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Abstract: High water flux and elevated rejection of salts and contaminants are two primary goals
for membrane distillation (MD). It is imperative to study the factors affecting water flux and solute
transport in MD, the fundamental mechanisms, and practical applications to improve system
performance. In this review, we analyzed in-depth the effects of membrane characteristics (e.g.,
membrane pore size and distribution, porosity, tortuosity, membrane thickness, hydrophobicity,
and liquid entry pressure), feed solution composition (e.g., salts, non-volatile and volatile organics,
surfactants such as non-ionic and ionic types, trace organic compounds, natural organic matter, and
viscosity), and operating conditions (e.g., temperature, flow velocity, and membrane degradation
during long-term operation). Intrinsic interactions between the feed solution and the membrane due
to hydrophobic interaction and/or electro-interaction (electro-repulsion and adsorption on
membrane surface) were also discussed. The interplay among the factors was developed to
qualitatively predict water flux and salt rejection considering feed solution, membrane properties,
and operating conditions. This review provides a structured understanding of the intrinsic
mechanisms of the factors affecting mass transport, heat transfer, and salt rejection in MD and the
intra-relationship between these factors from a systematic perspective.

Keywords: membrane distillation; desalination; water flux; salt rejection; solute transport;
superhydrophobic membranes

1. Introduction

Freshwater scarcity is a grand challenge that threatens water security and economic
development. Desalination and water reuse provides a viable solution to improving water security
and alleviating water stress by expanding alternative water supplies, such as seawater, brackish
water, wastewater, and other impaired water sources [1-3]. Current desalination technologies are
energy intensive. For example, reverse osmosis (RO) is the most extensively implemented membrane
technology for desalination. Although the specific energy consumption (SEC) of RO has been reduced
significantly from 5-10 kWh/m? to 3—-4 kWh/m? [4-6], energy consumption generally amounts to 50%
—-60% of the total water costs [7,8]. Worldwide fossil fuels such as crude oil, coal, and gas are non-
renewable and have been diminishing rapidly. In addition, environmental issues associated with
brine disposal pose a challenge to conventional desalination technologies. Developing
transformational technologies using alternative energy sources is vital to reduce treatment costs,
improve energy efficiency, enhance water supply resilience, and increase access to affordable, safe,
and clean water.
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Membrane distillation (MD) is a non-isothermal integrated process by combining thermal
evaporation and membrane separation, which was first patented by Bodell in 1963 [9]. MD is driven
by the transmembrane temperature difference between the hot/warm feed side and the cold permeate
side with a barrier of hydrophobic microporous membranes. Water vapor can pass through the
hydrophobic pores inside the membranes and condense at the cold permeate side. MD can take
advantage of solar energy, geothermal energy, and waste heat of industries to sustain the driving
force. MD process covers a myriad of applications such as desalination [10-27], wastewater treatment
[28-31], heavy metal removal [32], separation of organic solutes [33,34], treatment of water
contaminated by arsenic [35] and boron [36], brine treatment or crystallization [37-40], and
concentration of juice [41].

Studies on MD have advanced rapidly with a substantial increase in publications since 2010
(Figure 1). Recently, research on MD has focused on novel hydrophobic membranes with anti-
wetting and anti-fouling properties for various MD applications [42-52], Janus membranes with
significantly reduced specific energy consumption for MD [53,54], and hybrid MD systems [55-57].
In addition, since Lawson and Lloyd [58] published the extensively cited comprehensive review
paper in 1997, numerous review papers covering various aspects of MD have been published. Recent
reviews on MD have mainly focused on theoretical modeling [59-62], membrane fouling [63-65],
energy efficiency analysis [66-72], MD performance criteria [73], design and fabrication of
membranes for MD application [74-76], wettability of membranes [77-79], the influence of membrane
properties on MD performance [80], hybrid MD systems [66,67], some specific fields of MD such as
direct contact membrane distillation (DCMD) [81], vacuum membrane distillation (VMD) [82], air
gap membrane distillation (AGMD) [83], ceramic membranes applied for MD [84], and perspective
on sustainable and renewable desalination using MD [68,85]. These review papers have covered
broad research areas including energy efficiency analysis, membrane development, effects of
membrane properties and MD module configurations on MD performance, fouling and scaling
control in MD, modeling heat transfer, and mass transfer in MD.
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Figure 1. Number of publications on MD research papers and review papers from 2010 to August
2020 (obtained from Google Scholar).

However, there is a lack of systematic overview of factors affecting the water flux, salt rejection,
and interactive correlations of both in terms of membrane properties, feedwater chemistry, long-term
operation, and their physicochemical interactions for MD applications, especially in desalination. For
example, a research paper by Schofield et al. [86] studied the factors affecting flux using sensitivity
analysis. They concluded that vapor pressure reduction was the dominant factor for the flux decline
of sodium chloride solution, while the viscosity for sucrose solution was the primary factor reducing
the flux. Nevertheless, they did not analyze the effect of other factors such as membrane properties,
the chemistry of the feed solution, and module parameters on water flux.
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Based on Raoult’s law, water vapor pressure decreases due to increasing salt concentration,
thereby causing permeate flux reduction. However, Ozbey-Unal et al. [36] reported that water flux
increased 1.1 to 1.3 folds when the salinity of the geothermal feedwater increased from 1.5 wt.% to
3.0 wt.% using polypropylene (PP) and polytetrafluoroethylene (PTFE) membranes in MD systems.
Meanwhile, permeate flux was not affected by salinity increase from 1.5 wt.% to 3.0 wt.% of the feed
stream using polyvinylidene fluoride (PVDF) membrane. Although it is easy to understand that
physical sieving and anti-wettability due to hydrophobicity of the membranes can together be
considered to be the primary mechanism of salt rejection (SR) and water flux permeation, SR and
permeation of water flux are complicated and h ave not been thoroughly explored and understood.
In addition, aquatic chemistry of the feed solution, viscosity, and membrane properties such as
thermal conductivity, thickness, pore size, pore size distribution (PSD), and porosity may
significantly affect SR and water flux.

This review proposes a holistic system approach to understand and identify the factors affecting
SR and permeate flux (solute transport) in MD for desalination and wastewater treatment. This
review focuses on analysis and deliberations of membranes (e.g., wettability, pore size and PSD,
porosity, thickness, tortuosity, thermal conductivity), feedwater chemistry (e.g., inorganic salts,
colloidal particles, natural organic matters, volatile solutes), operating conditions (e.g., temperature,
flow rate, operating mode, degasification, long-term operation) and their interactions on MD
performance in terms of their impacts on flux and SR. Because energy analysis, membrane
fabrication, MD configuration design, modeling, and membrane fouling have been discussed in other
review papers, these are not the focus of this review. Based on the critical review and system analysis,
a decision diagram was proposed to illustrate the effects of the primary factors involving membrane
properties, feed solution compositions, operating conditions on SR, flux, and their intrinsic
correlations. To the best of our knowledge, this review paper is the first that has proposed a decision
framework to determine the factors and their interplay on MD performance.

2. Fundamentals of MD

2.1. Typical MD Configurations

Figure 2 illustrates the schematic diagram of four typical MD configurations, including direct
contact membrane distillation (DCMD), air gap membrane distillation (AGMD), vacuum membrane
distillation (VMD), and sweeping gas membrane distillation (SGMD) [87,88]. The feed stream is in
direct contact with the hydrophobic membrane in all these MD configurations. The membrane
contacts directly with the cold permeate stream in DCMD, which is the most used design for research
because of its simplicity. In AGMD, there is a stagnant air gap between the membrane and the cooling
plate over which the vapor condenses. In VMD, a vacuum pump is applied to provide a driving force
to induce the vapor to penetrate the membrane pores and condense outside the VMD chamber. In
SGMD, an inert gas is used to sweep the vapor at the permeate side and condense at the outside of
the MD module [89].
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Figure 2. Schematic diagram of four typical MD configurations: (a) DCMD, (b) AGMD, (c) VMD, and
(d) SGMD.

2.2. Membranes in MD

In an MD process, the membrane is of vital importance to system performance. Because the
fundamental requirement for the selected membrane is the hydrophobicity, which can be determined
by the water contact angle (CA) of the membrane surface. MD cannot work if the membrane is
hydrophilic, which means the CA of the membrane is less than 90° [90,91]. To maintain the
hydrophobicity, the hydrostatic pressure induced by a flowing fluid should be below the liquid entry
pressure (LEP) of the membrane to avoid pore wetting [92,93]. LEP can be calculated by the Laplace
equation [58,94]:

—2By,cos @
LEP = T'— = APentry > APinterface = Pf - Pp (1)
max
where B is a geometry coefficient for pore structure, being unity for cylindrical pores, y; is the liquid
surface tension (for water and common inorganic solution mixture, y; is equal to 72 mN/m at 25 °C),
0 is the CA, 7,4, is the maximum allowable pore size of the membrane, Prand Py are the hydraulic
pressure at feed and permeate sides. However, this equation does not consider the effects of operating
temperature and feed solution composition on liquid surface tension.

In addition, surface energy and surface roughness (or morphology) govern the characteristics of
wettability of a solid surface [95,96] (i.e., the membrane surface in MD). Surface energy is the intrinsic
property of a material including a membrane material. The maximum CA on a flat surface obtained
was 119 using low surface energy material only (the recorded lowest surface energy value was 6.7
m]J/m? of a surface with regularly arrayed hexagonal-packed CFs groups) [97]. Other properties of the
membrane such as thickness, pore size, PSD, porosity, thermal conductivity, mechanical strength,
and chemical-resistance are generally considered to be factors affecting the performance of MD
systems [73,87].
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Anti-wetting or non-wetting surface of a membrane is what researchers expect in MD systems.
The mechanism of wetting is very complex. Gostoli et al. [98] suggested that a high liquid surface
tension facilitates a convex meniscus, which prevents the liquid from penetrating the membrane
pores and forming a non-wetted liquid/vapor/membrane interface — a three-phase interface which
maintains a stable hydrophobicity [96,99]. They considered the pressure difference arose from surface
tension as the capillary pressure. The wetting will happen if the capillary pressure becomes greater
than the partial vapor pressure across the membrane pores [79]. The capillary pressure mentioned
here actually is the previously introduced term of LEP. To maintain a long-term stable
hydrophobicity, a higher LEP is needed for a specific membrane. Therefore, smaller maximum pore
size and higher surface tension result in a higher LEP based on Equation (1). Nevertheless, the
maximum pore size should not be so small that the vapor molecules cannot pass through the
membrane pores. There should be a “critical” value of the allowable maximum pore size. Because of
the importance of pore size of the hydrophobic membrane and mean free path of water molecules on
mass transfer mechanisms (Knudsen and molecular diffusion), these two factors are discussed in
detail later.

2.3. Heat Transfer

Heat transfer and mass transfer occur simultaneously in MD systems. Figure 3 shows the
schematic diagram of heat transfer and mass transfer in a DCMD.
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Figure 3. Schematic diagram of heat transfer and mass transfer in DCMD.

Generally, heat transfer can be divided into three steps [62]: (i) heat transfer from the bulk hot
side to the hot liquid/membrane boundary layer (Qy); (ii) heat transfer through the membrane (Qn =
Qv + Qo); (iii) heat transfer through the cold side liquid/membrane boundary layer (Qy). At steady
state, @y = Qi = Q@ = Q, thus, the heat transferred from the hot side to the cold side can be described
as follows [62]:

km
he(Tr —Ty) = ?(Tl —T,) +JAH,,, = hy(T, — T,) = H(T; — T,) )

The total heat flux Q is written as:
-1
_ 1 1 1
O Ry T TR,
6 AT,

AT = H(AT) ©)

where H is the overall heat transfer coefficient, i and hy are the heat transfer coefficients at the bulk
feed side and the bulk permeate side, Tr and T are the absolute temperature of the bulk solution at
the feed side and permeate side respectively, T: and T2 are the interfacial temperature of the
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membrane surface at feed and permeate side, respectively, AT (AT =T —T5 ) is the global temperature
difference between feed and permeate side, ATw (ATw = T1 —T2) is the transmembrane temperature
difference, kn is the overall thermal conductivity of the membrane, § is the thickness of the
membrane, AHow is the latent heat of vaporization of water and can be estimated by equation [58]:
AHow=1.7535T + 2024.3, where T is the absolute temperature in K. In addition, iirand &y are expressed
using Equations (4) and (5) based on Nusselt number (Nu).

NU.fkf

hy = 4, 4)
Nu,k

hy = g
h

where the substitutes f and p refer to feed stream and permeate side, respectively, k is the fluid
thermal conductivity, di is the hydraulic diameter. Nu number can be calculated using Equation (6):

d 0.33
Nu = 1.86 (RePr Th) (6)

where L is the length of channels on both sides. Reynolds number (Re) and Prandtl number (Pr) can
be evaluated using Equations (7) and (8):

dyup
e =

P )
pr="2% ®)

where u, 11, p, k and ¢, are the average velocity, viscosity, density, thermal conductivity, and the
specific heat of the fluids, respectively. Additionally, the heat transferred for vaporization of liquid
(Qv), heat flux of Qc due to sensible heat loss through the membrane, and thermal efficiency of MD
system (1) are written as [62]:

dT  k
Qe = —kn—r =5 (T = T) ©)
QU =]’AHv,w (10)

=& % 100% = -2 x 100% 11
n Qm Qy+Qc ( )

where [ is the distance from the membrane surface (facing the hot feed side), § the membrane
thickness, T; and T, refer to the temperatures at the membrane surface of the feed and permeate side,
respectively, k, is the overall thermal conductivity of the membranes and can be calculated using a
parallel model (Iso-strain equation) [100-106]:

ky = ekg + (1 — &)ks (12)

where ks is the thermal conductivity of membrane material, and kg is the thermal conductivity of the
gas (air and water vapor mixture) within the pores.

Moreover, a temperature polarization phenomenon (ITPP), which means the temperature at the
membrane surface differs from the measurable bulk liquid temperatures, exists in the MD process
[58,107]. The temperature polarization coefficient (TPC) characterizes the variation of TPP. Equation
(13) shows the definition of TPC.

= 4fm _ Ty
TPC=r= 1 (13)

If TPC < 0.2, the DCMD is limited by heat transfer, and if TPC > 0.6, the DCMD is controlled
by mass transfer with a low membrane permeability [62]. Normally, TPC value varies from 0.2 to 0.9
[108]. Equation (8) can be rewritten as Equation (14) based on Equations (2)—(5) and (9).
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1

1+M<L+L> (14)

s \hf hp

TPC =

where ku, 6, hr and hy stand as the same previously.

2.4. Mass Transfer

Mass transfer models are established under the assumptions of steady state and negligible effect
on equilibrium at the pore entrance by the curvature of the liquid-vapor interface. The permeate flux
(J) is related to the transmembrane pressure difference, the membrane materials, and the composition
of hot/warm feed solutions. Flux (J) can be expressed as [58,107]:

]= Bw -APm= Bw(Pl - PZ) (15)

where Bw is the mass transfer coefficient, P1 and P: are the partial water vapor pressure at liquid-
vapor interfaces at each side. In addition, correlated partial vapor pressure Pi(the subscript i stands
for 1 or 2) can be written as:

Pi= pd(T)-(1 - x)-(1 - 0.5x - 10 x 2) (16)
where, py,(T) is the vapor pressure of pure water, and x is the mole fraction of non-volatile solute

(i.e., NaCl). Antoine equation can be used to calculate the vapor pressure of pure water [58]:

po/(T) = exp (23.238 — 222) (17)

Mass transport (water vapor transfer in desalination) mechanism is governed by four basic
models—Knudsen diffusion, molecular diffusion, Poiseuille flow and surface diffusion, and a
combination of them. Knudsen number (K») is used to determine which model dominates the mass
transfer [109]. Kx is calculated using Equation (18):

PR
-2 -2 (18)

where d, is the membrane pore size, r is the average pore radius, 1 is the mean free path of water
molecules in water vapor phase that can be written as [58]:

A=
V21P,(2.641 x 10-10)2

(19)

where ks is the Boltzmann constant, P is the mean pressure within the membrane pores, T is the
absolute temperature, and 2.641 x 10710 is the collision diameter of water molecules ( 2.641 x 100 m =
2.641A).

If K« > 1, the flow type is Knudsen, and if K» < 0.01, the flow then belongs to molecular
diffusion, and it is a combination of Knudsen and molecular diffusion (K-M diffusion) when 0.01 <
Kn < 1[109]. Typically, the flow types in MD systems except VMD are the same as the K-M diffusion
[110]. For the K-M diffusion, mass transfer coefficient B can be calculated as follows:

1

() (20)

A

Bzu =

where, BY and BY are mass transfer coefficients for molecular diffusion and Knudsen diffusion,
respectively. These two parameters can be determined using Equations (21) and (22):

w = 75 Py RT (21)

1
K _ 28 (8MY2 2
By 318 (T[RT) (22)

where ¢, 7, and § are the membrane porosity, pore tortuosity of the membrane, and membrane
thickness, respectively, D is the water molecule diffusion coefficient, M refers to the molecule weight
of water vapor, R is the gas constant, 7 is the mean pore radius, P and P. are the total pressure and
the air pressure inside the membrane pores, respectively.
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Generally, the combined K-M diffusion is much closer to actual situations. It was reported that
the combined model predictive results were close to the experimental data with a Knudsen number
below 0.7, whereas the simulated data of Knudsen diffusion model alone were almost twice greater
than the experimental results [109].

Moreover, the solutes concentration in the bulk solution differs from that at the
liquid/membrane interface due to mass transfer. This is called the concentration polarization
phenomenon. Concentration polarization coefficient, which is used to characterize the concentration
polarization phenomenon, can be defined as [111,112]:

C
Concentration polarization coefficient = 2 (23)
f
where C; and C; are the non-volatile solutes concentration at liquid/membrane interface and bulk
feed solution, respectively.

3. Effect of Membrane Properties, Feed Solution, and Operating Conditions
3.1. Membrane Properties

3.1.1. LEP and Anti-Wettability

The LEP defines the critical pressure value of hydrostatic pressure at the feed side. This pressure
represents the minimum membrane-wetting pressure value. The LEP value of a commercial or a lab-
made membrane is explicit once the membrane is produced. Based on Equation (1) (the Laplace
equation), pore geometry structure, pore size, CA, and surface tension all determine the value of LEP.
Therefore, the materials and fabrication process conditions are useful for selecting and controlling
the desired membrane properties for MD applications. Low surface energy materials and small pore
size are good options for manufacturing MD membranes. Because surface tension, pore size, and
pore geometry are all fixed once the materials and manufacturing process conditions are determined,
it is essential to select lower surface energy materials prior to production, thereby generating a higher
CA (hydrophobic of more than 90°, or superhydrophobic of ultra-higher than 150°) and a higher
value of cosf as well [113]. In addition, smaller maximum pore size and higher CA can together
ensure a higher minimum LEP for fluctuating operating pressures. Therefore, lower surface energy
materials and smaller maximum pore size can result in a higher minimum LEP, which is beneficial
for flexible and adaptive operation. It is worth noting that conventionally LEP is measured with the
other side of the membrane exposed to atmospheric pressure, which is not valid for the measurement
of LEP in VMD. The vacuum level should be considered when calculating the pressure difference.
Moreover, flow pressure drops occur when a flat membrane is applied in a cell, and pressure
fluctuations occur near the LEP value [114].

According to the Laplace equation (Equation (1)) that provides the relationship between the
membrane pore size and the operating conditions, the operating pressure should be less than the
minimum LEP to ensure non-wetting. The LEP of hydrophobic membranes varies depending on the
mean membrane pore sizes. Typically, a smaller mean pore size renders a higher LEP. The reported
LEP of 0.75-5 bar over the mean pore size range of 0.034-0.516 um is summarized in Figure 4. High
SR and stable permeate flux can be obtained only if the operating pressure is below LEP. Even under
this premise, it is still difficult and almost impossible to explicitly demonstrate how the LEP variations
alone influence the SR and the permeate flux fluctuation. Because the mass transfer and heat transfer
are complicated and can be affected by a myriad of factors that will be systematically discussed in
this review. Intrinsically, the effect of LEP on heat and mass transfer can be qualitatively estimated
based on the correlation of operating pressure induced by feed flow rate or feed velocity, which will
significantly affect the flow regime (laminar or turbulent or transitional flow) and thereby influence
the heat and mass transfer. The essential relationship among them will be elucidated later in detail.
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Figure 4. Summary of LEP over mean pore sizes (data obtained from references [43,45,48,52,115-123]).

The composition of the feed solution can influence the surface tension of the liquid on a
hydrophobic membrane surface. Franken et al. [94] recommended that liquid surface tension would
not be significantly affected when the feed solution was in the absence of organic matters. However,
the surface tension of the mixture solution reduces when organics present in the liquid. If the organic
concentration exceeds a “critical” value, then the liquid surface tension decreases rapidly, which
causes an instant decrease of LEP. Simultaneously, the complete wetting occurs, indicating the liquid
mixture fully penetrates the pores, and therefore the MD system is broken down immediately.

Recently, superhydrophobic membranes used with enhanced anti-wettability in MD were
studied [15,124-132]. Superhydrophobic membranes have a higher CA of more than 150°, which
renders stronger wetting resistance [79,132,133]. Li et al. [131] reported that superhydrophobic, self-
cleaning nanofiber membranes were fabricated using polysulfone-poly-dimethylsiloxane (PS-PDMS)
via electrospun methods. The membranes achieved a competitive and stable water flux of 21.5
kg/m?/h as well as a lower electrical conductivity of distillate ranging from 4.2 to 4.5 uS/cm with a 30
g/L NaCl solution as feed and a bulk temperature difference of 50 °C. Moreover, no wetting of the
pores was observed over 12 h operation in their DCMD experiments. Another example of a
superhydrophobic membrane was reported by Razmjou et al. [124]. They fabricated a
superhydrophobic PVDF membrane via TiO: nanoparticles coating by a low temperature
hydrothermal process and subsequent grafting using a low surface energy material H, 1H, 2H, 2H-
perfluorododecyltrichlorosilane. They then found that the LEP and CA of the modified membrane
increased from 120 kPa and 125° before modification to 190 kPa and 166°, respectively. The fabricated
superhydrophobic membrane demonstrated a stronger anti-wetting property confirmed by two
different experiments: a sharp flux reduction just after 2 h operation was observed before
modification when 15 wt.% ethanol was added into the feed, whereas after modification, the drastic
reduction time for flux was more than 6 h. On the other hand, the permeate conductivity before
modification increased to more than 500 pS/cm merely after 4 h operation in DCMD using 3.5 wt.%
NaC(l as the feed. In contrast, the permeate conductivity of the superhydrophobic coated membrane
remained stable and less than 50 puS/cm throughout the entire experiments. This phenomenon was
also confirmed by other researchers [134,135]. Additionally, they observed that the
superhydrophobic membrane performed a higher recovery ability (94%) of flux than the unmodified
membrane (~54%) after cleaning membrane fouling using a 0.2 wt.% NaOH solution when compared
to the flux of the pristine membrane.

An example of hydrophobic PP hollow fiber membranes for desalination in pilot-scale DCMD
studies was reported in Ref. [136]. PP hollow fiber membrane with 330 pm ID, 150 um wall thickness,
and maximum pore size of 0.60 um used in this study [136] was deposited a thin layer of plasma
polymerized silicone-fluoropolymer coating on the fiber outside surface. Water CA measurements
showed that the advancing contact angles of the fresh fiber samples were between 138.34° and 142.18°
with receding contact angles of 22.01°-22.17°. The pilot plant operated in crossflow DCMD with the
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coated PP hollow fiber membranes achieved the highest water vapor flux of 55 LMH over 3 months
of operation with feed and distillate temperatures of 64-93 °C and 20-54 °C, respectively. Moreover,
the plant achieved a minimal flux reduction using seawater as feed with a salinity up to 19.5%, mainly
due to the application of the coated PP hollow fiber membranes.

In general, polymeric membranes are the most extensively used in MD, and ceramic membranes
are growingly applied in MD application. The hydrophobic property of the membranes is of the first
importance as it is the key property for successful operation for all types of MD modules. Due to the
hydrophobic nature of frequently studied polymeric materials, some popular polymers were used
extensively to manufacture hydrophobic porous membranes such as PTFE, PVDF, polystyrene nylon-
6, and PP. Ceramic membranes must be modified to be hydrophobic prior to MD application because
of their hydrophilic nature. Table 1 summarizes the membranes and their performances in MD
studies.
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Table 1. Summary of extensively studied hydrophobic membranes in MD.

11 of 36

Pore size

MD

SR

Membranes Hydrophobic Modification Methods CA (°) o Ref.
(pum) types (%)
PTFE-PVDF hollow fibers / 0.116-0.308 103 +4 DCMD ~99.8 [137]
PVDF nanofibers / 1-1.3 137.4-141.1 DCMD  99.8  [138]
Polystyrene nanofibers / 0.19 114 DCMD 99.99 [139]
hydrophobic modification using 1H, 1H,
Alumina hollow fibers 2H, 2H-Perfluorodecyltriethoxysilane 0.179 138.1 DCMD  >99.9  [140]
after ZnO deposition on alumina
substrates
Dual-layer PVDF-co-
hexafluoropropylene-nylon-6 / 0.18 126.3 AGMD  >99 [141]
nonwoven nanofibers
Fluorographite modified PVDF / 0.476 £ 0.134 121 DCMD  99.99  [118]
hollow fibers
Hlerarchlcal PVDF micro/nano- SiO2 nanoparticles Foatmg fol.lowed by 0.20 + 0.01 1615+ 1.0 DCMD 9999  [142]
composite flat sheet membranes fluoroalkylsilane grafting
Asymmetric flat sheet Vapor deposition treatment using hepta- 0.05 120.9-123.4 DCMD
ultrafiltration mixed cellulose ester decaﬂuoro—},l,Z,Z— . 0.025 116.3-126.5 DCMD >99.9 [48]
membranes tetrahydrodecyltrichlorosilane
. . Dip-coating using
Hydrophobic tubular asymmetric . - 4. < ltrimethoxysilane dissolved in 0.15 >150 VMD  ~99.9  [143]

Al2Os membrane

ethanol
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3.1.2. Pore Size and Pore Size Distribution

Pore size is another important membrane property that significantly affects MD performance.
Typically, an increase of the average pore size r indicates the increase of the allowable maximum pore
size rmar. Therefore, pore size directly determines the Knudsen number that influences the mass
transfer mechanism based on the definition of Knudsen number (Equation (8)). Suppose the
membrane pore size is smaller than the mean free path of vapor molecules (A), it would be suitable
for maintaining a relative higher LEP based on the Laplace equation (Equation (1)). The Knudsen
number K» will be greater than the unit, indicating that the molecular pore walls collisions dominate
the mass transport process, and the Knudsen diffusion (K diffusion) is the primary mechanism for
mass transfer of vapor. On the other hand, K will be less than 0.01 if the membrane has greater pore
sizes. In this case, the dominant mass transfer mechanism will be an ordinary molecular diffusion.
Typically, membrane pore size ranges from 0.2 to 1 um [144]. However, this range can be extended
to some larger pore sizes due to the fabrication process for the membranes. For example, the pore
size range of 0.2 to 20 um was reported [137,145,146] using a stretching technique for preparing PP
and PTFE membranes and using phase inversion to fabricate PVDF membranes. Alkhudhiri and
Hidal [25] studied the effects of high concentration of four salts and three different pore size PTFE
membranes on the permeate flux and SR using an AGMD. Their study indicated that the flux
increased significantly by 39.6% and 56.9% for a maximum NaCl feed concentration of 180,000 mg/L
when the pore sizes increased from 0.2 um to 0.45 pm and from 0.2 um to 1 pm, respectively. A
similar lower flux enhancement for the other three different feed saline solutions was also observed.
The Knudsen-ordinary molecular diffusion (K-M diffusion) in the increased membrane pore size was
considered the cause of the enhanced mass transfer of permeate flux [87]. Additionally, they revealed
that the SR decreased because of LEP reduction induced by increased membrane pore sizes, which
was already confirmed by other studies [147,148]. Gryta et al.[149] revealed that the occurrence of
scaling and deposition of salts prefers more in larger pores that are more easily wetted.

PSD exists because a uniform pore size is almost impossible in specific membranes. Generally,
MD membranes have a PSD ranging from 0.2 um to 1 um [87,108]. Phattaranawik et al. [150]
indicated that the effects of PSD on water flux in DCMD could be ignored. Their results indicated
that water flux fluctuation was only 4% using commercial PVDF membranes—GVHP (PSD is wider)
and HVHP (PSD is narrower) membranes provided by Millipore. Moreover, they observed that water
flux discrepancies using HVHP and GVHP membranes were 2.9% and 7.1% for laminar flow and
1.4% and 8.1% for turbulent flow. The discrepancy of the narrower PSD membrane was better than
that of the larger PSD membrane. Typically, a narrower PSD is preferable in MD. However, they did
not mention the effect of PSD on SR.

3.1.3. Porosity, Thickness, and Tortuosity

Porosity is an important parameter of membrane characteristics because it can directly
determine the ratio of pores within a membrane [151-153]. For polymeric membranes, porosity (¢)
can be calculated by Equation (24) [144].

m
R YT 9
where m and A are the mass and surface area of the membrane, p, is the density of the membrane
materials, and 6 is the membrane thickness.

Higher porosity means more passages or space for water vapor to pass through. On the other
hand, higher porosity reduces heat loss due to sensible heat conduction through the membrane
material, thereby enhancing thermal efficiency. Theoretically, based on Equations (5) and (10)-(12),
the increase of porosity (¢) enhances the mass transfer coefficient By and By, and then increases
permeate flux J. In addition, porosity also affects the thermal conductivity of a membrane. Equations
(3) and (4) reveal that the formulas for calculation of heat flux through the membrane conduction (Q)
and the thermal conductivity of the membranes. Typical values of kg and ks of conventional
commercial polymeric membrane materials are 0.027 W/m/K and 0.1 to 0.5 W/m/K, respectively [76].
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Therefore, Q. and kn will decline with the increasing porosity, which affects both mass transfer and
heat transfer. Generally, a higher porosity without sacrificing mechanical strength is beneficial for
MD applications. Nevertheless, it is difficult to predict how it influence the SR in desalination. Again,
it is meaningless to discuss the decisive effect merely focusing on an individual parameter since the
MD involves a complex process and its performance is governed by different synergistic effects and
a combination of various related factors. Other factors other than porosity, such as mean pore size,
membrane thickness, and thermal conductivity can affect flux and permeability, and SR. For instance,
the membrane with high porosity of up to 90% showed less permeate flux than the case of lower
porosity [92]. The study reported that this outcome resulted from a much higher thermal conductivity
and a small pore size of about 20 nm of the membrane.

Membrane thickness (0) is a parameter of significant importance. Typical membrane thickness
ranges from 20 to 200 um for polymeric membranes [62,93,154] and from ~500 to 2000 pum for
inorganic membranes such as ceramic membranes [92]. Membrane thickness significantly affects
mass transfer and heat transfer, along with thermal efficiency. According to Equations (7) and (12)-
(14), an increase of membrane thickness reduces the mass transfer coefficients because a thicker
membrane renders longer passage for water vapor to pass through. On the other hand, the increase
of membrane thickness reduces the heat transfer coefficient of thermal conduction via membrane
material because the heat transfer coefficient of conduction is inversely proportional to the membrane
thickness based on Equations (2)—(4). Also, the increase of membrane thickness decreases the effective
heat amount for feed stream vaporization. It thereby results in decreased thermal efficiency of the
MD system, as indicated by Equation (5). Therefore, a higher mass transfer, namely a higher permeate
flux, results in a smaller thermal efficiency, which is the typical drawback in AGMD.

An optimum or a critical membrane thickness based on the trade-off for higher mass transfer
and lower heat conduction loss exists. L. Martinez et al. [155] studied the effects of membrane
thickness reduction on DCMD performance. They investigated the flux as a function of membrane
thickness via a resistances-in-series model using the TF200 (PTFE layer supported on PP base) and
Durapore GVHP (unsupported homogeneous PVDF). They concluded that: (i) for a pure feedwater,
the flux increase for unsupported membrane was mainly caused by a membrane resistance decay
induced by membrane thickness reduction; and the water flux increased in a greater proportions than
in unsupported membranes since the top layer (the active hydrophobic layer) thickness declined; (ii)
using a NaCl and sucrose aqueous solution as feed, the water flux decreased with membrane
thickness reduction for both types of membranes when the membrane thickness was below a specific
thickness value, which was considered as a “critical” membrane thickness. Critical membrane
thickness of ~10 um was suggested for the two types of polymeric membranes. However, they did
not study the effect of membrane thickness reduction on SR.

Additionally, there are different opinions on the range of optimum membranes thickness. For
example, Eykens et al. [156] observed a very similar result using a commercial PVDF, PP membranes,
and a lab-scale made e-PVDF membrane. They suggested broader optimum membrane thickness
ranges of 2-30 pm for 3 wt.% NaCl feed solution, 7-112 um for 13 wt.% NaCl feed solution, and 16—
793 um for 24 wt.% NaCl feed solution. Their results revealed that a higher hydrophobic layer
thickness was more suitable for MD application when fed with a high salinity solution. They
observed an SR greater than 99.98% using the commercial PVDF and PP membranes and SR above
98% using the lab-made membrane in their studies. However, Lagana et al. [41] reported a different
optimum thickness range of 30-60 um of polypropylene hollow fibers for producing highly
concentrated apple juice using a hollow fiber DCMD module.

Tortuosity is another important membrane characteristic that, along with porosity and thickness,
can greatly control transmembrane water vapor mass transport [157]. Permeate flux is conversely
proportional to tortuosity based on Equations (7) and (12)—(14). A small tortuosity is beneficial to
minimize mass transfer resistance due to the shorter pore pathway for water vapor [81,158].
Tortuosity is a geometrical parameter for the characterization of pores, which is equal to a ratio of the
actual length of the membrane pores divided by the membrane thickness [108]. A tortuosity value of
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unity indicates the pores are straight, or the actual length of the pores is identical with the overall
membrane thickness. Tortuosity can be calculated using Equation (25) [80,159].

T== (25)
&

Iversen et al. [160] calculated the tortuosity value of commercial PTFE membranes using a
porosity of 0.78 provided by the manufacturer; the calculated value of tortuosity was 1.3 based on
equation (25) and this value of 1.3 was close to the provided value range of 1.1 to 1.2. With regard to
the assumption of tortuosity values, Calabro [161] assumed a tortuosity of 1.2 for the prediction of
water flux that was approximate to 99.6% of the experimental outcome. However, the effect of
tortuosity on SR in desalination using MD was not reported. A possible phenomenon that membrane
thickness can decrease while tortuosity may increase due to the compaction of the membrane exists
may not be noticed for its negative effect on the low-pressure membrane related applications (i.e.,
application in MD). However, this effect needs to be further studied. Lawson et al. [162] reported that
thickness reduction caused by membrane compaction did not necessarily lead to flux increase in
theory. Flux increases are affected by the product of tortuosity and thickness, namely 76, which is
defined as the actual length of the path for vapor or gas. On the other hand, tortuosity increases under
compaction, and the overall transmembrane pass length increases if the increased degree of tortuosity
exceeds the degree of thickness decay. Therefore, it is recognized that predicting the degree of
influence on the permeate flux and/or SR should consider the combined contributions of all related
membrane characteristics rather than the individual property alone. Because these characteristic
membrane parameters not only affect each other but also can be, to some extent, influenced by
operating conditions.

In summary, membrane properties are essential to MD performance because they affect mass
transfer and heat transfer. They also influence each other, which gives rise to the complexity of
determining the effects of their characteristics. For example, porosity depends on membrane
thickness (Equation (24)). Furthermore, a combination of these four properties affects the mass
transfer coefficient (Bw), as shown in Equation (26) [58]:

er®

- (26)

B,

where w is a diffusion coefficient, w =1 and 2 for Knudsen diffusion and viscous flow. It is worth
noting that 76, in Equation (26), stands for mass transport path length, which should be as small as
possible. Predicting flux or discussing the effects of these four membrane parameters should always
be based on their synergistic interaction of each other according to Equation (26).

3.1.4. Membrane Thermal Conductivity

Membrane thermal conductivity differs from the thermal conductivity of the membrane
materials. Because a membrane is composed of membrane materials and a mixture of air, water
vapor, and other volatile compositions inside the pores, porosity influences the membrane thermal
conductivity (kn), thereby affecting the heat loss via membrane materials. Based on Equations (3)—(6),
the heat flux through the membrane material conduction (Qc) is positively proportional to the overall
membrane thermal conductivity (ku), and is inversely proportional to the membrane thickness (). In
this case, the water flux increases with lower membrane thermal conductivity when other conditions
are the same. In other words, a higher thermal conductivity can lead to flux reduction and thermal
efficiency decline. For instance, Alobaidani et al. [163] reported an increase of thermal conductivity
from 0.1 to 0.5 W/m/K resulted in a 26% flux reduction and a 50% decrease in thermal efficiency.
Moreover, the thermal conductivity of the membrane materials (ks) is more important because ks is
typically one magnitude higher than that of the mixture of gas (air/vapor) [102,158,164]. For example,
the typical reported thermal conductivities of PVDF, PP, and PTFE polymer materials are
approximately 0.18 W/m/K (296 K) and 0.21 W/m/K (348 K), 0.11-0.16 W/m/K (296 K) and 0.2 W/m/K
(348 K), and ~0.26 W/m/K (296 K) and 0.29 W/m/K (348 K) [165-167]. In contrast, the reported thermal
conductivities of water vapor were 0.02 W/m/K and 0.022 W/m/K for 298 K and 348 K, respectively
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[168]. However, the reported thermal conductivities of inorganic membranes such as ceramic
membranes used in MD are greater than 1 W/m/K [14,169,170]. The membrane thermal conductivity
is related to the membrane porosity because a higher porosity indicates a lower membrane thermal
conductivity, which is beneficial for obtaining high flux. Deka et al. [52] reported a high flux of 33.1
+ 1.7 LMH along with a high CA of ~170° in DCMD using electrospun nanofiber membranes (silica
aerogel/PDMS/PVDF membranes) due to the extremely low thermal conductivity of the silica aerogel
of 0.009-0.012 W/m/K and high porosity of 85.8 + 0.28%.

3.2. Effect of Feed Solution Composition on Flux and SR

3.2.1. Effects of Inorganic Salts

Typically, feed solution applied in MD for desalination is an aqueous solution containing salts
and other organic and inorganic constituents. A higher concentration of salts results in vapor pressure
reduction, as indicated by the Raoult’s law [171-174]. Li et al. [175] reported a significant decrease of
water flux was observed when the concentration of NaCl, KCl, and MgClz exceeded 2 M. And the
water flux reduced by 44.4%, 59.6% and 86.8% for KCl, NaCl, and MgCl. when their concentration
increased from 2 to 4 M. Guan et al. [176] stated that this was caused by the discrepancy of the water
activity and viscosity of the solution due to increase of the salt concentrations. Besides, the sharp
reduction of water flux for MgCl> was mainly caused by the dramatic decline of water activity with
MgClz concentration greater than 2 M. Both Li et al. [175] and Guan et al. [176] suggested the order
of the water activity of aqueous mixture with the three salts was KCI > NaCl > MgClz at concentrations
higher than 2 M. Guan et al. and Li et al. [175,176] stated that water activity of aqueous solution was
related to the non-volatile solutes in the solution. David et al. [177] and Tansel et al. [178] confirmed
that Mg?* ion has the smallest ionic radius and entropy of hydration compared to Na* and K*, whereas
the hydration free energy and hydrated radius are the greatest among them. In addition, the smaller
crystal radius of Mg?* ions enables a more compacted hydration shell and thereby associates with
more highly structured water molecules along with the interaction of charged ions. Therefore, the
water activity of the MgClz solution was the lowest among the three salty aqueous solutions.

Another example was reported by Alkhudhiri and Hidal [25]. They investigated the effects of
various high salinity solutions on flux and SR by AGMD using four inorganic salts of NaCl, MgClz,
Na2COs, and Na:xSOs. Their research showed that water flux decreased because of water activity
reduction and a higher boiling point due to increased salts concentration [173]. Water activity
reduced significantly with increasing salts concentration due to mole fraction reduction of water
molecules in the solution. Furthermore, more salts deposited and accumulated on the membrane
surface at the feed side and induced the concentration polarization. The combination of water activity
reduction, concentration polarization and temperature polarization resulted in a significant
reduction of the driving force — transmembrane vapor pressure decline. In addition, deposition and
accumulation of salts may induce partially wetting of the membrane, which could in turn conversely
influence permeate flux and SR [58,101,179]. On the other hand, this research and other studies
[147,148] all confirmed that SR decreased with increasing salt concentrations for the membrane pore
size of 1000 nm, and all of them stated that the SR reduction was mainly due to LEP reduction caused
by the high pore size. Another important observation in their experiments indicated that the Na2COs
concentration greater than 42,000 mg/L was a critical value for a sharp decrease of SR, decreasing
from above 95% at a concentration of ~10,000 mg/L to ~85% at concentration of ~42,000 mg/L, with
the membrane pore size of 0.45 um, which was in the optimum pore size range. They concluded that
this was mainly caused by significant membrane wetting. However, this was not observed on other
three salts. Further studies on the intrinsic mechanisms should be conducted.

The effect of inorganic salts on the performance of MD involves membrane scaling such as CaSOx
and CaCOs due to precipitation on the membrane surface. The scaling layer reduces both permeate
flux and SR. Yu et al. [180] investigated the effects of NaHCOs3, Na2SO4, CaClz, and Na25iO3-9H20 on
the concentrated cooling tower blowdown water (CTBW) using synthetic CTBW in DCMD. They
reported: (i) the flux and SR declined due to the formation of scaling; (ii) a flux as high as 30 LMH at
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AT = 40°C was relatively constant when TDS was below 2.6 wt.%; (iii) CaCOs was the main scalant
for silica-free CTBW which was confirmed by pH reduction due to dissociation of bicarbonate groups
as shown in the following reactions (Equations (27)—(29)); (iv) scaling of silica-free CTBW was alkaline
and hardness scale indicated by the Langelier Saturation Index (LSI) higher than unity (LSI>1),
presenting CaCOs scale formation potential. LSI can be calculated using Equation (30) [64,65]:

HCOs = H+ CO 27)
2HCOs — H:01+ CO21+ COs*- (28)
Ca? + COs2 = CaCOs| (29)

LSI = pH - pHs (30)

pH is the actual pH value of the feed solution, and pHs refers to the pH value of a saturated solution
of calcite or CaCQOs. LSI higher than zero indicates a greater potential of precipitation while below
zero shows less potential of scaling.

Viscosity was reported as an important factor affecting the boundary layer and TPP, which can
be evaluated through Equations (2) to (8). The viscosity and density of the feed solution increase with
increasing salts concentration, and Re and Pr number will be dramatically affected. Heat transfer
coefficients iy and hy will change directly because of the changed Nu number that is proportional to
(RePr)03, Therefore, viscosity definitely influences heat transfer in MD. Guan et al. [176] studied the
effects of a high concentration of four salts NaCl, KCI, MgSOs, and MgClz on the permeate flux in a
DCMD. Their results showed that the increased viscosity of MgSOs and MgClz feed solutions at
higher salts concentrations had a remarkably negative impact on water flux. This can be explained
by a more significant effect of multivalent ions on increased viscosity adjacent to the membrane
surface (at the boundary layer) [178]. Alkhudhiri and Hidal [25] also stated that viscosity caused by
higher salt concentration might deteriorate the TP and reduce TPC value, and thereby resulting in
a decrease in water flux. Also, the effects of viscosity due to the presence of sucrose was reported.
Schofield et al. [86] demonstrated that viscosity of the feed solution with a concentration of sucrose
up to 30 wt.% led to a 33% reduction of Nu number and deteriorated the TPP. The increase of viscosity
eventually caused an 11% flux reduction and was considered the second most important factor for
flux decline. Martinez et al. [155] stated that a high sucrose concentration of up to 40 wt.% resulted
in a sharp decrease in heat transfer coefficients due to the exponential increase of solution viscosity.

3.2.2. Effects of Colloidal Particles

Colloids such as surfactants and oil can adsorb onto the surface of the hydrophobic membranes
with complex mechanisms. Typically, electrostatic interactions and hydrophobic-hydrophobic
interactions are used to explain these phenomena. The mechanisms are mainly based on the DLVO
theory (established by Derjaguin, Landau, Verwey, and Overbeek) [181-183] and the extended
DLVO (x-DLVO) theory. The DLVO mechanism states that the electrical double layer interaction and
van der Waals force determine the affinity between colloidal particles and a surface of a medium. The
x-DLVO theory combines the Lewis acid-base interaction and the short-range van der Waals
interaction, such as hydration force, to explain the membrane wetting. The surface charge plays a
vital role in the analysis of attachment and detachment of particles to a membrane surface, which can
also explain the fouling formation and its alleviation due to colloidal interaction. It is suggested that
the polar interaction at the surface were affected by the electrostatic interaction rather than by the
electrical double layer interaction based on the x-DLVO theory [184]. Fouling due to hydrophobic or
oleophilic interaction in MD can be mitigated using an underwater oleophobic surface, which means
oil-resistant when submerged in water. Wang et al. [123] reported that a water flux as high as 24.3
LMH and remained stable over more than 12 h operation because of the anti-fouling effect
attributable to the electrostatic interaction (here refers to the polar-polar interaction) which was
induced by the interaction between the negatively charged crude oil emulsion feed solution and the
negatively charged PVDF membrane surface modified using polydopamine and silica
nanoparticles . In contrast, the water flux of the non-modified PVDF membrane declined drastically
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and was almost equal to zero within merely two hours of operation, although the initial flux was as
high as 31.0 LMH. In addition, the SR rates for these two membranes in DCMD experiments were
both above 99.9% with a feed salinity of 1000 mg/L.

Surfactants are amphiphilic compounds composed of the hydrophobic non-polar tail and
hydrophilic polar head [185]. The hydrophobic membrane becomes less hydrophobic in the presence
of surfactants because of the lower hydrophilic-lipophilic balance (HLB) value and surface tension of
the surfactant solution, which can lead to pore wetting. Typical surfactants include two types: non-
ionic surfactants such as Span 20 and Tween 20, and the other is ionic surfactants such as sodium
dodecyl sulfate (SDS). Their solution behavior, such as adsorption on the membrane surface, differs
from each other. Chew et al. [186] studied the effects of surfactants of Span 20, Tween 20, and SDS on
the performance of a DCMD using a hydrophobic PVDF membrane. Their experiments were
conducted using a synthetic produced water composed of these three surfactants and petroleum and
vacuum pump oil. Their research showed that wetting occurred earlier when non-ionic surfactants
were present, and the severity of pore wetting followed the order of Tween 20 > Span 20 > SDS. The
ultimate conductivities in each permeate were 8.51, 3.56, and 0.15 mS/cm for Tween 20, Span 20, and
SDS solution, respectively, when all other parameters were constant. This observation resulted from
a discrepancy in wetting and adsorption behavior on the membrane surface. It was reported that the
HLB values and electrostatic interaction of the surfactants considerably influence the adsorption
behavior [187,188]. For non-ionic surfactants, pore wetting and adsorption are mainly governed by
hydrophobic interaction. Tween 20 has a higher HLB value of 16.7, which indicates a lower
hydrophobic interaction effect [189]. Thus, Tween 20 has a higher potential to draw more water
molecules towards membrane pores than Span 20 because a larger HLB value indicates higher
hydrophilicity [188]. In addition, non-ionic surfactants unimers formed, not micelles but a monolayer,
due to lipophilic adsorption onto the membrane surface. Therefore, earlier wetting occurred, and
water flux sharply decreased. Both hydrophobic interaction and electrostatic interaction play an
important role in the adsorption behavior of ionic surfactants such as SDS, which has the highest HLB
of 40, indicating SDS is the most hydrophilic among the three surfactants. On the other hand, the
repulsion between SDS and negatively charged PVDF membrane occurred, demonstrating that very
few unimers of SDS adsorbed stably onto the membrane surface.

Boo et al. [190] also investigated the effects of surfactants in the presence of salts (1.0 M NaCl)
on the water flux and SR using PVDF membranes. They observed a slight increase in water flux and
SR reduction occurred when 0.05 mM SDS was added into the feed solution. Moreover, the flux
increased sharply while SR declined dramatically when 0.1 mM SDS was added. These results
demonstrated that the pore wetting occurred when SDS with a concentration higher than 0.05 mM
was added in the feed solution. Intrinsically, the presence of SDS reduced the surface tension of the
liquid, especially in the presence of salts such as NaCl. For surfactants, the diffusion of surfactants at
the liquid-vapor interface is governed by the hydrophobic non-polar tail. In this case, the electrostatic
interactions between surfactants and the membrane surface can be inhibited, and the hydrophilic
polar head is screened by the adjacent counterions, and thereby resulting in a denser surfactant layer
at the interface, which in turn dramatically reduces the liquid surface tension and caused pore
wetting [191]. In general, micelles formed when surfactant concentration exceeds its critical micelle
concentration. Micelles can grow from spherical aggregate to elongated ones with increasing
surfactant concentrations [188]. The formation of micelles and the possible growth of micelles
accelerate the onset of pore wetting and thereby lead to flux decline [186].

3.2.3. Effects of Natural Organic Matter

The presence of natural organic matter (NOM) such as proteins [192] and humic acids leads to
flux reduction and decreasing non-volatile solutes rejection due to membrane fouling [193,194]. Gryta
et al. [195] investigated the flux variation and fouling phenomenon in DCMD using a solution
composed of sodium chloride (~50 g/L) and organic matters such as proteins from animal intestines
processing as the feed solution and polypropylene (PP) capillary membranes. They reported rapid
flux reduction due to the precipitation of organic matter (proteins) on the membrane surface, which
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was confirmed using Fourier Transform Infrared with diffuse reflectance spectroscopy. The
maximum permeate flux declined two-folds during their experiments. However, the electrical
conductivity of the permeate was stable at 3-5 puS/cm, although the flux reduced significantly after
the formation of fouling layer.

Khayet [196] studied the rejection performance of humic acids in DCMD using PVDF and PTFE
membranes together. The initial concentration of humic acid was 30 mg/L in the experiments. The
permeate flux decreased for both membranes, whereas a higher rejection rate greater than 96% was
observed for both membranes. Fouling due to the deposition of humic acids caused the flux
reduction, and this phenomenon can be worse for hydrophobic membrane than for hydrophilic one
[197]. They also investigated the effects of solution pH on the fouling and deposition behavior of
humic acids. Results showed that humic substances were more soluble under high pH and fouling
became worse under low pH ( pH < 4). In other words, low pH condition makes humic substances
more insoluble or difficult to dissolve. Electrostatic interaction between humic acid macromolecules
and charged membrane surface was also affected by pH. At low pH, e.g., pH 4.0, the electrostatic
repulsion between humic acids and membrane surface can be reduced and facilitated the fouling of
the hydrophobic membrane surface because of the increased humic acid adsorption. Schifer et al.
[198] stated that membrane surface charge was reduced with the decreasing pH, and this can, in turn,
accelerate the NOM adsorption, which was also reported by other researchers [199].

3.2.4. Effects of Volatile Solutes

Hydrophobicity of the hydrophobic membranes in MD is easy to get reduced and even damaged
in the presence of high concentration of organics such as ethanol. However, the MD system still works
if the feed is a mixture of water and low concentration organics. The penetration pressure of the
mixture was observed when fed with water-ethanol in the low concentration range. Intrinsically, the
liquid-vapor equilibrium of the liquid mixture and mole fraction of the components determine the
results. If the mole fraction of ethanol is less than the equilibrium mole fraction of ethanol of the
liquid-vapor mixture (namelyx,<x;, the symbol * stands for equilibrium), ethanol is the dominant
component in the vapor phase. Besides, they suggested a separation factor a (the selectivity), which
is expressed in Equation (31):

Xz 1-x1

a= 20 (31)

1-x, x1

where x1 and x2refer to the ethanol mole fraction at the feed solution and the permeate, respectively.
The selectivity greater than unity indicates the preferred transportation of ethanol vapor through the
membrane pores due to its higher volatility.

Gostoli and Sarti [200] reported that the water vapor pressure decreased linearly with the
increasing ethanol concentration and disappeared at the ethanol concentration of 75 wt.% when they
investigated the separation performance of the mixture using PTFE membrane (TF200, pore size 0.2
pm, thickness 60 um, and porosity 60%) in AGMD. The ethanol selectivity was between 2.0 and 2.5
when the transmembrane temperature difference ranged from 30-50°C. Moreover, the ethanol
separation factor depended on the feed composition and can be as low as close to unity when the
ethanol concentration was 23.8 wt.%. Using the Maxwell-Stefan model [201], which is an ideal model
for predicting solute diffusion of multi-components in feed solutions, the predicted binary diffusivity
of ethanol-water was ~0.196 cm?/s, consistent with the experimental data.

Another study on the separation of volatile organic compounds was reported by Banat [202].
The ethanol selectivity ( ethanol concentration in feed was from 0.83 to 10.2 wt.%) was 3.1-3.4, and
3.05-3.48, at the feed temperatures of 60 and 70°C, respectively. The relative constant selectivity and
the increase of flux with the increasing temperature revealed that the flux increase was mainly due
to the mass transfer of ethanol. Meanwhile, the acetone selectivity was observed higher than ethanol
at the same conditions, and a lower cooling temperature was preferred to obtain a higher acetone
selectivity. The direct wetting concentration of ethanol for the hydrophobic membrane was 34 wt.%
ethanol in the ethanol-water mixture while it was 23 wt.% for the acetone-water mixture.
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Kujawski et al. [203] investigated the selectivity of micro- and macro-porous ceramic membranes
(TiO2) grafted using fluoroalkylsilane on the separation of water-organic solvents mixture using
VMD. They found that the selectivity of organic solvents was dependent on the pore size of the
modified TiO:2 ceramic membranes. The microporous (2—4 nm) titania ceramic membrane had less
selectivity of ethyl-acetate (the separation factor was 1.3-30) compared with the higher selectivity of
ethyl-acetate (the separation factor was 32-60) using the macroporous membrane (~200 nm).

Wijekoon et al. [204] studied the rejection performance of 29 trace organic compounds (TrOCs)
using hydrophobic PTFE membranes in DCMD. They reported that mass transfer of the 29 TrOCs
from the feed side to the permeate side mainly depended on their volatility measured by pKu value
as defined in Equation (32):

pKu = -logi10Ku (32)

where Ku is the Henry’s law constant (atm-m?3/mol). The pKu greater than 9 (pKu > 9) indicates low
volatility (or can be classified as non-volatile) while a pKu value less than 9 (pKu < 9) indicates high
volatility. Therefore, some TrOCs with pKu values > 9 are not readily transferred to distillate and
hence reached a higher rejection. The authors further stated that 4-tert-octylphenol, 4-tert-
butylphenol, and benzophenone with pKu < 9 exhibited rejection of 54%, 73% and 66%, the lowest
among all the 29 TrOCs except oxybenzone. Oxybenzone had a pKu values ranging from 8.39-9.23
when the pH of feed solution decreased from 9 to 8. The research suggested that the hydrophobic
adsorption could explain this exception because the pKu of oxybenzone and other TrOCs was less
than 9. This phenomenon was also reported by Zuo and Wang [205].

The general mechanisms of feed solution compositions affecting permeate flux and SR in MD
are summarized in Figure 5.

Feed solution

compositions

Figure 5. General mechanisms of feed solution compositions affecting permeate flux and salt rejection
in MD.

3.3. Effects of Operating Conditions

3.3.1. Temperature

Temperature is an important operating parameter. As mentioned in Section 2, temperature
difference at both sides determines the vapor pressure difference (or partial vapor pressure difference
or gradient), which is the driving force for mass transfer through the membrane pores [58,86,206,207].
Typically, the temperature at the cold side is fixed and the feed temperature is adjustable to study
how temperature affects the flux in DCMD, AGMD, and SGMD. However, the vacuum pressure level
determines the driving force for mass transfer in VMD. Theoretically, an increase of feed temperature
not only enhances driving force to obtain more flux but also improves thermal efficiency due to
improved TPC value when the permeate temperatures in DCMD, AGMD, and SGMD (or vacuum
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pressure level in VMD) were kept constant. In other words, feed temperature can influence not only
mass transfer coefficients for transition flow regime but also the heat transfer coefficients, and these
can be denoted directly based on Equations (2), (3), (9)-(11), and (13)—(17).

Researches [10,62,104-106,112,206,208-210] showed that increasing feed temperature could
increase the interfacial temperature adjacent to the membrane surface at the feed side and alleviate
temperature polarization. Many studies [19,119,132,211-213] demonstrated that water flux increased
exponentially with the increase of feed temperatures according to the Antoine equation. In addition,
the profile of temperature from liquid/membrane interface (T1) to membrane/liquid interface (T2)
shows that it declines exponentially across the membrane [214]. The majority of heat flux through the
membrane is the diffusive heat flux conducted via the membrane materials, defined as heat loss due
to thermal conduction of membrane materials. Kim [214] reported that the linear approximation of
transmembrane temperature decrease could be valid. It was suggested that a higher feed temperature
with a fixed cooling temperature generates more water flux than a lower permeate cooling
temperature with a fixed feed temperature. In other words, increased feed temperature can produce
more water vapor molecules at the liquid/vapor interface when the temperature at the cold side is
fixed.

Other research using higher feed inlet temperature showed the feed inlet temperature of 180°C
achieved much higher DCMD performance than the conventional maximal value of 80°C [119]. The
modeling results showed that the permeate flux increased by 9.4 folds, the thermal efficiency
increased by 2.1 folds, and the SEC reduced by 2.9 folds.

On the other hand, increased feed solution temperature has an adverse impact on pore wetting.
Nayar et al. [215] reported that increasing temperature resulted in surface tension reduction, making
membrane pores wetting easier due to lowered LEP in higher temperature cases.

3.3.2. Flow Rate

The flow rate or flow velocity is of vital importance for MD. An increase in flow rate or velocity
can increase the Re number. Therefore, a high flow rate or velocity is beneficial to obtain a turbulent
flow regime, which renders the better mixing of the feed solution and reduces the thermal boundary
layer along with the temperature polarization. Thus, increasing flow rate or flow velocity can enhance
the TPC value and the vapor pressure difference and hence facilitate both mass transfer and heat
transfer. Manawi et al. [209] reported that the flux increased from 18.1 LMH at both sides flow rates
of 0.5 L/min to 29.1 LMH at both sides flow rate of 1.5 L/min with all other conditions the same.
However, the flow rate cannot be increased infinitely because of the increasing pressure drop due to
the increased flow rate or velocity. Pressure drop occurs due to the resistance of the fluid channel and
cell walls in the modules. A certain flow rate is necessary to pump fluid into the MD cell and flow
through the channel. Nevertheless, an excessive increase in flow rate or flow velocity will result in a
great pressure drop. Typically, the pressure drop is positively proportional to the square of flow
velocity. Their relationship is expressed in Equation (33) [216]:

Lu?

where AP is the pressure drop, L the length of channels, f the friction factor, 4 the hydraulic diameter
of the flow channel, p the liquid density, and u the flow velocity.

The effects of flow rates on scaling in DCMD were reported in Ref. [136,217,218]. The researchers
investigated the effects of feed flow rates (e.g., 84, 688, and 1438 mL/min) on flux and scaling
behaviors in cross-flow DCMD using silicone-fluoropolymer coated PP hollow fiber membranes. The
water vapor flux increased with increasing feed flow rates due to an increase in Reynolds number
(Re), which increased the heat transfer coefficient in the boundary layer. However, they observed that
permeate flux dropped to ~5.5 mL/min at the end of both the cases of feed flow rates of 688 mL/min
and 1438 mL/min, and the authors attributed this to the reduction of the brine inlet flow rate because
the filter holder was clogged by gypsum precipitations.
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Moreover, the effects of flow pressure drop can be significant if the hot brine flows through the
bore of the hollow fibers, which differs from the case of hot brine flowing over the hollow fibers
[136,217,218]. Singh and Sirkar reported [219] that a higher flow rate of hot brine through the bore of
the porous PP hollow fibers resulted in a significant pressure drop. Considerable salt leakage (salt
concentration in the permeate of > 50 mg/L) was observed at the highest brine flow rate of 150 mL/min
due to the negative effect of flow pressure drop.

Cath et al. [10] revealed that there was a maximum allowable flow rate or flow velocity, and the
mixing of the liquid in the channel, to some extent, was limited. They also emphasized the importance
of pressure drop in the design of an MD system.

To achieve a turbulent flow regime while maintaining a flow rate below the maximum allowable
flow rate, researchers have used spacers to enhance Re number to improve the flow regime, reduce
the TPP, and increase the TPC value [220-222]. Phattaranawik et al. [222] reported that TPC values
ranged from 0.9 to 0.97, which was close to unity for spacers-filled channels, whereas the TPC ranged
merely from 0.57 to 0.76 without spacers. Manawi et al. [223] confirmed the same effect that the
highest TPC value in their experiments increased from 0.66 at a feed flow rate of 1.5 L/min to 0.82 at
a feed flow rate of 3.0 L/min, and that TPC values were 0.66 with spacers and 0.47 without spacers.
Their results showed that increased feed flow rate and use of spacers in channels could reduce TPP
and enhance TPC values. Nevertheless, flow rate or flow velocity should not be increased excessively
because too high flow velocity leads to higher hydraulic pressure, which may be greater than LEP
and result in pore wetting.

3.3.3. Operating Mode

The operating mode here refers to co-current, counter-current flow mode, and other modes. The
co-current refers to the flow directions at both sides are the same, while the counter-current flow
means both sides have an opposite flow direction. Figure 1. shows the counter-current flow mode.
Manawi et al. [209] reported that the counter-current flow gave rise to a higher distillate flux when
other conditions kept constant. They observed a permeate flux of 37 LMH using counter-current flow
while the flux was 34.8 LMH using co-current flow with all other parameters the same (flow rates of
both sides were 1.5 L/min, temperatures at feed and cold side were 70 and 30 °C, respectively). This
enhancement of flux is due to a higher driving force induced by greater tangential force of counter-
current flow. They concluded that the counter-current flow could increase temperature difference,
thereby improving mass transfer. The enhancement of flux should be mainly attributed to increased
TPC rather than temperature difference. Manawi et al. [223] also found that the counter-current flow
generated a higher TPC value (0.66) than the co-current flow mode (0.59). Their observation reflected
the counter-current flow caused a less TPP and a higher temperature difference.

Crossflow is another operation mode in which the membrane surfaces are continuously scoured
and therefore enhancing resistance to water vapor flux decline in the presence of salt precipitations.
For example, He et al. [217,218] and Song et al. [136] conducted a series of studies to investigate
scaling behavior on lab-scale as well as pilot-scale DCMD performances for desalination using
silicone-fluoropolymer coated PP hollow fiber membranes in crossflow DCMD mode. The authors
demonstrated that no significant flux and no salt rejection reduction was observed at increasing
temperatures or high concentrations, indicating no effect of CaCO:s scaling on permeate flux. The
authors [136,217,218] also concluded that the crossflow pattern and hydrophobic porous coating were
beneficial for scaling resistance.

In addition to the conventional operating modes, another method for enhancing flux in MD was
reported by Cath et al. [10]. They operated their MD by changing the positions of the solution pump
and investigated the effects of different negative pressure (vacuum) values on flux. In the
conventional DCMD configuration, the pump was installed between the MD cells and solution tanks,
and the direction of fluid was from the tanks via pumps to MD cells. However, in their design and
experiments, Cath et al. put pumps after the MD cells to suck the fluid from MD channels into outer
fluid tanks. Results showed that flux increased by 15% while the fluid pressure at the permeate side
reduced from positive 108 kPa to slightly negative 94 kPa. Moreover, the flux increased by 84% when
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the pressure dropped from 108 to 55 kPa compared to the flux of the conventional MD system. Water
flux increased because of enhanced mass transport, which resulted from the alleviation of
temperature polarization and partial mitigation of mass transfer resistance due to the stagnant air
trapped inside the pores. Therefore, elimination of the gas or air from the solution and pores is
beneficial for the higher performance of MD as discussed in Section 3.3.4.

3.3.4. Degasification

Non-condensable gas such as air [224] can dissolve in feed solution and then can be entrapped
inside the membrane pores, which in turn increases the additional molecule diffusion resistance for
mass transport [87,206,225]. Degasification of the feed stream and/or permeate stream reduces the
diffusion resistance for mass transfer because of the reduced stagnant air layer. Schneider and van
Gassel [226] introduced degassed fluid into MD to reduce the partial air pressure. They reported the
flux increased greater than two folds when the permeate side operated under vacuum. In addition,
Schofield et al. [227] investigated the effect of degassing on flux using pure water, and they reported
that permeate flux increased by 50% due to the deaeration of the feed stream. They also found that
deaeration of feeds increased heat transfer coefficients by seven-fold and reduced the heat loss via
conduction to less than 10%. However, they stated that MD performance was more dependent on
membrane modules rather than membranes themselves.

3.3.5. Long-Term Operation

The long-term operation generates potential risks of fouling and scaling on the membrane
surface, leading to wetting or partial wetting of membrane pores, reducing flux, and increasing
distillate conductivity. An example of long-term operation using PP hollow fiber membranes in a
small pilot plant for desalination of seawater in three single-pair cross-flow DCMD was reported by
Song et al. [136]. They investigated the desalination performance using actual trucked-in seawater
(TDS 28,050 mg/L) as feed for 3 months in this study [136]. No salt leakage was observed for 5 days
with the concentrated salty brine of ~19% prior to salts precipitation. The hydrophobic, silicone-
fluoropolymer thin coating layer polymerized via plasma generated a high advancing CA of 142.18°
for fresh coated PP hollow fiber membranes and contributed to the excellent performance of MD.
Besides, cross-flow also played an important role in mitigating scaling.

Flat sheet membranes were employed in long-term MD. McGaughey et al. [228] reported a
significant decrease in hydrophobicity and surface roughness of the membrane during desalting a 35
g/L NaCl solution with flat sheet expanded polytetrafluoroethylene (PTFE) for 100 days. CA of the
membrane decreased by 56% for the used membrane compared with the pristine one (decreased from
140 + 4.0° to 61 * 9.1°) along with a decrease of LEP from 450 to 0 kPa, and corresponding surface
roughness at the feed side decreased from 31.0 + 5.40 nm to 3.0 + 0.88 nm showing a reduction
percentage of 92%. However, they observed a stable SR of 99.8% and permeate conductivity of less
than 8 puS/cm throughout the 100-days experiments, although the distillate flux decreased from 30 to
~25 LMH. The low distillate conductivity and high SR demonstrated that most of the membrane was
dry (not wetted), which was confirmed by the fact that the node area between fibers was composed
of merely membrane materials via higher magnification energy-dispersive X-ray spectroscopy. The
authors [228] concluded that the internal pore wall and permeate-side hydrophobicity played an
important role in anti-wetting during long-term operation. Other studies also observed the reduction
of distillate electrical conductivity [135,229,230]. For instance, Guillen-Burrieza et al. [229] studied the
long-term operation (intermittent from the year 2010 to 2013) effect on the desalination performance
of salty marine solution (3.5 wt.% NaCl solution) using AGMD system in a solar MD pilot plant. They
reported a significant increase in the minimum electrical conductivity of the permeate from 20 puS/cm
in 2010 to 10 mS/cm in 2013. However, they stated that this decline of electrical conductivity was due
to pore wetting because of severe and extensive damage of the membrane rather than the
conventionally reported scaling and operating wetting. In other words, the long-term operation may
exert a complex effect on flux and distillate quality, which can be influenced by membranes,
operating spans, feed solution compositions, and other conditions.
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4. Interplay of Affecting Factors

The interlaced relevance effects of each factor on the MD mass transfer are summarized in Figure
6, including membrane properties, feed solution chemistry, and operating conditions. The interplay
between various factors that affect flux and SR in MD is illustrated based on the feed solution grouped
into inorganic salts and organics, and then sub-grouped organics into non-volatile and volatile
organics. Non-volatiles are further divided into non-ionic and ionic types attributed to their
dominant governing mechanisms of either hydrophobic interaction or electro-interaction (typically
the electro-repulsion due to the same charges between the chemicals and membrane surface).
Adverse variation of even one factor can result in unfavorable effects on others because of the
“bottleneck principle”. The negative effect of only one factor without the optimal value or slight
change may reduce flux and/or SR although all other parameters are optimal.
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Figure 6. A diagram showing the interplay of factors affecting water flux and salt rejection in MD.

5. Conclusions

Estimating mass transfer and SR in MD is complicated and needs a systematic approach because
many factors need to be considered, including membrane properties, feed solution, and operating
conditions. A comprehensive understanding of interactions of these factors and their effects on heat
transfer, mass transfer, and SR can provide a complete and valuable foundation for modeling mass
and heat transfer, selecting membranes, optimizing operation, enhancing flux, and reducing
membrane scaling and fouling. Although there were studies that examined some aspects of factors
that may affect water vapor transport via analysis of operating conditions or membranes properties
and the physico-chemical attributes of feed solutions, a systematic discussion and analysis of the
importance of each factor is still of vital importance for the evaluation of MD performance in terms
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of predicting mass flux and SR. The interplay of the factors affecting the MD mass transfer showed
the adverse variation of even one of the factors could cause negative effect because of the “bottleneck
principle”, although all other parameters are optimal.

It is noteworthy that this review aims to qualitatively determine the interaction of each factor
and the effect of all the factors on mass transfer and rejection of salts in the application of MD. Further
research, such as mathematical and empirical modeling on the significance of parameters on the
performance of MD system, should be conducted and validated by experimental results.
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Nomenclature
A Surface area of membrane (m?)
AGMD Air gap membrane distillation
B Geometry coefficient for pore structure
BX Mass transfer coefficients for Knudsen diffusion (m/s)
BM Mass transfer coefficients for molecular diffusion (m/s)
Bw Mass transfer coefficient (m/s)
C; non-volatile solutes Concentration at liquid/membrane interface (mg/L)
Cr Concentration of non-volatile solutes at bulk feed side (mg/L)
Cp Specific heat of fluid (J/kg/K)
CA Contact angle (°)
CTBW Cooling tower blowdown water
D Water molecule diffusion coefficient (m?/s)
d Hydraulic diameter of the flow channel (m)
dn Hydraulic diameter (m)
dp Membrane pore size (nm)
DCMD Direct contact membrane distillation
DLVO Derjaguin, Landau, Verwey, and Overbeek
f Friction factor (dimensionless)
H Overall heat transfer coefficient (W/m?/K)
hr Heat transfer coefficients at the bulk feed side
hy Heat transfer coefficients at the bulk permeate side
HLB Hydrophilic-lipophilic balance value (dimensionless)
AHyw Latent heat of vaporization of water (KJ/kg)
] Water flux (kg/m?/h)
k Fluid thermal conductivity (W/m/K)
ks Boltzmann constant
ke Thermal conductivity of gas inside pores (W/m/K)
Ku Henry’s law constant (atm-m?3/mol)
km Overall thermal conductivity of the membrane (W/m/K)
Ku Knudsen number (dimensionless)
ks Thermal conductivity of membrane material (W/m/K)

L Length of channels (m)
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Natural organic matter

Total pressure (Pa)
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Partial pressure of vapor at liquid-vapor interface at feed side(Pa)
Partial pressure of vapor at liquid-vapor interface at permeate side(Pa)
Air pressure inside the membrane pores (Pa)
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Sweeping gas membrane distillation

Salt rejection

Absolute temperature of membrane surface at feed side (K)
Absolute temperature of membrane surface at permeate side (K)
Absolute temperature of the bulk permeate side (K)
Absolute temperature of the bulk feed side (K)
Temperature polarization coefficient

Temperature polarization phenomenon

Trace organic compounds

Vacuum membrane distillation

Average velocity (m/s)

Selectivity of volatile chemical (dimensionless)
Viscosity of fluid (Pa-s)

Density of fluid (kg/m?3)

Porosity of membrane (dimensionless)

Density of membrane material (kg/m?)

Tortuosity of membrane (dimensionless)

A diffusion coefficient for pore radius (dimensionless)
Water contact angle (°)

Mean free path of water molecules (m)

Membrane thickness (um)
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