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1. Introduction

Membrane distillation (MD) is a non-isothermal separation technique 
that uses a membrane with high hydrophobicity to selectively allow the 
passage of water vapor while preventing the liquid feed from intrusion 
into the pores. The driving force for this process is the vapor pressure 
difference across the applied microporous membrane. The vapor pressure 
difference is the driving force for MD, which is provided by imposing a 
temperature difference across the membrane, where a hot feed stream and a 
cold permeate stream are separated by the membrane [1]. The temperature 
difference then creates a vapor pressure gradient across the membrane, 
resulting in the transport of water vapor through the membrane pores [2]. 
This process offers several advantages over other separation technologies, 
including low energy consumption, high efficiency, and the ability to 
operate at very low pressures. As a result, MD is a promising technology 
for a wide range of applications, such as desalination, wastewater 
treatment, and concentration of liquid streams such as fruit juices [3].

Membrane distillation is a relatively new process compared to other 
separation technologies such as reverse osmosis (RO) and nanofiltration 

(NF) and has been the subject of extensive research in recent years [4]. The 
technology has undergone significant developments, resulting in improved 
membrane materials and module designs, as well as advancements in system 
integration and control. MD can be operated in a variety of configurations, 
including direct contact MD (DCMD), air gap MD (AGMD), and sweep gas 
MD (SGMD), each with its unique advantages and challenges [5]–[8]. The 
general scheme of these configurations is presented in the supplementary file.

One of the key benefits of MD is its ability to remove a wide range of 
contaminants with high rejection from a variety of feed streams. This includes 
the removal of dissolved solids and salts, organic compounds, and other 
impurities from water, as well as the concentration of liquids such as fruit 
juices and milk. The process can also be used for the recovery of valuable 
compounds, such as in the production of biofuels or pharmaceuticals, by 
separating and purifying specific components of a complex feed stream [9]–
[11]. 

While MD has several advantages, there are also some challenges 
associated with the technology, such as the lack of specific membranes,
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sustainable energy resources, membrane pore wetting, membrane fouling, and 

scaling, as well as low flux rates in comparison with RO [12]–[16]. However, 

ongoing research efforts are aimed at addressing these challenges to further 

improve the efficiency and scalability of membrane distillation. 

This paper is an Engineering Advance paper highlighting the latest 

developments in membrane distillation technology. This includes in recent 
developments membranes and the MD process. Moreover, future directions 

are also highlighted.  

 
 

2. New developments for membrane distillation 

 
2.1. MD membranes 
 

The membrane is a key component in MD, as it provides the selective 

barrier that allows the transport of water vapor while preventing the passage 
of liquid water. Thus, the success of MD relies on the ability of the membrane 

to maintain a high value of liquid entry pressure (LEP), which is necessary to 

prevent the wetting of the membrane surface and maintain the vapor-liquid 
separation [17]. LEP is an important membrane characteristic for MD. It can 

be defined by the minimum pressure that is required for the feed solution to 

penetrate the large pores. It is indicated in the literature that an LEP value of 
>2.5 bar is required for the durable performance of MD [15]. The membrane 

used in MD must be highly porous to allow for the efficient transport of water 

vapor, while at the same time being highly hydrophobic to prevent the 
passage of liquid water and other impurities through the pores [16]. Table 1 

presents the recommended values for MD membrane for providing a proper 

long-term performance.  
The widely used membranes in MD are microfiltration (MF) membranes 

which are made of hydrophobic polymers such as polypropylene (PP), 

polytetrafluoroethylene (PTFE), and polyvinylidene fluoride (PVDF). These 
materials have excellent chemical and thermal stability and can withstand the 

high temperatures and harsh chemical environments encountered in MD [22]. 

It is reported in the literature that among them, PTFE membranes have 
already shown better performance [23], [24]. However, these MF membranes 

have not been specifically fabricated for MD, as a result, have shown limited 

performance for various applications [1]. Therefore, a part of recent research 

has been focused on fabricating new and specific membranes for MD [25]. 

Table 2 explains the concept for some of these developments.  

Pore structure and morphology of the membrane are important factors in 
MD. Membranes with a high porosity and a narrow pore size distribution are 

preferred, as they allow for the efficient transport of water vapor while 

minimizing heat loss through the thermal conduction of the membrane. 
Nanofiber membranes are a good example of such alternatives for providing a 

promising MD application [26]. Nanofiber membranes have been investigated 

for desalination and wastewater treatment, and the obtained results were 
promising [27]–[31]. For example, Kim and co-workers [32] fabricated 

crosshatched nanofiber membranes for DCMD using PVDF-HFP polymer. 

The proposed crosshatched pattern involved laminating alternating layers of 
aligned nanofibers. According to the authors, the performance of the 

membrane could be greatly improved by the novel structure for stable 

performance over 100 h (permeate flux: 65 kg/m2h; and salt rejection: 
99.99%). In contrast to electrospun materials with a random fiber orientation, 

this was accomplished by decreasing the membrane's tortuosity and 

increasing mechanical strength. In another work, Afsari and co-workers [33] 

developed a new nanofiber membrane with a composite structure. The 

proposed membrane was used for treating the geothermal brine toward 

lithium enrichment. The membrane sample was tested using feedwater 
containing different concentrations of NaCl (0–100 g/L). The optimum 

membrane sample with heat-pressed treatment could provide the permeate 

flux of 14–19 L/m2.h and 99% salt rejection. The authors also performed the 
economic analysis and concluded that the 2.9 USD/m3 of leveled cost could 

be achieved for lithium brine concentration when the heat source is within the 
feed. 

However, the nanofiber membranes suffer from a lack of mechanical 

strength, which should be improved in future research [34], [35]. Membranes 

with a composite structure, consisting of a thin, hydrophobic top layer and a 

hydrophilic support layer, have also shown remarkable performance in MD 

applications. In this membrane configuration, each layer possesses a specific 

role. While the hydrophobic top layer prevents liquid intrusion into the pores, 
the hydrophobic bottom layer can enhance the permeate flux and reduce heat 

loss via thermal conduction [36]–[40].  

Recent advancements in material science and fabrication techniques have 
also led to the development of new membrane materials and designs for MD, 

including composite membranes, nanocomposite membranes, and ceramic 

membranes. These advancements could provide improvements in membrane 
performance, including increased flux, selectivity, and durability, and have 

further expanded the potential applications of MD [25], [41]–[44]. There have 

been several other advancements in the development of new membranes for 
MD, aimed at improving the performance and efficiency of the process. 

Superhydrophobic membranes are designed to have a high degree of 

hydrophobicity, which helps to prevent the wetting of the membrane surface 
and maintain the vapor-liquid separation. These membranes have a highly 

textured surface that allows for efficient vapor transport while minimizing the 

surface area available for liquid water to form. This could provide higher 
permeate fluxes in comparison with hydrophobic membranes and can lead to 

improved performance and reduced fouling [30]. For example, Zhou and 

coworkers [45] developed a superhydrophobic nanofiber membrane with a 
hierarchical structure design (surface contact angle: 158o). The membrane 

samples were made of PVDF-HFP polymer, and the optimum membrane 
sample possessed a large pore size of 3.35 µm, porosity of 81.3%, and 

thickness of 140 µm. The obtained results revealed that the best membrane 

sample could provide the permeate flux of 33.45 kg/m2.h and 99% rejection. 
Hybrid or mixed matrix membranes are made from a combination of different 

materials, such as inorganic and polymer materials, to create a membrane 

with improved selectivity and durability. The properties of each material can 
be tailored to optimize the membrane for a specific application, resulting in 

higher fluxes and better separation performance compared to conventional 

MD membranes. For example, the inorganic additive can provide excellent 
selectivity, while polymer materials (matrix) can provide good flexibility and 

resistance to fouling. Hybrid membranes can be designed with a variety of 

morphologies, including asymmetric or composite structures, to optimize 
their performance for a given application [46], [47]. Sanaeepur and co-

workers [47] comprehensively reviewed mixed matrix nanofiber membranes 

for water and wastewater treatment using MD. Carbon-based membranes, 
such as graphene and graphene oxide membranes, are a type of 

nanocomposite membrane that have been shown to have high selectivity and 

enhanced permeate flux rates for MD applications. These membranes can 
have a highly uniform pore size distribution, which can lead to improved 

separation performance and reduced fouling. Graphene oxide membranes are 

typically made from a thin layer of graphene oxide sheets, which can be 
tailored to optimize the properties of the membrane. Carbon-based 

membranes are also attractive for their excellent thermal and chemical 

stability, making them suitable for use in harsh environments [48]. For 
example, Chen and co-workers [49] developed a novel omniphobic 

membrane to address the issue of wetting caused by low surface energy 

contaminants in MD. A graphene oxide (GO) membrane, which was 
fabricated using plasma treatment and fluoroalkyl grafting of stacked GO 

laminates, was considered for the new design. When a feed sample containing 

35 g/L NaCl solution and 0.2–0.4 mM sodium dodecyl sulfate was used at 60 
°C, the resulting membrane could provide excellent permeate flux (35 

kg/m2.h) and solute rejection (99.9%) during over 450 hours of DCMD 

process. In another work, Hui Ting and co-workers [50] investigated the 
development of mixed matrix membranes for MD using PVDF and rGO, 

using the phase inversion technique. The membrane samples were used for 

desalination experiments, and the obtained results revealed that mixed matrix 
membranes with low rGO-PVDF concentration exhibited better permeate flux 

with a 31.79% increase compared to the pristine membrane, delivering a 

permeate flux of 31.92 ± 2.85 kg/m2h. Moreover, when the DCND process 
was run for 40 h, the new membranes could display 99.99% salt rejection.

Table 1 

Recommended characteristics for MD membranes. 

 

Parameter Recommended value Description Ref. 

Pore size 0.1-0.45 µ Smaller pore size is recommended to ensure higher LEP [1] 

LEP 2.5 bar As high as possible to ensure the pore-wetting prevention [18] 

Contact angle >120o As hydrophobic as possible [19] 

Porosity 75-85% As high as possible unless it affects the mechanical strength [20] 

Thickness 

30-60 µm 

or 

>200 µm 

Thin membranes are recommended for low salinity, while thicker membranes can show 

better performance for higher salinity 
[21] 
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Table 2 

New concepts in membrane development for MD technology. 

 

Concept Description Opportunities Challenges 

Superhydrophobic membranes 

These membranes have highly textured surfaces 

that allow for efficient vapor transport while 

maintaining a high degree of hydrophobicity 

 Higher permeate flux than conventional 

hydrophobic membranes 

 Higher pore wetting resistance (in case of 

high LEP value) 

 Fouling and scaling are important 

issues 

 The durability of the 

superhydrophobic state after long work 

life 

Hybrid or mixed matrix membranes 

These membranes combine the properties of 

multiple materials, such as inorganic and 

polymer materials, to create a membrane with 

improved selectivity and durability 

 Improved permeate flux 

 Improved durability 

 Capable to work with higher feed 

temperature 

 Functionability of the membrane surface 

for wastewater treatment 

 Expensive to scale up 

 Potential release and stability of 

micro/nanoparticles 

Carbon-based membranes 

Carbon-based membranes, such as graphene and 

graphene oxide membranes, have been shown to 

have high selectivity and high flux rates for MD 

applications 

 Unique pore structure 

 Highly uniform pore size distribution 

 Reduced fouling tendency 

 Challenging in large-scale production 

and expensive production 

Smart membranes 

These membranes can respond to changes in the 

feed solution, such as changes in temperature or 

pH, and adjust their performance accordingly 

 Adjusting their properties in response to 

changing conditions 

 Promising wastewater treatment 

 Challenging in large-scale production 

and expensive production 

Self-cleaning membranes 
These membranes have a surface coating that 

can prevent fouling and scaling 

 Durable performance for long-term 

operation on a large scale 

 Promising wastewater treatment 

  

 Challenging in large-scale production 

and expensive production 

 

 

Smart membranes are capable to respond to changes in the feed solution, 

such as changes in temperature or pH, and adjusting their performance 
accordingly. These membranes are typically made from responsive polymers, 

which can change their properties and structure in response to external 
stimuli. For example, a smart membrane could become more hydrophobic in 

response to changes in pH, which can help to prevent pore wetting and 

improve separation performance. Smart membranes have the potential to 
improve the performance of MD by adjusting their properties in response to 

changing conditions [53], [54]. Self-cleaning membranes have a surface 

coating that can prevent fouling and scaling, which can lead to reduced 
performance and increased maintenance requirements [55]. These 

membranes, also known as Omniphobic and Janus membranes, are typically 

made from materials such as polyvinylidene fluoride (PVDF) or other 
polymers, which have excellent chemical and thermal stability. The surface 

coating can be fabricated using specific materials, depending on the 

application requirements. For example, a hydrophilic coating can help to 
prevent fouling by promoting the formation of a thin water layer on the 

membrane surface, while a hydrophobic coating can help to prevent pore 

wetting and scaling by repelling mineral deposits. Self-cleaning membranes 
can have improved durability and reduced maintenance costs, making them 

more attractive for large-scale MD applications, such as oily wastewater 

treatment [56]–[58]. 
According to the observed trend, the future of membranes for MD is 

promising, as ongoing research efforts continue to explore new materials and 

designs that can further improve the performance and efficiency of the 
process [59]. Some of the key areas of focus for future membrane 

development in MD can be explained as follow. 

New research has been exploring the use of advanced materials such as 

nanomaterials, covalent organic frameworks (COFs), and metal-organic 

frameworks (MOFs) for MD applications [60]. These materials offer unique 

properties such as high selectivity, high flux, and improved durability. 
Moreover, they can provide the chance to significantly improve the 

performance of MD-based water treatment systems. However, the high 

production cost and potential release of nanomaterials to the environment are 
among the major concerns [61]–[63]. 3D printing technology is recently being 

used to create customized stuff such as spacers with complex geometries and 

structures that can reduce fouling and enhance separation performance, as 
well. 3D printing can also reduce manufacturing costs and improve the 

scalability of membrane production, making MD more accessible for a wider 

range of applications. For example, Tian and co-workers [64] investigated the 
use of 3D printing technology for fabricating specific membranes in MD. The 

authors printed polyamide (PA) membranes using the laser sintering 

technique and coated them with thin layers of PVDF to reduce the pore size. 
The results showed that the membrane pore size could be reduced from ~16 

μm to 1.0–2.5 μm by imposing the PVDF layers. Moreover, the 3DP 

membranes had a granular and rough surface, resulting in greater surface 

hydrophobicity (100°–130°) compared to the control membrane (i.e., the 

sample which was fabricated on flat substrates with surface hydrophobicity of 

~70°). The authors also concluded that imposing higher porosity to the 3D-
printed membranes could make the fabrication step faster and reduce the 

solvent discharge. In another recent study, Thomas and co-workers suggested 

that modifying the surface of feed spacers rather than the membranes 
themselves may be a better approach to preventing scaling in MD. The 

authors developed an anti-scaling 3D-printed spacer made of polyamide. The 
membrane samples were fabricated via a sol-gel process along with a coating 

of fluorinated silica (FS) nanoparticles. According to the author's conclusion, 

the proposed fabrication strategy could enhance hydrophobicity through the 
increment of the spacer's microscale roughness. DCMD was fed by calcium 

sulfate solution to test the anti-scaling properties of the FS-coated printed 

surface. The results showed that the FS-coated spacer significantly reduced 
scaling compared to the uncoated spacer, with a 74% decrease in scalant 

attachment and a 60% reduction in scaling on the membrane surface. The 

authors concluded that the microscale roughness-induced hydrophobicity and 
reduced surface-free energy of the FS coating were the main factors that 

contributed to its anti-scaling properties. However, reaching a high resolution 

for a desired range of membrane pore size and mechanical strength are among 
the major challenges in the way for 3D-fabricated membranes [65]–[69].  

The use of biomimetic designs for membranes, inspired by natural 

systems such as plant leaves or animal membranes, has recently been 
explored [70]. These designs can provide improved selectivity and flux rates 

and can be more resistant to fouling and scaling than conventional 

membranes. According to the literature, the bio-inspired membrane could 
perform remarkably in different MD applications [71]. Furthermore, as MD is 

an energy-intensive process, there is a growing interest in developing low-

energy membranes that can enhance the energy efficiency of the process. This 
includes the use of materials with low thermal conductivity for high-

temperature MD as well as the development of membranes that can operate at 

lower temperatures [25]. Another promising alternative for MD membranes is 

a photothermal membrane. The photothermal membrane is designed to use 

light to heat the membrane surface and enhance the rate of water vapor 

transport, leading to an increase in the permeate flux and energy efficiency 
[72]. The photothermal membrane is typically composed of a thin layer of a 

photoactive material that is coated onto a conventional membrane substrate, 

such as a polymer or ceramic. The photoactive material is typically a 
semiconductor, such as titanium dioxide or zinc oxide, which can absorb light 

and convert it into heat. This localized heating at the membrane surface can 

enhance the rate of water vapor transport through the membrane pores, 
resulting in increased permeate production and reduced energy consumption. 

In addition to its enhanced separation efficiency, the photothermal membrane 

has several other advantages over conventional membranes used in MD. The 
use of light to heat the membrane surface can provide greater control over the 

heating process, which can lead to improved selectivity and reduced fouling 

of the membrane. The use of photoactive material on the membrane surface 
can also provide additional benefits, such as self-cleaning and antibacterial 

properties. For example, Chen and co-workers [73] investigated a new 

photothermal Janus membrane with asymmetric wettability. In the new 

proposed membrane structure, the high light absorption was provided by a 

polypyrrole (PPy) coating, the skeleton was provided by PAN nanofibers 

incorporated with hydrophilic SiO2, and the channels for vapor scape were 
provided by PVDF-HFP nanofiber layer incorporated with superhydrophobic 



M. M. A. Shirazi / Journal of Membrane Science and Research 9 (2023) 1999182 

 

4 

 
 

F-SiO2. The results revealed that the new membrane could provide 99.9% salt 

rejection and 44.4 kg/m2.h permeate flux. Moreover, the efficiency of solar 

energy utilization could reach ~92%. The authors concluded that this study 

could open a new way for efficient MD-based water treatment in terms of 

energy efficiency and permeate flux. Despite these advantages, the 

development and commercialization of photothermal membranes for MD are 
still in their early stages. Further research is needed to optimize the design 

and performance of these membranes, as well as to develop cost-effective 

methods for large-scale production. However, the potential benefits of 
photothermal membranes make them a promising technology for improving 

the efficiency and sustainability of MD processes [74].  

According to the above discussion, it can be expected that the future of 
membranes for MD is focused on developing new materials and designs that 

can improve the energy efficiency, permeate flux, and sustainability of the 

process, while also reducing the costs and carbon footprint for production. 
Ongoing research and development in this area are expected to lead to 

significant improvements in the performance and scalability of MD, making it 

a more viable option not only for desalination but also for a wider range of 
applications such as nutrients and resource recovery. 

 
2.2. MD process 

 

The module design is a critical aspect of MD systems, as it determines 

the efficiency and performance of the process. The design of the module 

should take into account factors such as the properties of the feed solution, the 
desired permeate quality, and the flow rates of the system. In MD, the module 

typically consists of several membrane sheets, tubes, or hollow fibers, which 

are assembled into a compact module. To perform on an industrial scale, the 
module should be designed to provide a large membrane surface area, which 

maximizes the flux rate of the process. The module can be arranged in a 

parallel or series configuration, depending on the operating conditions and 
system requirements. In a parallel configuration, the feed solution flows in 

parallel to the membrane surface, while in a series configuration, the feed 

solution flows in series along the membrane surface. In addition to the 
membrane sheets or tubes, the module may also include several additional 

components, such as spacers, gaskets, and support structures [75]. The 

spacers help to maintain a consistent flow of the feed solution along the 

membrane surface, while the gaskets provide a tight seal between the 

membrane sheets or tubes to prevent leaks. The support structures provide 

mechanical support to the module and help to distribute the flow of the feed 
solution evenly across the membrane surface. The module design can also 

include several additional features to improve the performance and efficiency 

of the process. For example, some modules may include heating elements to 
maintain a consistent temperature across the membrane surface, or cooling 

elements to prevent overheating of the system. Other modules may include a 

cleaning system to remove fouling or scaling on the membrane surface, which 
can reduce the performance of the process over time [76]. One important 

factor in module design is the choice of configuration. In addition to the co-

current and counter-current configurations, there are other options, such as a 
crossflow configuration, in which the feed solution flows perpendicular to the 

membrane surface. The choice of configuration will depend on factors such as 

the properties of the feed solution and the desired permeate quality. For 

example, Shirazi and co-workers [23] investigated the crossflow arrangement 

for DCMD and its effect on the permeate flux. The authors concluded that 

this flow arrangement for the MD module along with a PTFE membrane with 

0.22 µm pore size could provide the best performance in terms of the 

permeate flux and solute rejection. Another example is the multi-pass MD 

module with hollow fiber membranes. Tsai and co-workers [77] investigated 
novel module designs with multi-pass configurations for MD. The authors 

examined three module designs including the traditional design with one shell 

and one tube pass, a design with one shell and multiple tube passes, and a 
design with equal numbers of shell and tube passes. According to the obtained 

results, up to 92% higher permeate flux could be achieved by the traditional 

design compared to the multi-pass design (with equal numbers of shell and 
tube passes). However, the multi-pass design (with equal numbers of shell 

and tube passes) was more energy efficient with up to 35% less thermal 

energy consumption than the traditional single-pass design. Moreover, the 
pressure drop in the multi-pass modules was only 1.5% higher than in the 

conventional module with the single pass. 

The future of module design for MD is a rapidly evolving field, with 
ongoing research and development aimed at improving the performance, 

efficiency, sustainability, and scalability of the process, while reducing costs 

and increasing accessibility for a wider range of applications. Some of the key 
areas of focus for future module design in MD are presented in Table 3.  

 
2.3. Energy sources for MD 

 

As a non-isothermal separation, MD required an external energy source 

to drive the process of the separation of water and solutes. The energy sources 

used to power the process can have a significant impact on the efficiency, 
cost, and sustainability of the process [78].  

The most common energy source for MD is thermal energy. This can be 

provided by a variety of sources, such as electricity, natural gas, or waste heat 
from industrial processes. The thermal energy is used to heat the feed solution 

and create the temperature gradient that drives the separation of water vapor 

from the feed solution [79]. For example, the waste thermal energy in fuel cell 
technology can be used for running MD systems [80], [81]. Bazargan Harandi 

and co-workers [81] investigated two hybrid systems to increase energy 

efficiency in MD. The first system integrated flat-plate collectors (FPC) and 

DCMD, while in the second system, DCMD was integrated with a proton 

exchange membrane fuel cell (PEMFC). These systems could enjoy the 

utilization of renewable energy and waste heat from PEMFCs to enhance 
overall efficiency. The performance of the proposed systems was evaluated 

through a simulation of representative days in Wuhan, China. The obtained 

permeate flux of the integrated FPC-DCMD system was measured at about 
77.4 kg/m²h. The authors claimed that the FPC-DCMD system could provide 

~70% of the total energy which is required at maximum mode during the 

summer solstice. Moreover, the second scenario, i.e., harvesting waste 
thermal energy from the PEMFC system, could provide ~73% of the total 

required energy for DCMD-based water treatment. 

 
 

 

 
 

 

Table 3 

Guideline for new concepts in module development for MD technology. 

 

Concept Description 

Integration with renewable energy sources 

One of the main challenges of membrane distillation is the energy required to drive the process. Future module designs 

may incorporate renewable energy sources, such as solar or wind power, to reduce the carbon footprint of the process and 

increase its sustainability. 

Advanced materials 

The choice of module material is important to the performance of the process, and ongoing research is focused on 

developing new techniques for module fabrication, such as 3D printing, and new materials with improved properties, such 

as lower heat loss and better durability in harsh environments. In some cases, such as MD for wastewater treatment, the 

spacer or the membrane can be impregnated with catalytic materials for efficient and in-situ wastewater treatment.  

Advanced monitoring and control systems 
Advanced monitoring and control systems can improve the efficiency and performance of the process by optimizing key 

parameters, such as flow rate and temperature (specifically the local temperature on the membrane surface), in real-time. 

Reduced temperature and concentration polarizations 
Temperature and concentration polarizations can significantly reduce the permeate flux and energy efficiency, specifically 

on large scale. Thus, novel strategies, such as spacer design with desired shape using 3D printing, can be investigated.  

Modular design 
Modular designs can provide greater flexibility and scalability in membrane distillation systems, allowing for easy 

expansion or contraction of the system as needed. 

Cost reduction 
The high cost of MD systems is still a significant barrier to their widespread adoption, and ongoing research is focused on 

reducing costs through the optimization of materials, manufacturing processes, and module design. 
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Solar energy is an attractive option for running MD processes, 

particularly in remote or off-grid locations where access to electricity or 

natural gas is limited. For example, solar energy is widely available in Africa, 

the Middle East, and many other regions. Solar collectors can therefore be 

used to heat the feed solution in MD, providing the thermal energy needed to 

drive the process, and make it much more sustainable [82]. Alquraish and co-
workers [83] investigated water desalination using a new solar MD plant 

prototype. The experiment was conducted in Kairouan City, Tunisia, where 

the plant relied solely upon the sun as its energy source. The process involved 
using solar energy collectors to heat brackish water through photovoltaic 

panels. The membrane used in the study was a spiral wound design that 

allowed for effective internal heat recovery and a compact arrangement. The 
experiment was successfully carried out, and production averaged 

approximately 15.92 kg/m2.day in August 2020, with the distillate's electrical 

conductivity at 1865 μS/cm. Moreover, the authors calculated the specific 
thermal energy consumption for the system in the range of 90 to 310 kWh/m3. 

Miladi and co-workers [84] investigated the energy performance of a solar-

powered VMD system coupled with a liquid ring vacuum pump, using 
various energy evaluation criteria for twelve months of the year. The authors 

discussed that average daily production could vary in the range of 598-217 

kg/day across the months. The average gained output ratio, average specific 
energy consumption, and average energy efficiency were measured in the 

ranges of 0.93-1.01%, 671-699 kWh/m3, and 56.2-59.3%, respectively. The 

best energy performance was observed in June due to the highest solar 
radiation, and the vacuum liquid ring pump was found to have lower electrical 

energy consumption, ranging from 4.2 to 7.47 kWh/m3 throughout the year. 
The authors also examined the effect of vacuum level and liquid ring 

temperature on energy performance, showing that increasing the vacuum led 

to lower specific energy consumption, and using an operating liquid at 
reduced temperatures reduced flow rate and energy loss. In other 

investigations, both life cycle assessment and economic evaluations revealed 

the great potential in integrating solar energy with MD for different 
applications [85], [86]. However, further investigations should be carried out 

in this field and integration of MD with solar energy, in particles in pilot and 

large scales for water production and wastewater treatment [87].  
Geothermal energy is another potential energy source for MD. In areas 

with high geothermal activity (e.g., Iceland, El Salvador, New Zealand, 

Kenya, the Philippines, Turkey, Iran, Pakistan, etc.) [89], [90], the natural 
heat of the earth can be used to heat the feed solution and create the 

temperature gradient needed for the process [91].  

Wind energy can be used to power the generation of electricity, which 
can then be used to provide the thermal energy needed for MD. For example, 

there is a great potential for utilizing wind power to run MD systems in some 

countries such as Denmark, Spain, and Germany, where a considerable 
amount of the required energy is produced using wind turbines [93]–[95]. 

Bio-sourced energy, such as biomass and biogas, can be used to generate heat 

and provide the thermal energy needed for the MD process. This can be 
particularly useful in areas with abundant biomass resources (e.g., Canada) 

and/or limited access to other energy sources (e.g., Bangladesh) [96]. 

Hydroelectric power, which is generated by water flowing through turbines, is 
another example of a renewable energy source for MD systems. It can be used 

to power the electricity needed to provide thermal energy for MD. This 

energy source is renewable and has low greenhouse gas emissions. Another 
renewable energy source for MD is ocean energy. Ocean energy can be used 

in various forms. For example, tidal energy, which is generated by the rise 

and fall of ocean tides, can also be used to power electricity for MD. This 
energy source is predictable and reliable, with low environmental impact. 

Wave energy, which is generated by the motion of ocean waves, can also be 

used to power electricity for MD. This energy source is abundant and has a 
low environmental impact, but it can be less predictable than other sources 

[97]. 

Moreover, a combination of different energy sources may be used to 
power MD. For example, a solar collector may provide the thermal energy 

needed during the day, while an electric heater powered by wind energy may 

be used at night. The choice of energy source will depend on a variety of 
factors, such as the availability and cost of different energy sources in the 

area, the desired level of sustainability and environmental impact, and the 

performance requirements of the MD systems [98]. Ongoing research and 
development in this field are aimed at improving the efficiency and 

sustainability of MD by optimizing the energy sources used to power the 

process. 
 

 

 
 

 
 

3. Perspectives and conclusions 

 

The future of MD is bright, as it has the potential to provide a sustainable 

and cost-effective solution for desalination and wastewater treatment. 

Therefore, some potential areas of development could shape the future of MD 

technology (Fig. 1), including: 

 The development of new membrane materials with improved selectivity, 

stability, and permeability could lead to better performance and longer 
membrane lifetimes. 

 The integration of MD with renewable energy sources, such as solar, 
wind, or geothermal energy, could make the process more sustainable 

and reduce its environmental impact. These alternative energy sources 

could also help to reduce the overall cost of the process. 

 Hybrid systems combining MD with other separation and purification 

processes, such as RO, FO, crystallization, or electro-dialysis, could lead 

to more efficient and cost-effective processes. These systems could also 
make use of waste heat or other alternative energy sources to reduce 

energy consumption. 

 The use of artificial intelligence, machine learning, and advanced process 
control algorithms, could optimize the operating parameters of the 

process, reduce energy consumption, and improve the reliability and 
consistency of MD. 

  The modular design and portability of MD systems can provide greater 
flexibility in system configuration, making it easier to adapt to different 

feed water qualities, and to scale up or down depending on demand. This 

can be beneficial for small water production systems, such as emergency 
water supply. 

 The commercialization and market adoption of MD systems could be 

driven by improvements in the technology's efficiency, cost-
effectiveness, and reliability, as well as by increasing demand for 

sustainable water treatment solutions. 
  

Overall, the future of MD technology is likely to be shaped by advances 
in membrane materials, integration with renewable energy sources, 

digitization and automation, modular design and portability, and increased 

market adoption. These developments could help to make MD a more 
sustainable, cost-effective, and widely adopted technology for water 

desalination and purification.  

 

 
 

Fig. 1. Three main potential areas for developing and industrialization of MD. 

 

 

Funding 

 

This research did not receive any specific grant from funding agencies in 
the public, commercial, or not-for-profit sectors. 

 

 

Declaration of Competing Interest 

 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence the 

work reported in this paper. 

 

 

 

 
 



M. M. A. Shirazi / Journal of Membrane Science and Research 9 (2023) 1999182 

 

6 

 
 

References 

 
[1] M. Khayet, “Membranes and theoretical modeling of membrane distillation: A 

review,” Adv Colloid Interface Sci, vol. 164, no. 1–2, pp. 56–88, May 2011, doi: 

10.1016/j.cis.2010.09.005. 

[2] J. K. Adewole, H. M. al Maawali, T. Jafary, A. Firouzi, and H. Oladipo, “A review 

of seawater desalination with membrane distillation: material development and 

energy requirements,” Water Supply, vol. 22, no. 12, pp. 8500–8526, Dec. 2022, doi: 

10.2166/ws.2022.337. 

[3] E. Curcio and E. Drioli, “Membrane Distillation and Related Operations—A 

Review,” Separation & Purification Reviews, vol. 34, no. 1, pp. 35–86, Jan. 2005, 

doi: 10.1081/SPM-200054951. 

[4] N. Thomas, M. O. Mavukkandy, S. Loutatidou, and H. A. Arafat, “Membrane 

distillation research &amp; implementation: Lessons from the past five decades,” 

Sep Purif Technol, vol. 189, pp. 108–127, Dec. 2017, doi: 

10.1016/j.seppur.2017.07.069. 

[5] I. A. Said, T. Chomiak, J. Floyd, and Q. Li, “Sweeping gas membrane distillation 

(SGMD) for wastewater treatment, concentration, and desalination: A 

comprehensive review,” Chemical Engineering and Processing - Process 

Intensification, vol. 153, p. 107960, Jul. 2020, doi: 10.1016/j.cep.2020.107960. 

[6] B. B. Ashoor, S. Mansour, A. Giwa, V. Dufour, and S. W. Hasan, “Principles and 

applications of direct contact membrane distillation (DCMD): A comprehensive 

review,” Desalination, vol. 398, pp. 222–246, Nov. 2016, doi: 

10.1016/j.desal.2016.07.043. 

[7] M. A. E.-R. Abu-Zeid, Y. Zhang, H. Dong, L. Zhang, H.-L. Chen, and L. Hou, “A 

comprehensive review of vacuum membrane distillation technique,” Desalination, 

vol. 356, pp. 1–14, Jan. 2015, doi: 10.1016/j.desal.2014.10.033. 

[8] V. T. Shahu and S. B. Thombre, “Air gap membrane distillation: A review,” Journal 

of Renewable and Sustainable Energy, vol. 11, no. 4, p. 045901, Jul. 2019, doi: 

10.1063/1.5063766. 

[9] D. M. Woldemariam, A. Kullab, and A. R. Martin, “District Heat-Driven Water 

Purification via Membrane Distillation: New Possibilities for Applications in 

Pharmaceutical Industries,” Ind Eng Chem Res, vol. 56, no. 9, pp. 2540–2548, Mar. 

2017, doi: 10.1021/acs.iecr.6b04740. 

[10] M. M. A. Shirazi, A. Kargari, and M. Tabatabaei, “Sweeping Gas Membrane 

Distillation (SGMD) as an Alternative for Integration of Bioethanol Processing: 

Study on a Commercial Membrane and Operating Parameters,” Chem Eng Commun, 

vol. 202, no. 4, pp. 457–466, Apr. 2015, doi: 10.1080/00986445.2013.848805. 

[11] M. C. Bhoumick, C. Li, S. Roy, E. Sundstrom, B. G. Harvey, and S. Mitra, 

“Enhanced Recovery of Aviation Biofuel Precursor Isoprenol Using Nanocarbon-

Immobilized Membrane-Based Membrane Distillation,” Energy & Fuels, vol. 37, no. 

4, pp. 2875–2885, Feb. 2023, doi: 10.1021/acs.energyfuels.2c03637. 

[12] L. D. Tijing, Y. C. Woo, J. S. Choi, S. Lee, S. H. Kim, and H. K. Shon, “Fouling and 

its control in membrane distillation—A review,” J Memb Sci, vol. 475, pp. 215–244, 

Feb. 2015, doi: 10.1016/J.MEMSCI.2014.09.042. 

[13] J. Ravi et al., “Polymeric membranes for desalination using membrane distillation: A 

review,” Desalination, vol. 490, p. 114530, Sep. 2020, doi: 

10.1016/j.desal.2020.114530. 

[14] E. Gontarek-Castro, R. Castro-Muñoz, and M. Lieder, “New insights of 

nanomaterials usage toward superhydrophobic membranes for water desalination via 

membrane distillation: A review,” Crit Rev Environ Sci Technol, vol. 52, no. 12, pp. 

2104–2149, Jun. 2022, doi: 10.1080/10643389.2021.1877032. 

[15] L. Eykens, K. De Sitter, C. Dotremont, L. Pinoy, and B. Van der Bruggen, 

“Membrane synthesis for membrane distillation: A review,” Sep Purif Technol, vol. 

182, pp. 36–51, Jul. 2017, doi: 10.1016/j.seppur.2017.03.035. 

[16] H. Chamani, J. Woloszyn, T. Matsuura, D. Rana, and C. Q. Lan, “Pore wetting in 

membrane distillation: A comprehensive review,” Prog Mater Sci, vol. 122, p. 

100843, Oct. 2021, doi: 10.1016/J.PMATSCI.2021.100843. 

[17] L. Eykens, K. de Sitter, C. Dotremont, L. Pinoy, and B. van der Bruggen, “How To 

Optimize the Membrane Properties for Membrane Distillation: A Review,” Ind Eng 

Chem Res, vol. 55, no. 35, pp. 9333–9343, Sep. 2016, doi: 10.1021/acs.iecr.6b02226. 

[18] A. M. Alklaibi and N. Lior, “Membrane-distillation desalination: Status and 

potential,” Desalination, vol. 171, no. 2, pp. 111–131, Jan. 2005, doi: 

10.1016/J.DESAL.2004.03.024. 

[19] A. L. McGaughey, P. Karandikar, M. Gupta, and A. E. Childress, “Hydrophobicity 

versus Pore Size: Polymer Coatings to Improve Membrane Wetting Resistance for 

Membrane Distillation,” ACS Appl Polym Mater, vol. 2, no. 3, pp. 1256–1267, Mar. 

2020, doi: 10.1021/acsapm.9b01133. 

[20] W.-J. Kim, O. Campanella, and D. R. Heldman, “Predicting the performance of 

direct contact membrane distillation (DCMD): Mathematical determination of 

appropriate tortuosity based on porosity,” J Food Eng, vol. 294, p. 110400, Apr. 

2021, doi: 10.1016/j.jfoodeng.2020.110400. 

[21] L. Eykens et al., “Influence of membrane thickness and process conditions on direct 

contact membrane distillation at different salinities,” J Memb Sci, vol. 498, pp. 353–

364, Jan. 2016, doi: 10.1016/j.memsci.2015.07.037. 

[22] P. Wang and T.-S. Chung, “Recent advances in membrane distillation processes: 

Membrane development, configuration design and application exploring,” J Memb 

Sci, vol. 474, pp. 39–56, Jan. 2015, doi: 10.1016/j.memsci.2014.09.016. 

[23] M. M. A. Shirazi, A. Kargari, and M. Tabatabaei, “Evaluation of commercial PTFE 

membranes in desalination by direct contact membrane distillation,” Chemical 

Engineering and Processing: Process Intensification, vol. 76, pp. 16–25, Feb. 2014, 

doi: 10.1016/j.cep.2013.11.010. 

[24] S. Feng, Z. Zhong, Y. Wang, W. Xing, and E. Drioli, “Progress and perspectives in 

PTFE membrane: Preparation, modification, and applications,” J Memb Sci, vol. 

549, pp. 332–349, Mar. 2018, doi: 10.1016/j.memsci.2017.12.032. 

[25] M. Qasim, I. U. Samad, N. A. Darwish, and N. Hilal, “Comprehensive review of 

membrane design and synthesis for membrane distillation,” Desalination, vol. 518, 

p. 115168, Dec. 2021, doi: 10.1016/j.desal.2021.115168. 

[26] H. Sanaeepur, A. Ebadi Amooghin, M. M. A. Shirazi, M. Pishnamazi, and S. 

Shirazian, “Water desalination and ion removal using mixed matrix electrospun 

nanofibrous membranes: A critical review,” Desalination, vol. 521, p. 115350, Jan. 

2022, doi: 10.1016/J.DESAL.2021.115350. 

[27] A. S. Niknejad, S. Bazgir, M. Ardjmand, and M. M. A. Shirazi, “Spent caustic 

wastewater treatment using direct contact membrane distillation with electroblown 

styrene-acrylonitrile membrane,” International Journal of Environmental Science 

and Technology, 2020, doi: 10.1007/s13762-020-02972-x. 

[28] A. S. Niknejad, S. Bazgir, A. Sadeghzadeh, and M. M. A. Shirazi, “Evaluation of a 

novel and highly hydrophobic acrylonitrile-butadiene-styrene membrane for direct 

contact membrane distillation: Electroblowing/air-assisted electrospraying 

techniques,” Desalination, vol. 500, p. 114893, Mar. 2021, doi: 

10.1016/j.desal.2020.114893. 

[29] A. S. Niknejad, S. Bazgir, and A. Kargari, “Desalination by direct contact membrane 

distillation using a superhydrophobic nanofibrous poly (methyl methacrylate) 

membrane,” Desalination, vol. 511, p. 115108, Sep. 2021, doi: 

10.1016/j.desal.2021.115108. 

[30] A. K. An et al., “PDMS/PVDF hybrid electrospun membrane with superhydrophobic 

property and drop impact dynamics for dyeing wastewater treatment using 

membrane distillation,” J Memb Sci, vol. 525, pp. 57–67, Mar. 2017, doi: 

10.1016/j.memsci.2016.10.028. 

[31] M. M. A. Shirazi, S. Bazgir, and F. Meshkani, “A novel dual-layer, gas-assisted 

electrospun, nanofibrous SAN4-HIPS membrane for industrial textile wastewater 

treatment by direct contact membrane distillation (DCMD),” Journal of Water 

Process Engineering, vol. 36, p. 101315, Aug. 2020, doi: 

10.1016/j.jwpe.2020.101315. 

[32] S. Kim, D. E. Heath, and S. E. Kentish, “Crosshatched nanofibre membranes for 

direct contact membrane distillation,” Desalination, vol. 548, p. 116277, Feb. 2023, 

doi: 10.1016/j.desal.2022.116277. 

[33] M. Afsari, Q. Li, E. Karbassiyazdi, H. K. Shon, A. Razmjou, and L. D. Tijing, 

“Electrospun nanofiber composite membranes for geothermal brine treatment with 

lithium enrichment via membrane distillation,” Chemosphere, vol. 318, p. 137902, 

Mar. 2023, doi: 10.1016/j.chemosphere.2023.137902. 

[34] A. Sadeghzadeh, S. Bazgir, and M. M. A. Shirazi, “Fabrication and characterization 

of a novel hydrophobic polystyrene membrane using electroblowing technique for 

desalination by direct contact membrane distillation,” Sep Purif Technol, vol. 239, 

2020, doi: 10.1016/j.seppur.2019.116498. 

[35] A. S. Niknejad, S. Bazgir, and A. Kargari, “Mechanically improved 

superhydrophobic nanofibrous polystyrene/high‐impact polystyrene membranes for 

promising membrane distillation application,” J Appl Polym Sci, vol. 138, no. 36, p. 

50917, Sep. 2021, doi: 10.1002/app.50917. 

[36] M. Khayet, M. C. García-Payo, L. García-Fernández, and J. Contreras-Martínez, 

“Dual-layered electrospun nanofibrous membranes for membrane distillation,” 

Desalination, vol. 426, pp. 174–184, Jan. 2018, doi: 10.1016/j.desal.2017.10.036. 

[37] J. Zuo, T.-S. Chung, G. S. O’Brien, and W. Kosar, “Hydrophobic/hydrophilic 

PVDF/Ultem® dual-layer hollow fiber membranes with enhanced mechanical 

properties for vacuum membrane distillation,” J Memb Sci, vol. 523, pp. 103–110, 

Feb. 2017, doi: 10.1016/j.memsci.2016.09.030. 

[38] D. Cheng, J. Zhang, N. Li, D. Ng, S. R. Gray, and Z. Xie, “Antiwettability and 

Performance Stability of a Composite Hydrophobic/Hydrophilic Dual-Layer 

Membrane in Wastewater Treatment by Membrane Distillation,” Ind Eng Chem Res, 

vol. 57, no. 28, pp. 9313–9322, Jul. 2018, doi: 10.1021/acs.iecr.8b02027. 

[39] M. M. A. Shirazi, S. Bazgir, and F. Meshkani, “A dual-layer, nanofibrous styrene-

acrylonitrile membrane with hydrophobic/hydrophilic composite structure for 

treating the hot dyeing effluent by direct contact membrane distillation,” Chemical 

Engineering Research and Design, vol. 164, pp. 125–146, Dec. 2020, doi: 

10.1016/j.cherd.2020.09.030. 

[40] M. Afsari, Q. Li, E. Karbassiyazdi, H. K. Shon, A. Razmjou, and L. D. Tijing, 

“Electrospun nanofiber composite membranes for geothermal brine treatment with 

lithium enrichment via membrane distillation,” Chemosphere, vol. 318, p. 137902, 

Mar. 2023, doi: 10.1016/j.chemosphere.2023.137902. 

[41] H. Ramlow, R. K. M. Ferreira, C. Marangoni, and R. A. F. Machado, “Ceramic 

membranes applied to membrane distillation: A comprehensive review,” Int J Appl 

Ceram Technol, vol. 16, no. 6, pp. 2161–2172, Nov. 2019, doi: 10.1111/ijac.13301. 

[42] N. M. A. Omar et al., “Bottlenecks and recent improvement strategies of ceramic 

membranes in membrane distillation applications: A review,” J Eur Ceram Soc, vol. 

42, no. 13, pp. 5179–5194, Oct. 2022, doi: 10.1016/j.jeurceramsoc.2022.06.019. 

[43] R. K. M. Ferreira, H. Ramlow, C. Marangoni, and R. A. F. Machado, “A review on 

the manufacturing techniques of porous hydrophobic ceramic membranes applied to 

direct contact membrane distillation,” Advances in Applied Ceramics, vol. 120, no. 

5–8, pp. 336–357, Nov. 2021, doi: 10.1080/17436753.2021.1981749. 

[44] L. Francis, F. E. Ahmed, and N. Hilal, “Electrospun membranes for membrane 

distillation: The state of play and recent advances,” Desalination, vol. 526, p. 

115511, Mar. 2022, doi: 10.1016/j.desal.2021.115511. 

[45] L. Zhou, H. Zhang, A. L. Ahmad, S. H. Tan, S. C. Low, and C. Li, “Hierarchical 

structure design of electrospun membrane for enhanced membrane distillation 

treatment of shrimp aquaculture wastewater,” Sep Purif Technol, vol. 306, p. 

122591, Feb. 2023, doi: 10.1016/j.seppur.2022.122591. 

[46] S. Leaper et al., “Flux-enhanced PVDF mixed matrix membranes incorporating 

APTS-functionalized graphene oxide for membrane distillation,” J Memb Sci, vol. 

554, pp. 309–323, May 2018, doi: 10.1016/j.memsci.2018.03.013. 

[47] H. Sanaeepur, A. Ebadi Amooghin, M. M. A. Shirazi, M. Pishnamazi, and S. 

Shirazian, “Water desalination and ion removal using mixed matrix electrospun 

nanofibrous membranes: A critical review,” Desalination, vol. 521, p. 115350, Jan. 

2022, doi: 10.1016/j.desal.2021.115350. 

https://doi.org/10.1016/j.cis.2010.09.005
https://doi.org/10.1016/j.cis.2010.09.005
https://doi.org/10.1016/j.cis.2010.09.005
https://doi.org/10.2166/ws.2022.337
https://doi.org/10.2166/ws.2022.337
https://doi.org/10.2166/ws.2022.337
https://doi.org/10.2166/ws.2022.337
https://doi.org/10.1081/SPM-200054951
https://doi.org/10.1081/SPM-200054951
https://doi.org/10.1081/SPM-200054951
https://doi.org/10.1016/j.seppur.2017.07.069
https://doi.org/10.1016/j.seppur.2017.07.069
https://doi.org/10.1016/j.seppur.2017.07.069
https://doi.org/10.1016/j.seppur.2017.07.069
https://doi.org/10.1016/j.cep.2020.107960
https://doi.org/10.1016/j.cep.2020.107960
https://doi.org/10.1016/j.cep.2020.107960
https://doi.org/10.1016/j.cep.2020.107960
https://doi.org/10.1016/j.desal.2016.07.043
https://doi.org/10.1016/j.desal.2016.07.043
https://doi.org/10.1016/j.desal.2016.07.043
https://doi.org/10.1016/j.desal.2016.07.043
https://doi.org/10.1016/j.desal.2014.10.033
https://doi.org/10.1016/j.desal.2014.10.033
https://doi.org/10.1016/j.desal.2014.10.033
https://doi.org/10.1063/1.5063766
https://doi.org/10.1063/1.5063766
https://doi.org/10.1063/1.5063766
https://doi.org/10.1021/acs.iecr.6b04740
https://doi.org/10.1021/acs.iecr.6b04740
https://doi.org/10.1021/acs.iecr.6b04740
https://doi.org/10.1021/acs.iecr.6b04740
https://doi.org/10.1080/00986445.2013.848805
https://doi.org/10.1080/00986445.2013.848805
https://doi.org/10.1080/00986445.2013.848805
https://doi.org/10.1080/00986445.2013.848805
https://doi.org/10.1021/acs.energyfuels.2c03637
https://doi.org/10.1021/acs.energyfuels.2c03637
https://doi.org/10.1021/acs.energyfuels.2c03637
https://doi.org/10.1021/acs.energyfuels.2c03637
https://doi.org/10.1016/j.memsci.2014.09.042
https://doi.org/10.1016/j.memsci.2014.09.042
https://doi.org/10.1016/j.memsci.2014.09.042
https://doi.org/10.1016/j.desal.2020.114530
https://doi.org/10.1016/j.desal.2020.114530
https://doi.org/10.1016/j.desal.2020.114530
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1016/j.seppur.2017.03.035
https://doi.org/10.1016/j.seppur.2017.03.035
https://doi.org/10.1016/j.seppur.2017.03.035
https://doi.org/10.1016/j.pmatsci.2021.100843
https://doi.org/10.1016/j.pmatsci.2021.100843
https://doi.org/10.1016/j.pmatsci.2021.100843
https://doi.org/10.1021/acs.iecr.6b02226
https://doi.org/10.1021/acs.iecr.6b02226
https://doi.org/10.1021/acs.iecr.6b02226
https://doi.org/10.1016/j.desal.2004.03.024
https://doi.org/10.1016/j.desal.2004.03.024
https://doi.org/10.1016/j.desal.2004.03.024
https://doi.org/10.1021/acsapm.9b01133
https://doi.org/10.1021/acsapm.9b01133
https://doi.org/10.1021/acsapm.9b01133
https://doi.org/10.1021/acsapm.9b01133
https://doi.org/10.1016/j.jfoodeng.2020.110400
https://doi.org/10.1016/j.jfoodeng.2020.110400
https://doi.org/10.1016/j.jfoodeng.2020.110400
https://doi.org/10.1016/j.jfoodeng.2020.110400
https://doi.org/10.1016/j.memsci.2015.07.037
https://doi.org/10.1016/j.memsci.2015.07.037
https://doi.org/10.1016/j.memsci.2015.07.037
https://doi.org/10.1016/j.memsci.2014.09.016
https://doi.org/10.1016/j.memsci.2014.09.016
https://doi.org/10.1016/j.memsci.2014.09.016
https://doi.org/10.1016/j.cep.2013.11.010
https://doi.org/10.1016/j.cep.2013.11.010
https://doi.org/10.1016/j.cep.2013.11.010
https://doi.org/10.1016/j.cep.2013.11.010
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.desal.2021.115168
https://doi.org/10.1016/j.desal.2021.115168
https://doi.org/10.1016/j.desal.2021.115168
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1007/s13762-020-02972-x
https://doi.org/10.1007/s13762-020-02972-x
https://doi.org/10.1007/s13762-020-02972-x
https://doi.org/10.1007/s13762-020-02972-x
https://doi.org/10.1016/j.desal.2020.114893
https://doi.org/10.1016/j.desal.2020.114893
https://doi.org/10.1016/j.desal.2020.114893
https://doi.org/10.1016/j.desal.2020.114893
https://doi.org/10.1016/j.desal.2020.114893
https://doi.org/10.1016/j.desal.2021.115108
https://doi.org/10.1016/j.desal.2021.115108
https://doi.org/10.1016/j.desal.2021.115108
https://doi.org/10.1016/j.desal.2021.115108
https://doi.org/10.1016/j.memsci.2016.10.028
https://doi.org/10.1016/j.memsci.2016.10.028
https://doi.org/10.1016/j.memsci.2016.10.028
https://doi.org/10.1016/j.memsci.2016.10.028
https://doi.org/10.1016/j.jwpe.2020.101315
https://doi.org/10.1016/j.jwpe.2020.101315
https://doi.org/10.1016/j.jwpe.2020.101315
https://doi.org/10.1016/j.jwpe.2020.101315
https://doi.org/10.1016/j.jwpe.2020.101315
https://doi.org/10.1016/j.desal.2022.116277
https://doi.org/10.1016/j.desal.2022.116277
https://doi.org/10.1016/j.desal.2022.116277
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.seppur.2019.116498
https://doi.org/10.1016/j.seppur.2019.116498
https://doi.org/10.1016/j.seppur.2019.116498
https://doi.org/10.1016/j.seppur.2019.116498
https://doi.org/10.1002/app.50917
https://doi.org/10.1002/app.50917
https://doi.org/10.1002/app.50917
https://doi.org/10.1002/app.50917
https://doi.org/10.1016/j.desal.2017.10.036
https://doi.org/10.1016/j.desal.2017.10.036
https://doi.org/10.1016/j.desal.2017.10.036
https://doi.org/10.1016/j.memsci.2016.09.030
https://doi.org/10.1016/j.memsci.2016.09.030
https://doi.org/10.1016/j.memsci.2016.09.030
https://doi.org/10.1016/j.memsci.2016.09.030
https://doi.org/10.1021/acs.iecr.8b02027
https://doi.org/10.1021/acs.iecr.8b02027
https://doi.org/10.1021/acs.iecr.8b02027
https://doi.org/10.1021/acs.iecr.8b02027
https://doi.org/10.1016/j.cherd.2020.09.030
https://doi.org/10.1016/j.cherd.2020.09.030
https://doi.org/10.1016/j.cherd.2020.09.030
https://doi.org/10.1016/j.cherd.2020.09.030
https://doi.org/10.1016/j.cherd.2020.09.030
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1016/j.chemosphere.2023.137902
https://doi.org/10.1111/ijac.13301
https://doi.org/10.1111/ijac.13301
https://doi.org/10.1111/ijac.13301
https://doi.org/10.1016/j.jeurceramsoc.2022.06.019
https://doi.org/10.1016/j.jeurceramsoc.2022.06.019
https://doi.org/10.1016/j.jeurceramsoc.2022.06.019
https://doi.org/10.1080/17436753.2021.1981749
https://doi.org/10.1080/17436753.2021.1981749
https://doi.org/10.1080/17436753.2021.1981749
https://doi.org/10.1080/17436753.2021.1981749
https://doi.org/10.1016/j.desal.2021.115511
https://doi.org/10.1016/j.desal.2021.115511
https://doi.org/10.1016/j.desal.2021.115511
https://doi.org/10.1016/j.seppur.2022.122591
https://doi.org/10.1016/j.seppur.2022.122591
https://doi.org/10.1016/j.seppur.2022.122591
https://doi.org/10.1016/j.seppur.2022.122591
https://doi.org/10.1016/j.memsci.2018.03.013
https://doi.org/10.1016/j.memsci.2018.03.013
https://doi.org/10.1016/j.memsci.2018.03.013
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1016/j.desal.2021.115350
https://doi.org/10.1016/j.desal.2021.115350


M. M. A. Shirazi / Journal of Membrane Science and Research 9 (2023) 1999182 

 

7 

 
 

[48] S. Seraj, T. Mohammadi, and M. A. Tofighy, “Graphene-based membranes for 

membrane distillation applications: A review,” J Environ Chem Eng, vol. 10, no. 3, 

p. 107974, Jun. 2022, doi: 10.1016/j.jece.2022.107974. 

[49] H. Chen et al., “Plasma-assisted facile fabrication of omniphobic graphene oxide 

membrane with anti-wetting property for membrane distillation,” J Memb Sci, vol. 

668, p. 121207, Feb. 2023, doi: 10.1016/j.memsci.2022.121207. 

[50] L. L. Hui Ting, Y. H. Teow, E. Mahmoudi, and B. S. Ooi, “Development and 

optimization of low surface free energy of rGO-PVDF mixed matrix membrane for 

membrane distillation,” Sep Purif Technol, vol. 305, p. 122428, Jan. 2023, doi: 

10.1016/j.seppur.2022.122428. 

[51] N. Thomas et al., “Antiscaling 3D printed feed spacers via facile nanoparticle 

coating for membrane distillation,” Water Res, vol. 189, p. 116649, Feb. 2021, doi: 

10.1016/j.watres.2020.116649. 

[52] Z. Chen, J. Li, J. Zhou, and X. Chen, “Photothermal Janus PPy-SiO2@PAN/F-

SiO2@PVDF-HFP membrane for high-efficient, low energy and stable desalination 

through solar membrane distillation,” Chemical Engineering Journal, vol. 451, p. 

138473, Jan. 2023, doi: 10.1016/j.cej.2022.138473. 

[53] L. F. Dumée, S. Smart, M. C. Duke, and S. R. Gray, “Next generation membranes 

for membrane distillation and future prospects,” in Pervaporation, Vapour 

Permeation and Membrane Distillation, Elsevier, 2015, pp. 415–447. doi: 

10.1016/B978-1-78242-246-4.00014-3. 

[54] W. Wang et al., “Trade-off in membrane distillation with monolithic omniphobic 

membranes,” Nat Commun, vol. 10, no. 1, p. 3220, Jul. 2019, doi: 10.1038/s41467-

019-11209-6. 

[55] M. Tawalbeh, L. Qalyoubi, A. Al-Othman, M. Qasim, and M. Shirazi, “Insights on 

the development of enhanced antifouling reverse osmosis membranes: Industrial 

applications and challenges,” Desalination, vol. 553, p. 116460, May 2023, doi: 

10.1016/j.desal.2023.116460. 

[56] N. G. P. Chew, S. Zhao, and R. Wang, “Recent advances in membrane development 

for treating surfactant- and oil-containing feed streams via membrane distillation,” 

Adv Colloid Interface Sci, vol. 273, p. 102022, Nov. 2019, doi: 

10.1016/j.cis.2019.102022. 

[57] A. Abdel-Karim, S. Leaper, C. Skuse, G. Zaragoza, M. Gryta, and P. Gorgojo, 

“Membrane cleaning and pretreatments in membrane distillation – a review,” 

Chemical Engineering Journal, vol. 422, p. 129696, Oct. 2021, doi: 

10.1016/j.cej.2021.129696. 

[58] M. Afsari, H. K. Shon, and L. D. Tijing, “Janus membranes for membrane 

distillation: Recent advances and challenges,” Adv Colloid Interface Sci, vol. 289, p. 

102362, Mar. 2021, doi: 10.1016/j.cis.2021.102362. 

[59] E. Aytaç and M. Khayet, “A deep dive into membrane distillation literature with data 

analysis, bibliometric methods, and machine learning,” Desalination, vol. 553, p. 

116482, May 2023, doi: 10.1016/j.desal.2023.116482. 

[60] A. A. Khan et al., “Metal oxide and carbon nanomaterial-based membranes for 

reverse osmosis and membrane distillation: A comparative review,” Environ Res, 

vol. 202, p. 111716, Nov. 2021, doi: 10.1016/j.envres.2021.111716. 

[61] S. Sinha Ray et al., “Recent Developments in Nanomaterials-Modified Membranes 

for Improved Membrane Distillation Performance,” Membranes (Basel), vol. 10, no. 

7, p. 140, Jul. 2020, doi: 10.3390/membranes10070140. 

[62] E. Gontarek-Castro, R. Castro-Muñoz, and M. Lieder, “New insights of 

nanomaterials usage toward superhydrophobic membranes for water desalination via 

membrane distillation: A review,” Crit Rev Environ Sci Technol, vol. 52, no. 12, pp. 

2104–2149, Jun. 2022, doi: 10.1080/10643389.2021.1877032. 

[63] S. Leaper, A. Abdel-Karim, and P. Gorgojo, “The use of carbon nanomaterials in 

membrane distillation membranes: a review,” Front Chem Sci Eng, vol. 15, no. 4, 

pp. 755–774, Aug. 2021, doi: 10.1007/s11705-020-1993-y. 

[64] M. Tian et al., “Exploring the potential usage of 3D printed membranes combined 

with PVDF coating in direct contact membrane distillation,” Desalination, vol. 513, 

p. 115134, Oct. 2021, doi: 10.1016/j.desal.2021.115134. 

[65] Q. Li et al., “Improving the performance of vacuum membrane distillation using a 

3D-printed helical baffle and a superhydrophobic nanocomposite membrane,” Sep 

Purif Technol, vol. 248, p. 117072, Oct. 2020, doi: 10.1016/j.seppur.2020.117072. 

[66] X. Qian et al., “A critical review and commentary on recent progress of additive 

manufacturing and its impact on membrane technology,” J Memb Sci, vol. 645, p. 

120041, Mar. 2022, doi: 10.1016/j.memsci.2021.120041. 

[67] S. Jeong et al., “Engineered multi-scale roughness of carbon nanofiller-embedded 

3D printed spacers for membrane distillation,” Water Res, vol. 231, p. 119649, Mar. 

2023, doi: 10.1016/j.watres.2023.119649. 

[68] T. Matsuura and M. M. A. Shirazi, “Principles of electrospinning and nanofiber 

membranes,” in Electrospun and Nanofibrous Membranes, Elsevier, 2023, pp. 3–25. 

doi: 10.1016/B978-0-12-823032-9.00016-7. 

[69] M. A. Alaei Shahmirzadi, K. Jalali, and A. Kargari, “Electrospun and nanofibrous 

membranes for membrane distillation,” in Electrospun and Nanofibrous Membranes, 

Elsevier, 2023, pp. 371–407. doi: 10.1016/B978-0-12-823032-9.00005-2. 

[70] R. Sengur-Tasdemir, S. Aydin, T. Turken, E. A. Genceli, and I. Koyuncu, 

“Biomimetic Approaches for Membrane Technologies,” Separation & Purification 

Reviews, vol. 45, no. 2, pp. 122–140, Apr. 2016, doi: 

10.1080/15422119.2015.1035443. 

[71] X. Liao, K. Goh, Y. Liao, R. Wang, and A. G. Razaqpur, “Bio-inspired super liquid-

repellent membranes for membrane distillation: Mechanisms, fabrications and 

applications,” Adv Colloid Interface Sci, vol. 297, p. 102547, Nov. 2021, doi: 

10.1016/j.cis.2021.102547. 

[72] A. G. Razaqpur, Y. Wang, X. Liao, Y. Liao, and R. Wang, “Progress of 

photothermal membrane distillation for decentralized desalination: A review,” Water 

Res, vol. 201, p. 117299, Aug. 2021, doi: 10.1016/j.watres.2021.117299. 

[73] Z. Chen, J. Li, J. Zhou, and X. Chen, “Photothermal Janus PPy-SiO2@PAN/F-

SiO2@PVDF-HFP membrane for high-efficient, low energy and stable desalination 

through solar membrane distillation,” Chemical Engineering Journal, vol. 451, p. 

138473, Jan. 2023, doi: 10.1016/j.cej.2022.138473. 

[74] N. S. Fuzil et al., “A review on photothermal material and its usage in the 

development of photothermal membrane for sustainable clean water production,” 

Desalination, vol. 517, p. 115259, Dec. 2021, doi: 10.1016/j.desal.2021.115259. 

[75] M. M. A. Shirazi, A. Kargari, A. F. Ismail, and T. Matsuura, “Computational Fluid 

Dynamic (CFD) opportunities applied to the membrane distillation process: State-of-

the-art and perspectives,” Desalination, vol. 377, pp. 73–90, Jan. 2016, doi: 

10.1016/j.desal.2015.09.010. 

[76] L. Francis, F. E. Ahmed, and N. Hilal, “Advances in Membrane Distillation Module 

Configurations,” Membranes (Basel), vol. 12, no. 1, p. 81, Jan. 2022, doi: 

10.3390/membranes12010081. 

[77] J.-H. Tsai, C. Quist-Jensen, and A. Ali, “Multipass hollow fiber membrane modules 

for membrane distillation,” Desalination, vol. 548, p. 116239, Feb. 2023, doi: 

10.1016/j.desal.2022.116239. 

[78] A. A. Kiss and O. M. Kattan Readi, “An industrial perspective on membrane 

distillation processes,” Journal of Chemical Technology & Biotechnology, vol. 93, 

no. 8, pp. 2047–2055, Aug. 2018, doi: 10.1002/jctb.5674. 

[79] A. Yadav, P. K. Labhasetwar, and V. K. Shahi, “Membrane distillation using low-

grade energy for desalination: A review,” J Environ Chem Eng, vol. 9, no. 5, p. 

105818, Oct. 2021, doi: 10.1016/j.jece.2021.105818. 

[80] Y. Qin et al., “An efficient high-temperature PEMFC/membrane distillation hybrid 

system for simultaneous production of electricity and fresh water,” Int J Hydrogen 

Energy, vol. 47, no. 23, pp. 11998–12014, Mar. 2022, doi: 

10.1016/j.ijhydene.2022.01.224. 

[81] H. Bazargan Harandi, A. Asadi, Z. Shen, and P.-C. Sui, “Integration of Direct-

Contact Membrane Distillation with Flat-Plate Solar Collector versus Proton-

Exchange Membrane Fuel Cell: Dynamic Simulations and Comparative Analysis,” 

Journal of Energy Engineering, vol. 148, no. 2, Apr. 2022, doi: 

10.1061/(ASCE)EY.1943-7897.0000825. 

[82] J. Choi, J. Cho, J. Shin, H. Cha, J. Jung, and K. G. Song, “Performance and 

economic analysis of a solar membrane distillation pilot plant under various 

operating conditions,” Energy Convers Manag, vol. 268, p. 115991, Sep. 2022, doi: 

10.1016/j.enconman.2022.115991. 

[83] M. M. Alquraish, S. Mejbri, K. A. Abuhasel, and K. Zhani, “Experimental 

Investigation of a Pilot Solar-Assisted Permeate Gap Membrane Distillation,” 

Membranes (Basel), vol. 11, no. 5, p. 336, Apr. 2021, doi: 

10.3390/membranes11050336. 

[84] R. Miladi, N. Frikha, and S. Gabsi, “Modeling and energy analysis of a solar thermal 

vacuum membrane distillation coupled with a liquid ring vacuum pump,” Renew 

Energy, vol. 164, pp. 1395–1407, Feb. 2021, doi: 10.1016/j.renene.2020.10.136. 

[85] H. S. Usman, K. Touati, and Md. S. Rahaman, “An economic evaluation of 

renewable energy-powered membrane distillation for desalination of brackish 

water,” Renew Energy, vol. 169, pp. 1294–1304, May 2021, doi: 

10.1016/j.renene.2021.01.087. 

[86] A. Siefan, E. Rachid, N. Elashwah, F. AlMarzooqi, F. Banat, and R. van der Merwe, 

“Desalination via solar membrane distillation and conventional membrane 

distillation: Life cycle assessment case study in Jordan,” Desalination, vol. 522, p. 

115383, Jan. 2022, doi: 10.1016/j.desal.2021.115383. 

[87] J. Choi, J. Cho, J. Shin, H. Cha, J. Jung, and K. G. Song, “Performance and 

economic analysis of a solar membrane distillation pilot plant under various 

operating conditions,” Energy Convers Manag, vol. 268, p. 115991, Sep. 2022, doi: 

10.1016/j.enconman.2022.115991. 

[88] M. Zubair and A. B. Awan, “Economic viability of solar energy export from the 

Middle East and North Africa to Europe and South Asia,” Environ Dev Sustain, vol. 

23, no. 12, pp. 17986–18007, Dec. 2021, doi: 10.1007/s10668-021-01424-x. 

[89] L. Kumar, Md. S. Hossain, M. E. H. Assad, and M. U. Manoo, “Technological 

Advancements and Challenges of Geothermal Energy Systems: A Comprehensive 

Review,” Energies (Basel), vol. 15, no. 23, p. 9058, Nov. 2022, doi: 

10.3390/en15239058. 

[90] M. T. Islam et al., “Trends and prospects of geothermal energy as an alternative 

source of power: A comprehensive review,” Heliyon, vol. 8, no. 12, p. e11836, Dec. 

2022, doi: 10.1016/j.heliyon.2022.e11836. 

[91] R. Sarbatly and C.-K. Chiam, “Evaluation of geothermal energy in desalination by 

vacuum membrane distillation,” Appl Energy, vol. 112, pp. 737–746, Dec. 2013, doi: 

10.1016/j.apenergy.2012.12.028. 

[92] C. A. Vargas, L. Caracciolo, and P. J. Ball, “Geothermal energy as a means to 

decarbonize the energy mix of megacities,” Commun Earth Environ, vol. 3, no. 1, p. 

66, Mar. 2022, doi: 10.1038/s43247-022-00386-w. 

[93] M. I. Blanco, “The economics of wind energy,” Renewable and Sustainable Energy 

Reviews, vol. 13, no. 6–7, pp. 1372–1382, Aug. 2009, doi: 

10.1016/j.rser.2008.09.004. 

[94] H. Susanto, “Towards practical implementations of membrane distillation,” 

Chemical Engineering and Processing: Process Intensification, vol. 50, no. 2, pp. 

139–150, Feb. 2011, doi: 10.1016/j.cep.2010.12.008. 

[95] S. Memon, H.-S. Lee, W.-S. Kim, and Y.-D. Kim, “Parametric investigation of 

modular configuration of multi-stage direct contact membrane distillation powered 

by waste heat of wind turbine,” Desalination, vol. 533, p. 115770, Jul. 2022, doi: 

10.1016/j.desal.2022.115770. 

[96] E. U. Khan and A. R. Martin, “Optimization of hybrid renewable energy 

polygeneration system with membrane distillation for rural households in 

Bangladesh,” Energy, vol. 93, pp. 1116–1127, Dec. 2015, doi: 

10.1016/j.energy.2015.09.109. 

[97] Z. Li, A. Siddiqi, L. D. Anadon, and V. Narayanamurti, “Towards sustainability in 

water-energy nexus: Ocean energy for seawater desalination,” Renewable and 

Sustainable Energy Reviews, vol. 82, pp. 3833–3847, Feb. 2018, doi: 

10.1016/j.rser.2017.10.087. 

[98] F. E. Ahmed, B. S. Lalia, R. Hashaikeh, and N. Hilal, “Alternative heating 

techniques in membrane distillation: A review,” Desalination, vol. 496, p. 114713, 

Dec. 2020, doi: 10.1016/J.DESAL.2020.114713.

https://doi.org/10.1016/j.jece.2022.107974
https://doi.org/10.1016/j.jece.2022.107974
https://doi.org/10.1016/j.jece.2022.107974
H.%20Chen%20et%20al.,%20“Plasma-assisted%20facile%20fabrication%20of%20omniphobic%20graphene%20oxide%20membrane%20with%20anti-wetting%20property%20for%20membrane%20distillation,”%20J%20Memb%20Sci,%20vol.%20668,%20p.%20121207,%20Feb.%202023,%20doi:%2010.1016/j.memsci.2022.121207.
H.%20Chen%20et%20al.,%20“Plasma-assisted%20facile%20fabrication%20of%20omniphobic%20graphene%20oxide%20membrane%20with%20anti-wetting%20property%20for%20membrane%20distillation,”%20J%20Memb%20Sci,%20vol.%20668,%20p.%20121207,%20Feb.%202023,%20doi:%2010.1016/j.memsci.2022.121207.
H.%20Chen%20et%20al.,%20“Plasma-assisted%20facile%20fabrication%20of%20omniphobic%20graphene%20oxide%20membrane%20with%20anti-wetting%20property%20for%20membrane%20distillation,”%20J%20Memb%20Sci,%20vol.%20668,%20p.%20121207,%20Feb.%202023,%20doi:%2010.1016/j.memsci.2022.121207.
https://doi.org/10.1016/j.seppur.2022.122428
https://doi.org/10.1016/j.seppur.2022.122428
https://doi.org/10.1016/j.seppur.2022.122428
https://doi.org/10.1016/j.seppur.2022.122428
https://doi.org/10.1016/j.watres.2020.116649
https://doi.org/10.1016/j.watres.2020.116649
https://doi.org/10.1016/j.watres.2020.116649
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/B978-1-78242-246-4.00014-3
https://doi.org/10.1016/B978-1-78242-246-4.00014-3
https://doi.org/10.1016/B978-1-78242-246-4.00014-3
https://doi.org/10.1016/B978-1-78242-246-4.00014-3
https://doi.org/10.1038/s41467-019-11209-6
https://doi.org/10.1038/s41467-019-11209-6
https://doi.org/10.1038/s41467-019-11209-6
https://doi.org/10.1016/j.desal.2023.116460
https://doi.org/10.1016/j.desal.2023.116460
https://doi.org/10.1016/j.desal.2023.116460
https://doi.org/10.1016/j.desal.2023.116460
https://doi.org/10.1016/j.cis.2019.102022
https://doi.org/10.1016/j.cis.2019.102022
https://doi.org/10.1016/j.cis.2019.102022
https://doi.org/10.1016/j.cis.2019.102022
https://doi.org/10.1016/j.cej.2021.129696
https://doi.org/10.1016/j.cej.2021.129696
https://doi.org/10.1016/j.cej.2021.129696
https://doi.org/10.1016/j.cej.2021.129696
https://doi.org/10.1016/j.cis.2021.102362
https://doi.org/10.1016/j.cis.2021.102362
https://doi.org/10.1016/j.cis.2021.102362
https://doi.org/10.1016/j.desal.2023.116482
https://doi.org/10.1016/j.desal.2023.116482
https://doi.org/10.1016/j.desal.2023.116482
https://doi.org/10.1016/j.envres.2021.111716
https://doi.org/10.1016/j.envres.2021.111716
https://doi.org/10.1016/j.envres.2021.111716
https://doi.org/10.3390/membranes10070140
https://doi.org/10.3390/membranes10070140
https://doi.org/10.3390/membranes10070140
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1080/10643389.2021.1877032
https://doi.org/10.1007/s11705-020-1993-y
https://doi.org/10.1007/s11705-020-1993-y
https://doi.org/10.1007/s11705-020-1993-y
https://doi.org/10.1016/j.desal.2021.115134
https://doi.org/10.1016/j.desal.2021.115134
https://doi.org/10.1016/j.desal.2021.115134
https://doi.org/10.1016/j.seppur.2020.117072
https://doi.org/10.1016/j.seppur.2020.117072
https://doi.org/10.1016/j.seppur.2020.117072
https://doi.org/10.1016/j.memsci.2021.120041
https://doi.org/10.1016/j.memsci.2021.120041
https://doi.org/10.1016/j.memsci.2021.120041
https://doi.org/10.1016/j.watres.2023.119649
https://doi.org/10.1016/j.watres.2023.119649
https://doi.org/10.1016/j.watres.2023.119649
https://doi.org/10.1016/B978-0-12-823032-9.00016-7
https://doi.org/10.1016/B978-0-12-823032-9.00016-7
https://doi.org/10.1016/B978-0-12-823032-9.00016-7
https://doi.org/10.1016/B978-0-12-823032-9.00005-2
https://doi.org/10.1016/B978-0-12-823032-9.00005-2
https://doi.org/10.1016/B978-0-12-823032-9.00005-2
https://doi.org/10.1080/15422119.2015.1035443
https://doi.org/10.1080/15422119.2015.1035443
https://doi.org/10.1080/15422119.2015.1035443
https://doi.org/10.1080/15422119.2015.1035443
https://doi.org/10.1016/j.cis.2021.102547
https://doi.org/10.1016/j.cis.2021.102547
https://doi.org/10.1016/j.cis.2021.102547
https://doi.org/10.1016/j.cis.2021.102547
https://doi.org/10.1016/j.watres.2021.117299
https://doi.org/10.1016/j.watres.2021.117299
https://doi.org/10.1016/j.watres.2021.117299
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.cej.2022.138473
https://doi.org/10.1016/j.desal.2021.115259
https://doi.org/10.1016/j.desal.2021.115259
https://doi.org/10.1016/j.desal.2021.115259
https://doi.org/10.1016/j.desal.2015.09.010
https://doi.org/10.1016/j.desal.2015.09.010
https://doi.org/10.1016/j.desal.2015.09.010
https://doi.org/10.1016/j.desal.2015.09.010
https://doi.org/10.3390/membranes12010081
https://doi.org/10.3390/membranes12010081
https://doi.org/10.3390/membranes12010081
https://doi.org/10.1016/j.desal.2022.116239
https://doi.org/10.1016/j.desal.2022.116239
https://doi.org/10.1016/j.desal.2022.116239
https://doi.org/10.1002/jctb.5674
https://doi.org/10.1002/jctb.5674
https://doi.org/10.1002/jctb.5674
https://doi.org/10.1016/j.jece.2021.105818
https://doi.org/10.1016/j.jece.2021.105818
https://doi.org/10.1016/j.jece.2021.105818
https://doi.org/10.1016/j.ijhydene.2022.01.224
https://doi.org/10.1016/j.ijhydene.2022.01.224
https://doi.org/10.1016/j.ijhydene.2022.01.224
https://doi.org/10.1016/j.ijhydene.2022.01.224
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29EY.1943-7897.0000825
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29EY.1943-7897.0000825
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29EY.1943-7897.0000825
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29EY.1943-7897.0000825
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29EY.1943-7897.0000825
https://doi.org/10.1016/j.enconman.2018.07.015
https://doi.org/10.1016/j.enconman.2018.07.015
https://doi.org/10.1016/j.enconman.2018.07.015
https://doi.org/10.1016/j.enconman.2018.07.015
https://doi.org/10.3390/membranes11050336
https://doi.org/10.3390/membranes11050336
https://doi.org/10.3390/membranes11050336
https://doi.org/10.3390/membranes11050336
https://doi.org/10.1016/j.renene.2020.10.136
https://doi.org/10.1016/j.renene.2020.10.136
https://doi.org/10.1016/j.renene.2020.10.136
https://doi.org/10.1016/j.renene.2021.01.087
https://doi.org/10.1016/j.renene.2021.01.087
https://doi.org/10.1016/j.renene.2021.01.087
https://doi.org/10.1016/j.renene.2021.01.087
https://doi.org/10.1016/j.desal.2021.115383
https://doi.org/10.1016/j.desal.2021.115383
https://doi.org/10.1016/j.desal.2021.115383
https://doi.org/10.1016/j.desal.2021.115383
https://doi.org/10.1016/j.enconman.2022.115991
https://doi.org/10.1016/j.enconman.2022.115991
https://doi.org/10.1016/j.enconman.2022.115991
https://doi.org/10.1016/j.enconman.2022.115991
https://doi.org/10.1007/s10668-021-01424-x
https://doi.org/10.1007/s10668-021-01424-x
https://doi.org/10.1007/s10668-021-01424-x
https://doi.org/10.3390/en15239058
https://doi.org/10.3390/en15239058
https://doi.org/10.3390/en15239058
https://doi.org/10.3390/en15239058
https://doi.org/10.1016/j.heliyon.2022.e11836
https://doi.org/10.1016/j.heliyon.2022.e11836
https://doi.org/10.1016/j.heliyon.2022.e11836
https://doi.org/10.1016/j.apenergy.2012.12.028
https://doi.org/10.1016/j.apenergy.2012.12.028
https://doi.org/10.1016/j.apenergy.2012.12.028
https://doi.org/10.1038/s43247-022-00386-w
https://doi.org/10.1038/s43247-022-00386-w
https://doi.org/10.1038/s43247-022-00386-w
doi:%2010.1016/j.rser.2008.09.004
doi:%2010.1016/j.rser.2008.09.004
doi:%2010.1016/j.rser.2008.09.004
https://doi.org/10.1016/j.cep.2010.12.008
https://doi.org/10.1016/j.cep.2010.12.008
https://doi.org/10.1016/j.cep.2010.12.008
https://doi.org/10.1016/j.desal.2022.115770
https://doi.org/10.1016/j.desal.2022.115770
https://doi.org/10.1016/j.desal.2022.115770
https://doi.org/10.1016/j.desal.2022.115770
https://doi.org/10.1016/j.energy.2015.09.109
https://doi.org/10.1016/j.energy.2015.09.109
https://doi.org/10.1016/j.energy.2015.09.109
https://doi.org/10.1016/j.energy.2015.09.109
https://doi.org/10.1016/j.rser.2017.10.087
https://doi.org/10.1016/j.rser.2017.10.087
https://doi.org/10.1016/j.rser.2017.10.087
https://doi.org/10.1016/j.rser.2017.10.087
https://doi.org/10.1016/j.desal.2020.114713
https://doi.org/10.1016/j.desal.2020.114713
https://doi.org/10.1016/j.desal.2020.114713

