane and has a
detrimental impact on the overall performance of MD
operations [40]. Scaling at the membrane surface is the
most common form of fouling in MD desalination
applications [22]. It usually stimulates the onset of wetting
[34]. Key factors that influence wetting and fouling in MD
are the following: (a) membrane surface properties
(wettability, roughness, surface tension, surface charge,
pore size, and surface functional groups), (b) fluid
dynamics (flow velocity, motion direction, temperature,
local hydrostatic pressure gradient) and (c) feed character-
istics (mole fraction, diffusivity, nature of foulants, charge,
pH) [34]. A significant research effort has recently been
conducted with the aim of preventing wetting and fouling,
with a particular attention to membranes with special
wettability among which the superhydrophobic, omnipho-
bic and Janus membranes deserve to be considered [34].
The superhydrophobic membranes are characterized by
contact angles greater than 150° allowing them to improve
flux and long-term MD operation [106]. The super-
hydrophobic glass MD membrane developed by Ma et
al. consisted in nano-spiked microchannels on the
membrane surface allowing to increase the contact angle
up to 160° [107]. Razmjou et al. increased the surface
roughness of a PVDF membrane by incorporating
fluorinated TiO, nanoparticles that generated hierarchical

structures [106]. Su et al. fabricated a robust super-
hydrophobic membrane for MD by combining electro-co-
spinning/spraying with chemical vapor welding [108]. The
produced membranes were tested using sodium chloride
and gypsum as feed impurities and revealed to be very
effective in mitigating mineral scaling. Although super-
hydrophobic membranes lead to improved permeability
and wetting resistance, they are affected by organic fouling
in presence of oil emulsions in the feed water, as well as the
hydrophobic membranes [35]. The main feature of
omniphobic membrane surfaces is their ability to repel
liquids with a broad spectrum of surface tensions including
mineral oils, decane and ethanol so as to prevent the
occurrence of wetting and fouling when low surface
tension feeds are treated in MD. The first omniphobic MD
membrane is ascribed to Lin et al. [109]. By coating silica
nanoparticles on glass membranes and subsequent fluor-
ination, they were able to create air-trapping reentrant
structures which displayed high contact angles toward
various low surface tension liquids. A similar approach
based on the obtaining morphologies that generate
repellency was proposed by Lu et al. [110]. They
developed an omniphobic PVDF membrane by silica
nano-particle deposition and coating with Teflon and tested
it using a feed solution containing 0.6 mmol-L™' of sodium
dodecyl sulfate giving proof of stable performance in
VMD. On the other hand, Woo et al. [111] made
electrospun nanofibrous membranes undergo CF, plasma
treatment that induced the reduction in surface energy by
the growth of CF,-CF, and CF; interactions. After a
15 min CF,4 plasma treatment, the average contact angle
improved from 133° to 160°. Despite their contribution in
providing fouling and wetting resistance with low surface
tension contaminants, omniphobic membranes are difficult
to fabricate and could potentially poison the waters in
contact with them, since they contain toxic compounds
[35]. Janus membranes are characterized by opposing
wettability at each side [112] inherently due to the different
morphology, surface charge and material component.
Khayet et al. [49] proposed a MD membrane with a
hydrophobic layer on a hydrophilic layer. The porous
membrane was prepared by phase inversion using a
polymer dope solution containing hydrophobic fluorinated
surface-modifying macromolecules. In this membrane, the
hydrophobic thin top-layer decreases the resistance to mass
flux while the thicker low-conductive hydrophilic sub-
layer reduces the heat loss. In contrast, Chen et al. [113]
succeeded in creating a composite Janus membrane, with a
hydrophilic top-layer and hydrophobic substrate display-
ing excellent anti-wetting performance. More specifically,
the dense hydrophilic layer, highly resistant to surfactant-
containing saline water, was obtained by layer-by-layer
assembling cationic polyethyleneimine and anionic poly
(sodium 4-styrenesulfonate) polyelectrolytes on a PVDF
hydrophobic substrate. Even if Janus membranes can
contribute to improve flux and wetting resistance in MD,
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they present the following limitations: it is difficult to
fabricate special wettability coatings on hollow fiber
membranes at a large scale [34] and there is not a clear
understanding of stimuli-responsive functionalities of
Janus membranes [114].

Experimental observations related to MCr tests invol-
ving PP membranes or Hyflon AD/PVDF composite
membranes, and LiCl as solute, are reported hereafter.
They are an example of how some of the abovementioned
parameters are crucial in understanding the occurrence of
wetting in MD/MCr operations. Given that the solubility of
LiCl is very high at 25 °C [99,100], ~19.6 mol-L™, and
increases yet further with temperature, it cannot be
crystallized at the operating conditions of DCMD because
the osmotic effects overcome the thermal effect and a
negative flux occurs. As shown in Table 5, LiCl solubility
is quite remarkable if compared to that of the other alkali
metal chlorides (MCI). From crystallization tests with
commercial PP membrane modules in DCMD it has been
found that the maximum achievable concentration for a
LiCl solution starting from 6 mol-L™' cannot go beyond
7 mol-L" at feed inlet temperature of 52 °C [115]. This is
because when the concentration increases at feed side, the
vapor pressure of feed solutions reduces, the osmotic
pressure increases significantly and the transmembrane
flux approaches zero, preventing the supersaturation from
being achieved. To overcome these difficulties VMD has
been employed using the same PP membranes with good
results [115]. Differently from DCMD, VMD with PP
membranes allows to reach supersaturation of LiCl. The
ease of VMD in concentrating the salts in the feed is
attributable to the absence of temperature polarization and
cold stream on the permeate side due to the direct withdraw
of water vapor from the feed side by means of a vacuum
pump. Nevertheless, further experiments in VMD invol-
ving Hyflon AD/PVDF as membrane material in place of
PP, have revealed that Hyflon AD/PVDF induces complete
wetting, with no salt precipitation. The chemical interac-
tion solute-membrane may play a role in explaining the
different behavior displayed by PP and Hyflon AD/PVDF
in the crystallization of LiCl in VMD. Hyflon AD and
PVDF are much more electronegative than PP. Electro-
negativity, as known, is a measure of how easily an atom
attracts electrons. According to the Pauling scale, fluorine
is the most electronegative element, with an assigned value
of 3.98, while the electronegativity of carbon and hydrogen
is 2.55 and 2.20. When there are no polar bonds in a
molecule, there is no permanent charge difference between
one part of the molecule and another. For example, the
C—C and C-H bonds in hydrocarbon molecules are not
significantly polar and hydrocarbon polymers like PP are
non-polar too [116]. Since the polarity of molecules affects
the structure of the polymer and the attraction of polar
molecules, one could conclude that Hyflon AD and PVDF
tend to react chemically with ions dissolved in water, as
opposed to PP. Nevertheless, PVDF and composite Hyflon

AD/PVDF membranes have been successfully employed
for NaCl crystallization at supersaturated concentrations
[117]. Experimental data, supported by computational
simulations, showed that there are no significant differ-
ences in the nucleation and growth of NaCl crystals in
MCr, conducted using PP or PVDF membranes [117].
However, it is common knowledge that PVDF displays
excellent resistance to halogens, whereas is not completely
resistant to alkali metals [118] and LiCl is often employed
as pore forming in PVDF matrices because of its chemical
reactivity with F [119,120]. It follows that when the
alkaline concentration is particularly high in the proximity
of the membrane surface, as expected in VMD for a very
soluble salt like LiCl, the interaction metal-PVDF becomes
much more prominent and gives rise to the wetting
phenomenon. When the concentration of the dissolved
LiCl increases in VMD, the number of cations (Li")
interacting with the PVDF membrane surface increases
too. Since PVDF is thought to be an electron donor
macromolecule in the presence of LiCl, it is reasonable to
hypothesize the formation of changeable networks
between PVDF and LiCl on the surface of the membrane,
at the operating temperatures of MCr [119,120]. It may be
also presumed that the reason why such chemical behavior
does not occur with single salt solutions of NaCl, at the
same operative conditions, is that the strength of the
chemical bond between Li and fluorinated compounds is
far above the one exhibited by Na™* in presence of anions
containing F [121]. Furthermore, LiCl vacuum membrane
crystallization (VMCr) experiments with ceramic mem-
branes support the hypothesis that fluopolymeric mem-
brane materials prevent LiCl crystallization. The
complexity of the phenomena involved induce to explore
the role played by materials and operating conditions in
crystallization. In further studies, it could be interesting to
quantify the level of reactivity of different PVDF materials
and verify the crystallization behavior of LiCl at different
Reynolds. Furthermore, performing MCr experiments with
other chlorides can certainly enrich knowledge on crystal-
lization of alkali metals.

Table 5 Solubility of alkali metal chlorides
M (Alkali Metal) Solubility of MCl/(mol-L 1)

Li 19.6
Na 6.2
K 4.8
Rb 7.5
Cs 11.0

10 Conclusions

MD is a promising thermally driven separation process that
is gaining an increasing attention worldwide in the
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framework of water desalination technologies. The
principle of operation of MD is very similar to MCr, a
process that combines MD with crystallization and can
significantly contribute to the recovery of valuable crystals
from supersaturated solutions. MD works at lower
operating temperatures than MSF and MED, typically
below 70 °C feed side and 50 °C permeate side and lower
operating pressures than RO, usually up to 1 bar, providing
a 100% theoretical rejection of nonvolatile solutes in the
almost complete absence of concentration polarization
phenomena. Nevertheless, it can result in temperature
polarization and membrane pore wetting. The former is
inevitable and can be mitigated mainly by changing the
fluid dynamics of the system while the latter can primarily
be reduced or completely prevented by choosing appro-
priate fluid dynamics conditions and suitable membrane
materials, as is evident from experimental observations
involving LiCl with composite Hyflon AD/PVDF mem-
branes. In this respect, the occurrence of wetting in
crystallization tests with Hyflon AD/PVDF membranes but
not in presence of PP or ceramic membranes, all performed
in VMCr, can presumably be attributed to the chemical
interaction between the positively charged Li and fluor-
opolymers, acting as electron donor macromolecules.

Each MD configuration has its own specific material and
energy balance equations, which are the starting point for
the evaluation of optimized parameters. The optimum
module length is one of the most studied and, according to
Ali et al. [75], it can be esteemed that a good reference
length for hollow fibers employed in DCMD applications
is 48 cm.

The application of the exergetic analysis to MD/MCr
systems shows that the electric energy consumption term is
somewhat small if compared to that of pressure-driven
membrane processes such us RO but the thermal energy
requirement can be very high. However, the impact of the
thermal energy term for a generic MD/MCr process can be
mitigated by the use of heat recovery systems employing
heat available in the plant that would otherwise be wasted.

While MD/MCr applications make an important con-
tribution to salt water management by enabling the
production of fresh water and the recovery of precious
salts, there is still a long way to go before these
technologies can become widespread. Further research
efforts should be addressed to the study of optimized
couplings of membrane configurations (which have a
direct effect on fluid dynamics) and membrane materials
(whose physicochemical properties can inevitably impact
on the transmembrane flux and occurrence of wetting).
MD performance confirms the need for a customized
hardware, i.e., high porosity hydrophobic membranes with
appropriate thickness and made by low-heat conductive
polymers in order to reduce the amount of waste energy.
New amorphous perfluoropolymers, mixed matrix and
ceramic materials are becoming available. Moreover, clear
protocols and comparison indexes for the choice of the best

materials and operative conditions, accurate modeling for
an easy scale-up or scale-down, and significant multi-
disciplinary research efforts are needed and might
contribute to the development of the technology.
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