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A B S T R A C T   

The freshwater shortage continues to be one of the greatest challenges affecting our planet. 
Although traditional membrane distillation (MD) can produce clean water regardless of climatic 
conditions, the process wastes a lot of energy. The technique of solar-powered membrane 
distillation (SPMD) has received a lot of interest in the past decade, thanks to the development of 
photothermal materials. SPMD is a promising replacement for the traditional MD based on fossil 
fuels, as it can prevent the harmful effects of emissions on the environment. Integrating green 
solar energy with MD can reduce the cost of the water purification process and secure freshwater 
production in remote areas. At this point, it is important to consider the most current progress of 
the SPMD system and highlight the challenges and prospects of this technology. Based on this, the 
background, recent advances, and principles of MD and SPMD, their configurations and mecha-
nisms, fabrication methods, advantages, and current limitations are discussed. Detailed com-
parisons between SPMD and traditional MD, assessments of various standards for incorporating 
photothermal materials with desirable properties, discussions of desalination and other applica-
tions of SPMD and MD, and energy consumption rates are also covered. The final section ad-
dresses the potential of SPMD to outperform traditional desalination technology while improving 
water production without requiring a significant amount of electrical or high-grade thermal 
energy.   

1. Introduction 

Due to the growing population and fast industry development, the demand for potable water is persistently increasing and has 
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become one of the world’s major challenges in the world [1–3]. For instance, regions such as the Middle East and North Africa (MENA) 
are the most water-scarce regions, with a rapidly growing rate of population, which urgently require inclusive steps to close the gap 
between high water demand and limited resource availability [4]. According to the United Nations World Water Development Report 
2020 states that, a staggering 4.2 billion individuals lack proper sanitation facilities, while an additional 2.2 billion people continue to 
face the challenge of limited access to safe drinking water [5]. As a result, the worldwide desalination market is estimated to increase, 
coping with the growth of populations in Europe and the MENA by 74 % [6]. 

Desalination and wastewater treatment technologies can be considered feasible keys to tackling the challenge of water scarcity. 
Solar Powered Membrane Distillation (SPMD) with photothermal material-based membranes emerges as a highly promising desali-
nation method. It offers the potential to utilize low-grade and renewable energy sources efficiently. In general, membrane distillation 
(MD) is a thermally induced membrane process wherein water evaporates at the membrane feed side, traverses through hydrophobic 
membrane pores, and, owing to the temperature disparity between the permeate and feed sides, ultimately condenses into freshwater 
on the colder permeation side [7]. Because of its exceptional properties, MD is a desired technology for lengthy separation operations. 

The most intriguing component of MD technology is its ability to separate high-saline water efficiently. It is also used in the food, 
pharmaceutical, and environmental sectors. In addition, it can be used alone or as the last step in conjunction with other separation 
techniques [8]. Nevertheless, the commonly employed conventional MD (CMD) method presents significant drawbacks, including its 
reliance on a centralized and sizable pumping plant, inevitable heat loss during the transfer of feed from heating units to membrane 

Nomenclature 

AGMD Air-gap membrane distillation 
BP Bucky paper 
CA Contact Angle 
CB Carbon black 
CNT Carbon-nanotubes 
CVD Chemical vapor deposition 
DCMD Direct-contact membrane distillation 
DSMD Direct solar membrane distillation 
ESM Egg-shell membrane 
G Graphene 
GO Graphene oxide 
GOR Gain-output ratio 
LCA Life cycle assessment 
LEP Liquid entry pressure 
MED Multi-effect distillation 
MENA Middle East and North Africa 
MMM Mixed matrix membrane 
MOF Metal-organic framework 
MSF Multi-stage flash 
MWCNT Multi-walled carbon nanotubes 
NESMD Nanophotonic enabled solar membrane distillation 
NIPS Non-solvent induced phase separation 
NP Nanoparticle 
PDA Polydopamine 
PDMS Polydimethylsiloxane 
PMD Photothermal Membrane Distillation 
PP Polypropylene 
PTFE Poly-tetra fluoroethylene 
PV Photovoltaic 
PVDF Polyvinylidene fluoride 
r-GO Reduced-Graphene oxide 
RES Renewable energy source 
RO Reverse Osmosis 
SBS Styrene-butadiene-styrene 
SGMD Sweeping-gas membrane distillation 
SPMD Solar powered membrane distillation 
STD Solar thermal distillation 
TP Temperature Polarization 
VEDCMD Vacuum enhanced direct contact membrane distillation 
VMD Vacuum membrane distillation  
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modules, and elevated energy consumption for heating bulk feed water. On the other hand, the SPMD systems reduce the need for 
power generation systems and sophisticated equipment, offering a huge opportunity for developing highly portable and integrated 
devices for use in distant off-grid places. Furthermore, this approach mitigates heat loss during feed storage and transportation by 
delivering thermal energy directly to the photothermal layer of the membranes. This results in a significantly enhanced thermal energy 
efficiency, measuring at 60 ± 10 %, in stark contrast to the below 10 % thermal energy efficiency observed in CMD [9]. 

Another significant hurdle in the widespread adoption of CMD at a large scale is its diminished thermal efficiency, primarily 
attributed to temperature polarization. Temperature polarization (TP) is an inherent phenomenon resulting from conductive heat 
transport and the latent heat characteristics of the hydrophobic microporous membrane used in the process [10]. The thermal con-
ductivity of the membrane and the process of water vaporization contribute to a lower temperature at the membrane surface feed 
interface (Tfm) compared to the temperature of the bulk feed water (Tf). Similarly, the temperature of the bulk distillate (Td) is lower 
than that of the distillate membrane interface (Tdm). Consequently, TP significantly reduces the temperature differential at the 
membrane interface, in stark contrast to the theoretical driving force across the bulk phases as presented in Fig. 1A. To mitigate TP and 
enhance the performance of MD, researchers have explored various strategies, one of which is the incorporation of photothermal 
membranes. A photothermal membrane typically consists of a membrane material embedded with light-absorbing nanoparticles or 
coatings. When exposed to light, these materials efficiently convert light energy into heat, leading to localized heating at the mem-
brane surface. By leveraging light-absorbing materials to generate localized heating at the membrane surface, photothermal mem-
branes improve evaporation rates, reduce temperature gradients, increase mass transfer rates, and enable selective heating, thereby 
improving the efficiency and effectiveness of MD for various applications. As a result, the Tfm is higher than the Tf, and likewise, the Td 
is higher than the Tdm (Fig. 1B). 

Various technologies for mitigating the negative impacts of TP have been proposed in the literature, such as the use of modified feed 
channels [11] or feed spacers [12]. Nonetheless, the employment of these strategies increases the need for energy. The capacity to 

Fig. 1. Temperature profiles in (A) CMD and (B) SPMD configurations reflect the TP phenomenon.  

Fig. 2. Number of publications since 2000 by type of desalination technology (database obtained using ScienceDirect’s advanced search system).  
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capture and utilize the kinetic energy of light for generating and controlling substantial heat at the nanoscale has led to the proposition 
of employing photothermal materials as nano heat sources in membranes. This innovative approach aims to address TP reduction, 
giving rise to a novel configuration referred to as photothermal membrane distillation (PMD) [13]. By inducing localized heat gen-
eration on the membrane surface and establishing a highly efficient transmembrane temperature gradient for vapor transportation, the 
process adeptly tackles challenges inherent in CMD processes, including TP, thermal losses, and energy-intensive operations. More-
over, it also experiences fewer occurrences of membrane fouling, requires lower power input, and involves reduced external heat input 
[9]. 

Reverse osmosis (RO) and MD are currently the dominant industrial technologies for seawater desalination applications [14,15], as 
demonstrated in Fig. 2. Nevertheless, those processes have some drawbacks and technical difficulties. There is still ongoing research to 
enhance the durability of membrane processes and reduce membrane costs. Moreover, one of the primary problems that contributes to 
the complexity and increased cost of such procedures is fouling. Additionally, they are considered energy-intensive, either by 
high-pressure demand (RO) or by heat demand (thermal processes), which generates undesired emissions and more pollutants. These 
drawbacks obstructed the economic viability of such procedures, necessitating the quest for eco-friendly and long-term desalination 
methods. The number of articles published, in the last 20 years, on solar energy for desalination has expanded dramatically, indicating 
a surge in interest in the field. However, it is still a relatively new research field when compared to other technologies. Therefore, more 
research is expected to be carried out in this new field to reduce greenhouse gas emissions and energy consumption. 

Considering the recent substantial successes in the PMD process and its promising potential for decentralized desalination, it is 
necessary to conduct a full evaluation of PMD’s recent progress, current condition, and possible prospects compared to the CMD. After 
the discussion of the MD state-of-the-art in the next section, Section 3 presents the SPMD technology in terms of mechanisms, module 
designs, pros, and cons. Section 4 illustrates the common membrane characteristics of both MD and SPMD, as well as the various 
approaches for their membrane fabrication. Each approach’s strengths and limitations are highlighted. For simplicity, the membrane 
fabrication approaches were grouped into one- and multi-step. The following section describes the various fillers used in the MD and 
SPMD membranes, including carbon-based, metal oxide, and metals/metal-organic frameworks (MOFs) materials. Finally, the paper 
also presents the techno-economics, pilot studies, and future perspectives of SPMD technology to help with future studies. This 
comprehensive review aims to acquaint readers with the foundational principles and the present state of membrane distillation (MD) 
and SPMD technologies. The goal is to inspire and motivate a broader audience to engage in the development of efficient photothermal 
membranes for SPMD, to address the existing challenges that impede its widespread practical applications. 

2. Is SPMD taking over CMD? 

MD consumes a lot of energy based on fossil fuels. However, abundant, economical, and environment-friendly energy sources can 
be advantageous for MD. By utilizing low-grade heat sources, the MD technique can lower the amount of power used. Waste heat 
sources from industrial and power plants, low-temperature solar thermal collectors, and geothermal reservoirs are all low-grade heat 
sources being examined for the MD process [16]. Thermal desalination systems have inherent inefficiencies; thus, before using heat 
energy for other purposes, district heating for commercial and residential areas should be considered [17–19]. 

Low-grade heat sources from industrial sources would be more feasible, but there are no assessments of the amount and tem-
perature of the heat already available [20]. Given that the MD method aids in lowering the discharge temperatures to protect receiving 
water systems and comply with standards, the use of waste heat in MD may further benefit the environment [21]. The design, 
installation, and testing of SPMD have been the subject of numerous research projects over the past 20 years. For example, Guillén et al. 

Fig. 3. Classification of MD integrated with solar energy [25].  
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[22] tested a small AGMD desalination plant powered by solar energy. They used a flat sheet of polytetrafluoroethylene (PTFE) 
membrane in their research; a feed temperature of 85 ◦C was set, and a 2.8–8.4 m2 total membrane surface area per module was used. A 
daily permeate flux between 156 and 168 kg m− 2 and a specific heat intake between 810 and 2220 kWh/m3 were required by the 
system. The authors concluded that a multistage technique is needed to enhance thermal efficiency and the system’s effectiveness. 
Chafidz et al. created fresh water in Saudi Arabia, ranging from 0.27 to 0.38 m3/day, by investigating a compact and hybridized 
solar-powered vacuum multi-effect MD unit having a 5.12 m2 total membrane area [23]. 

The distillate flux varied around 1.5–2.6 L/m2h, while the typical distillate productivity was 11.53 L/h, reaching a peak of 15.94 L/ 
h at noon, and they concluded that the two tests’ solar-energy conversion efficiency was insufficient (33.6 %). Soomro et al. [24] have 
conducted a comparative and economic study at the pilot scale on various configurations, such as direct contact membrane distillation 
(DCMD), along with its integration with a solar concentrator. The simulation’s results demonstrated that higher irradiance led to 
greater electricity output. However, the solar power tower (SPT) facility produced the most electricity (353.87 GWh) and had the 
highest capacity factor (56.1 %). In contrast, the parabolic trough plant had the lowest levelized energy cost (4.51 cents/kWh). 
Permeate flux increased exponentially for the DCMD system as the feed water temperature rose. The simulation showed that the DCMD 
system integration with the PT plant allowed for a maximum freshwater production rate of 38.9 m3/day. The SPT plant, combined with 
the DCMD system, was found to have the lowest cost of water production (0.314 US$/m3). 

3. SPMD configurations and mechanisms 

One of the earliest sources still in use today is solar energy. Solar energy has several advantages compared to other energy sources, 
including cleanliness, sustainability, accessibility in many regions, and a high safety level. Therefore, researchers are working to find 
methods compatible with solar energy to transform this potential energy source into a suitable form for direct consumption. Tech-
nologies based on solar energy can produce drinking water by combining simple methods with cost-effective ideas. Therefore, solar- 
based technology might be effective in limited populated places where access to drinking water is still a problem. Both direct 
incorporation and indirect usage are possible with solar-powered desalination systems, and they are categorized as shown in Fig. 3. 

Direct desalination systems refer to those employing heat-gathering techniques where desalination and heating processes take 
place in the same location. In these systems, saline water is subjected to solar radiation, leading to its evaporation. The freshwater is 
then produced by condensing the evaporated water, illustrating an integrated approach to harnessing heat for desalination. Passive 
solar stills represent the most straightforward and widely utilized method for direct solar desalination. These stills harness heat 
through convection and radiation, causing the evaporation of the saline water present beneath the glass cover. The evaporation and 
condensation processes occur simultaneously during operation. A typical passive solar still can yield up to 5 L per square meter per day 
[26]. Various types of solar stills exist, including single-slope solar stills (SSSS), double-slope solar stills (DSSS), and Wick-type solar 
stills. However, the relatively low system efficiency is attributed to the loss of latent heat from condensation on the cover [27]. 

Fig. 4. Configurations for the SPMD system with (A) direct and (B) indirect collecting methods.  
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To enhance the performance of solar stills, active solar stills have been proposed, incorporating additional equipment such as solar 
concentrators, condensers, reflectors, solar flat plate collectors, and mechanical agitators. Additionally, researchers have explored 
multi-effect basin solar stills, where the latent heat is recycled to heat the water in the upper basin, thereby improving overall per-
formance and production efficiency. Multi-basin solar stills have demonstrated high efficiency and effectiveness [28,29]. Extensive 
research and development efforts have been devoted to refining the design of solar stills and their cover plates [30]. Furthermore, 
researchers are investigating materials capable of storing latent and sensible heat, such as phase change materials (PCMs), enabling 
direct solar desalination systems to operate even during non-sunny hours [31]. Moreover, the method for direct heating can be 
generally categorized into two approaches.  

(a) Heating via an absorbing surface: In this process, a top black surface absorbs solar radiation and subsequently transfers the heat 
to the feed water. This absorbing surface can be either flat, utilizing a flat-sheet membrane, or tubular, employing hollow fiber 
or capillary membranes. 

Fig. 5. (A) The percentage distribution of various membrane sources published during the different phases of MD development. Adopted from 
Ref. [80]. Copyright 2017, Elsevier. (B) Commercial PTFE and fabricated SBS membranes water CA, at various temperatures. The reference liquid 
was DI water. Adopted from Ref. [81], Copyright 2018, Elsevier. (C) PVDF/ATO photothermal membrane fabrication process using electrospinning 
technique schematic diagram. Adopted from Ref. [82], Copyright 2019, Elsevier. (D) PVDF/AC membrane fabrication method using phase inversion 
schematic illustration. It was adopted from Ref. [83] Copyright, 2022, Elsevier. 
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Table 1 
Summary of CMD studies in the literature.  

Mem. fabri. 
approach 

Feed Sol. Mem. area 
(m2) 

Fabr. method Coating method Flux (L/ 
m2h) 

MD 
config. 

Salt rej. 
(%) 

Mem. properties Mem. material Tf/Tp 

(◦C) 
Ref. 

Multi-step 0.5 M NaCl – Phase 
inversion 

Laminating 
machine 

3 DCMD >99.9 Davg: 0.22 μm PVDF-f-G 70/50 [87] 

3500 mg/L NaCl 0.00145 Commercial cast drop wise 94 DCMD – Ө: 91◦, ε: 70 %, Davg: 0.2 
μm 

PTFE/PVDF-GO 80/20 [88] 

15,000 ppm of a 
NaCl 

0.00145 Commercial Bilayered 126 DCMD – Ө: 125◦, ε: 74 %, Davg: 
0.45 μm 

PTFE/CNT -/80 [89] 

35 g/L NaCl 0.00747 Commercial Electrospinning 16.7 DCMD 100 Ө: 132◦, ε: 55 %, Davg: 
0.25 μm 

PTFE/PAN-OH 53/20 [90] 

35 g/L NaCl – Commercial Vacuum filtration 12 DCMD 99 Ө: 113◦, ε: 90 %, Davg: 
0.22 μm 

PES/CNT 65/5 [91] 

35,000 ppm NaCl 0.0026 Commercial Solution casting 45.1 DCMD 99.9 Ө: 81◦, Davg: 0.47 μm PSf/MWCNT 50/10 [92] 
35 g/L NaCl 0.0032 Commercial Surface coating 4 VMD 99 Ө: 20◦, Davg: 0.2 μm Fe-CNTs/PTFE 20/- [93] 

One-step 10,000 ppm salt 
conc. 

0.002 Electrospinning 22.2 DCMD >99.10 Ө: 144◦ PcH-PES-PcH/ 
CNTs 

65/- [94] 

35 g/L NaCl 0.002 Electrospinning 29.5 DCMD 99.99 Ө: 159◦, ε: 84 %, Davg: 
0.29 μm 

PcH/CNT 60/20 [95] 

3.5 wt% NaCl 0.00785 Electrospinning 18.5 VMD 99.99 Ө: 152◦, ε: 69 %, Davg: 
0.49 μm 

PVDF-PTFE -/60 [96] 

3.5 wt% NaCl 0.0021 Electrospinning 22.9 AGMD 99.99 Ө: 163◦, ε: 89 %, Davg: 
0.86 μm 

PVDF/G 60/20 [97] 

3.5 wt% NaCl – Phase inversion 45.8 VMD – Ө: 127◦, Davg: 0.12 μm PVDF/Ultem®/ 
Al2O3 

70/- [98] 

3.5 wt% NaCl – Phase inversion 16.7 VMD 99.99 Ө: 144◦, ε: 76 %, Davg: 
0.41 μm 

ECTFE 80/- [99] 

3.5 wt% NaCl 0.025 Phase inversion 18 DCMD >99.9 Ө: 101◦, ε: 88 %, Davg: 0.4 
μm 

PVDF/AlFu MOF 60/20 [100] 

35 g/L NaCl 0.00385 Electrospinning 2.87 DCMD 99.99 Ө: 138◦, ε: 64 %, Davg: 0.3 
μm 

PVDF/Fe 48/16 [101] 

10,000 ppm NaCl 0.0019 Phase inversion 41.58 VEDCMD 99.99 Ө: 82◦ PTFE/AlFu/PVA 60/20 [102] 
3.5 wt% NaCl 0.0032 Phase inversion 7.2 AGMD >99.5 Ө: 83◦, Davg: 0.47 μm PVDF/ZIF-8/ 

chitosan 
60/20 [103] 

35 g/L NaCl 0.00113 Phase inversion 5.2 VMD >99.97 Ө: 89◦, ε: 71 %, Davg: 0.86 
μm 

PVDF/MWCNTs/ 
SiO2 

30/- [104] 

7.0 wt% NaCl 0.000098 Electrospinning 40 DCMD 99.99 Ө: 154◦, ε: 90 %, Davg: 
0.76 μm 

F–TiO2/PVDF-HFP 60/20 [105] 

Abbreviations: Mem.: membrane; Fabr.: fabrication; Sol.: solution; Rej.: rejection; PcH: poly (vinylidene fluoride-co-hexafluoro propylene); f: functionalized; PAN: polyacrylonitrile; ECTFE: ethylene 
chlorotrifluoroethylene; AlFu: aluminium fumarate; Ө: contact angle; ε: porosity; Davg: mean pore size. 
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The recent focus of research on direct SPMD systems employing the absorbing surface mechanism has predominantly centred on 
the utilization of flat-sheet membranes. These modules share a conceptual similarity with flat-plate solar collectors commonly used in 
domestic hot water systems. Encased beneath the glazed glass, the module incorporates a dark-coloured absorber plate, which absorbs 
solar radiation, subsequently transferring the heat to the feed water. The heated feed water then flows between the absorber plate and 
the hydrophobic flat sheet membrane. The resulting vapor traverses through the membrane to the permeate side located at the bottom 
of the module [32–34]. 

Chen and Ho employed solar energy as a secondary heat source to heat preheated feed water within a flat sheet DCMD system using 
a solar simulator. Their study revealed a potential improvement of up to 16 % in solar-assisted MD system efficiency compared to 
systems lacking direct heating effects. However, it was noted that an increase in flow rate or feed temperature could diminish the 
enhancement rate, and the system still incurred relatively high water costs compared to conventional desalination systems [35]. 
Summers and Lienhard evaluated a bench-scale flat sheet AGMD system using a solar simulator to assess the impact of direct solar 
heating. Vapor is transferred to the air gap on the permeate side, condensing on a cooling copper plate. The module achieved a 
maximum permeate flux of 0.3 kg m− 2 h− 1 and a GOR value of 0.3, with lower flux values attributed to high mass transfer resistance 
due to the air gap. Furthermore, low feed flow rates were required to absorb sufficient radiation, exacerbating the effects of tem-
perature polarization [32]. 

A selected number of studies have exclusively focused on numerical simulations of direct SPMD systems employing absorbing 
plates. Ma et al. developed a numerical model of small-scale, flat-sheet VMD directly utilizing solar energy. They concluded that 
continuous operation was more efficient in terms of daily water output and energy usage compared to temperature-controlled 
operation at higher temperatures. With a membrane/collector area of 0.35 m2 and 12 h of operation, a daily water output of 2.8 
kg (~8 L/m2/d) and a GOR of 0.71 were anticipated. The authors later investigated the addition of a heat pump as a heat recovery 
mechanism, which yielded daily water production of 20.5 L/m2 and 32 L/m2 using 0.18 m2 and 3 m2, respectively [36]. 

Recent endeavors in employing absorbing surfaces in direct solar MD systems have concentrated on constructing structures 
incorporating multiple effects to harness the energy of condensation. In this approach, only the first effect is directly heated by the 
absorbing surface. As the vapor passes through the membrane to the permeate side, the latent heat of condensation is utilized to heat 
the feed in the bottom stages, akin to the multi-basin solar still or multi-stage AGMD designs. Several studies have adopted this concept 
by employing solar photovoltaic (PV) cells as the heat-absorbing surface, thereby utilizing waste heat that would otherwise be 
dissipated in conventional PV modules to heat the feed in the first stage. This simultaneous cooling effect enhances efficiency and 
electrical output. Although promising results have been obtained, scaling up such systems remains challenging due to increased 
resistance to mass and heat transfer with larger membrane sizes [37]. 

Wang et al. proposed a photovoltaic-MD (PV-MD) device capable of simultaneously producing electricity and water. This device 
features multi-stage MD channels integrated on the backside of a solar cell exposed to solar radiation. Waste heat from the solar cell is 
utilized to heat feed water in the first stage. A 3-stage device achieved a permeate flux of 1.79 kg m− 2 h− 1 and an electrical efficiency of 
11 % under one sunlight [38]. Similarly, Antonetto and colleagues investigated the performance of an integrated system combining 
membrane distillation (MD) membranes and photovoltaic (PV) technology. In their setup, the desalination system was positioned 
behind the PV panels. Utilizing the low-temperature heat recovered from the backside of the PV system, the passive distillation 
desalination system operated without the need for additional electrical or mechanical components. The study aimed to assess the 
feasibility of simultaneously generating electricity from the PV system and producing fresh, potable water using waste heat. Experi-
mental and numerical analyses were conducted to evaluate the system’s performance. Results indicated that under 1 sun irradiance, 
the device could produce potable water at a rate of 2 kg m− 2 h− 1 with an energy requirement of approximately 670 kWh/m3. 
Additionally, integrating the desalination system led to a 4.5 % increase in PV efficiency, attributed to a reduction in the PV device’s 
temperature by about 9 ◦C [39].  

b) Membrane’s surface heating: In this process, solar radiation is absorbed by a photothermal material, converting light energy into 
heat energy. This photothermal material can be layered or coated onto a membrane, effectively heating the membrane surface. In 
essence, the feed water is heated directly at the membrane surface (as illustrated in Fig. 1B) rather than being heated from an upper 
absorbing surface (as depicted in Fig. 1A). As some researchers have noted, a significant challenge with the absorbing surface 
mechanism in direct SPMD systems is the need for a considerable reduction in feed flow rate to effectively absorb solar radiation. 
This low flow rate exacerbates temperature polarization, adversely affecting permeate flux. To address this issue, scholars have 
proposed heating the membrane itself to counteract temperature polarization and enhance MD performance. This approach in-
volves three techniques: joule heating, induction heating, and solar photothermal membranes [40]. 

The concept of directly heating the membrane was first introduced by Summers and Lienhard [41], who utilized a two-layer 
membrane with a black hydrophilic layer atop a hydrophobic PVDF membrane in an Air Gap Membrane Distillation (AGMD) 
configuration. They found that heating the membrane surfaces instead of using an absorbing surface was more effective in terms of 
permeated flux and efficiency due to reduced heat loss to the environment and decreased heat transfer resistance. Other researchers 
have explored novel membrane designs to enhance heating efficiency. Politano et al. developed a nano-enhanced membrane by 
incorporating silver nanoparticles (AgNPs) into a PVDF membrane, which exhibited improved performance in efficiency and permeate 
flux compared to a virgin membrane [42]. Similarly, Wu et al. coated a PVDF membrane with polydopamine (PDA) to achieve 
localized heating in a DCMD configuration, demonstrating significantly higher permeate flux under solar irradiation [43]. Recent 
studies have focused on innovative materials and fabrication methods to enhance photothermal membrane performance. Researchers 
have experimented with various nanoparticles, including carbon black, Fe3O4, and titanium nitride, to improve light-to-heat 
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Table 2 
Summary of PMD studies in the literature.  

Mem. fabri. 
approach 

Feed Sol. Mem. area 
(m2) 

Fabr. method Coating method Flux 
(kg/ 
m2h) 

MD 
config. 

Irradiation 
(kW/m2) 

Salt rej. 
(%) 

η 
(%) 

Mem. Properties Mem. material Ref. 

Multi-step Organic pollutants 
and salts 

0.000081 – Electrospinner/PVA 1.31 – 1 >99.8 78 Tm: 330 K PVDF/Carbonized 
eggshell - CNT 

[108] 

200 mg/L BSA in 
10 g/L NaCl 

0.0037 – dip coating 0.89 DCMD 5.5 – – – MXene-coated 
PVDF 

[109] 

16.70 wt% NaCl 0.0004 – scalable spraying 0.78 DCMD 1 99.6 66.8 Davg: 0.45 μm; Tm: 
314 K 

PVDF/FTCS-CB [110] 

0.5 M NaCl 0.0009 – scalable spray-coating 
method 

1.17 AGMD 0.75 – 105 Tm: 325 K FTCS-PDA/ 
graphene/PTFE 

[111] 

3.5 % NaCl 0.0012 Electrospinning Spray coating 1.01 DCMD 1 99.9 66.7 ε: 70 %; Davg: 0.2 
μm; Tm: 324 K 

TiN/PVDF [112] 

brackish 
groundwater 

0.002 – Spray-coating 0.76 DCMD 2.8 – – Davg: 0.2 μm CB-PVDF [77] 

35 g/L NaCl 0.0031 – drop coating & 
capillary coating 

3.19 DCMD 1 99.9 75.4 Davg: 0.2 μm; Tm: 
321 K 

CB-PVDF [5] 

3.5 wt% NaCl 0.0016 Electrospinning Spraying 1.43 – 1 99.9 60 Tm: 344 K PDMS/CNT/PVDF [113] 
35 g/L NaCl 0.0019 Commercial electro-spun/PVA 0.94 AGMD 1 >99.9 64.1 Davg: 0.2 μm; Tm: 

332 K 
TiN@PVA-PVDF [114] 

3.5 wt% NaCl 0.00018 Electrospinning Vacuum filtration 0.97 DCMD 1 99.99 53 Tm: 323 K Fe3O4/PVDF-HFP [115] 
– – – Vacuum filtration 0.89 DCMD 1 – 62 Tm: 320 K HA@PDA/HA-CS 

film 
[116] 

3.5 wt% NaCl 0.0007 Electrospinning Vacuum filtration 
/PDMS 

1.3 DCMD 1 >99.9 81.6 ε: 80 %; Tm: 370 K PPy NTs/PVDF [117] 

One-step 3.5 wt% NaCl 0.00196 Electrospinning 27 VMD 0.1 >98 – ε: 77 %; Tm: 367 K PVDF/ATO [82] 
0.5 M NaCl – Bilayered aerogel 9.4 DCMD 9 >99.9 72 ε: 93 %; Tm: 529 K FTCS-PDA/BNC [118] 

Abbreviations Tm: maximum membrane surface temperature reached; BNC: bacterial nanocellulose; TiN: titanium nitride; PPy NTs: polypyrrole nanotube. 
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conversion efficiency. Additionally, bio-derived materials such as carbonized eggshell membrane and polydopamine have been 
investigated for their potential in photothermal membranes [44,45]. Novel membrane structures, such as Janus membranes and 
hybrid nanofiber composites, have been developed to further enhance heating efficiency and anti-fouling properties. These membranes 
have demonstrated promising results in terms of permeate flux and stability under solar irradiation [46]. Overall, ongoing research in 
photothermal membranes for direct SPMD systems aims to address challenges related to TP and low permeate flux while maximizing 
energy efficiency and sustainability. These efforts involve a combination of material innovation, membrane design optimization, and 
advanced fabrication techniques to realize the full potential of solar desalination technology. More details about this approach to direct 
heating are discussed in the next section, which is the focus of this paper. 

In the indirect approach to desalination, an extra step is incorporated to utilize solar energy, which can function as either a heat 
source or a power-generating element. These systems, known as solar collectors, effectively leverage solar thermal energy to improve 
the desalination process. Essentially, they enhance desalination by efficiently utilizing the potential of solar heat [47]. Solar collectors 
come in a variety of designs and uses. Compared to flat-plate kinds, evacuated tube collectors work more efficiently at high tem-
peratures [48,49]. Evacuated tube collectors are more effective on foggy days than cylindrical tracking collectors. The energy source 
that generates temperatures of 120 ◦C or higher should be tracked precisely by the detailed mechanisms that parabolic concentrating 
collectors possess. 

Three layers of salty water with different salinity profiles make up a solar pond, which is another solar thermal collector device for 
water desalination. While the water at the top has a low concentration, the concentration near the bottom is higher. Sunlight will be 
trapped by the dense concentration at the bottom [50]. While the surface water is cold, the high salinity water is heated by the 
absorbed light until it boils. The temperature in this bottom layer, known as the solar pond, reaches almost 100 ◦C [51]. Utilizing this 
hot brine water and a specialized organic-fluid turbine, electricity can be produced. In addition to producing electricity, solar ponds 
can store energy. The highly concentrated stream (brine) that desalination plants discard is an excellent prospective supply for usage in 
solar ponds that should be highlighted. Considering this, solar ponds are an appropriate side system, or cooperator, for desalination 
plants [48–50]. 

Another silicon-cell-based technology that is readily available is photovoltaic (PV) panels or modules. Solar radiation is absorbed 
by the cells, which then turn it into electricity (direct current, or DC). There are several benefits to using PV panels, including their long 
lifespan, lack of moving parts, ease of maintenance, ability to alter power production in parallel or series, and lack of sound or 
environmental pollution [52]. PV modules, however, may only be a desirable option in nations where the cost of the commonly given 
energy is high because the final prices are still not competitive with those of other energy sources [53,54]. 

According to Al-Obaidani et al. [55], a membrane-based desalination technique called MD is compatible with solar power in-
stallations. Furthermore, due to MD’s tolerance for varying and intermittent working conditions, as well as its need for low-grade 
thermal energy, 

combining the MD system with solar energy has been an intriguing prospect around the world. Fig. 4 shows two different solar 
energy coupling arrangements for the MD systems. Solar thermal collectors are part of the solar-assisted MD desalination unit and 
supply hot water to the MD module. It should be emphasized that all pumps and other equipment are powered by either the electrical 
grid or the generator, and that heat is given to the MD module either directly or through a heat exchanger. 

Fig. 4A commonly depicts this setup. Specifically, SPMD is a hybrid system in which off-grid electricity is used. According to this 
definition, a hybrid system generates energy off the grid and provides heat and power to its end users. The essential components of the 
solar standalone DCMD configuration are the solar thermal collector/photovoltaic module, the feed and distillate tank, the MD 
module, and the circulation pumps. The standalone solar MD desalination configuration, which is depicted in Fig. 4B–is identical to the 
solar-assisted configuration in all respects, except that the required electricity is provided by solar-powered PV collectors integrated 
with DC batteries and electrical current inventors rather than a diesel generator. 

Fig. 6. Plasma polymerization mechanism for the deposition of a thin film. Adopted from Ref. [121]. Copyright, 2020, MDPI.  
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4. Conventional and solar-powered membrane distillation membranes’ characteristics 

4.1. Membrane characteristics criteria 

In the MD process, non-wetting membranes are often used. The primary features of these microscopic membranes are their hy-
drophobic qualities. Many polymers, including PTFE [56], polypropylene (PP) [57], and polyvinylidene fluoride (PVDF) [58], have 
been employed to make these membranes. To assess the membrane’s susceptibility to wetting, the liquid entry pressure (LEP) 
parameter must be evaluated. According to the literature, values between 0.5 and 4.6 bar have been used [59,60]; however, the LEP of 
the feed solution should be greater than 2.5 bar for the MD plant to operate properly [61]. The Laplace equation is used to describe LEP: 

LEPw =
B γL cos θ

rmax
(2)  

where B represents the pore structure geometric factor (equal to 1 for cylindrical pores), θ is the liquid/membrane contact angle (CA), 
γL is the liquid surface tension, and rmax is the maximum pore size [62]. Therefore, the membrane material should have low interface 
energy between the liquid and the membrane, high surface tension, and a small pore size to achieve high LEP. 

Furthermore, porosity and pore size are crucial properties of MD membranes. Generally, a high porosity membrane can produce 
greater permeate flow, a larger evaporation surface area, and reduced conductive heat loss. The most common method for determining 
membrane porosity is to use isopropyl alcohol (IPA). The Smolder-Franken equation [63]can be used to calculate porosity (ε): 

ε=1 −
ρm

ρp
(3)  

where ρp and ρm are the densities of the polymer material and the membrane, respectively. Since the mechanical strength of the 
membrane limits porosity, it is considered the most important characteristic [64]. The porosity values reported in the literature range 
from 40 % to 90 %; however, a porosity value of around 80 % is recommended [65]. When it comes to pore size, any size lying between 
0.1 and 1 μm is considered suitable, as it avoids membrane wetting [66,67]. Experimentally, increasing the pore size of the membrane 
causes an enhancement in permeate flux. The impact of pore size distribution on MD flux has been extensively researched. Researchers 
have found that the mean pore size affects the vapor transfer coefficient mainly, not the pore size distribution [68–70]. 

The thickness of the membrane is another significant factor in achieving optimal performance. Vapor flow across the membrane is 
strongly affected by its thickness. A thicker membrane increases mass transfer resistance, thereby lowering vapor flow and heat loss. 
Several studies show that the appropriate membrane thickness for an MD membrane should be in the 100–700 μm range. However, it 
should be noted that this range might vary based on membrane characteristics, process conditions, and feed concentration. For 
example, different studies evaluating the impact of membrane thickness at various salinities for DCMD configurations suggested that 
membrane thicknesses of ≈739 μm and ≈13 μm are optimum for NaCl concentrations of 24 wt% and less than 10 wt% [71,72]. 

A temperature difference is the driving force of the process; therefore, the conductivity of the membrane material is a crucial 
consideration during membrane design. Less heat loss throughout the process results in increased energy efficiency and less sensitivity 
to temperature polarization events, allowing for enhanced flux across the membrane. Polymers have thermal conductivities ranging 

Fig. 7. (A) Schematic diagram of the preparation of modified PVDF nanofiber membranes by PDA, Ag NPs, and 1-dodecanethiol hydrophobic. 
Adopted from Ref. [127]. Copyright, 2013, Elsevier. (B) 0.2 wt% FAS17/CB coated membrane SEM surface images at (a) low-resolution (5 μm) and 
(b) high-resolution (2 μm) at operating conditions of 150 mL/min permeate and feed flowrates, Tp = 20 ◦C, and Tf = 35 ◦C, and 1 sun irradiance. 
Adopted from Ref. [5]. Copyright, 2021, Elsevier. (C) Schematic diagram of the fabrication of FTCS-PDA/graphene/PTFE membrane and a 
photographic image of the final prepared membrane. Adopted from Ref. [111]. Copyright, 2021, Elsevier. 
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from 0.1 to 0.5 W/mK. It is determined by the temperature, degree of crystallinity, and crystal shape [73]. Various approaches have 
been proposed to reduce heat loss by membrane conduction [74]. The use of membrane materials with poor thermal conductivities, a 
thicker membrane, and a highly porous membrane is among these techniques. 

In addition to the membrane criteria for MD systems mentioned above, the membranes must have anti-scaling and anti-fouling 
properties. Furthermore, for long-term operation, the thermal and chemical stabilities of the membrane material are crucial, partic-
ularly in the SPMD process [75–77], as solar radiation can decompose or degrade membrane materials, significantly reducing their 
performance and stability. Lastly, it is recommended that the CA be > 90◦ to ensure a membrane layer with hydrophobic properties 
[78,79]. 

4.2. Membrane fabrication through a one-step approach 

Only commercial membranes were used when MD was founded in the late 1960s (initiation phase). The use of commercial 
membranes remains predominant in the publications of the 2000s (emergence phase) and current (growth phase) publications, at 56 % 
and 44 %, respectively [80]. However, there is a growing trend in fabricating ’MD specific’ membranes in-house and fine-tuning 
membranes by grafting, blending, surface modification, and other methods. As seen in Fig. 5A, the fraction of laboratory-fabricated 
membranes increased from 14 % to 25 % during the growth period. This reflects an increase in expertise in membrane fabrication 
among diverse MD research groups around the world, as well as an increase in interest in the invention of novel membrane materials. 
This section will discuss the one-step membrane fabrication methods used, which are done by preparing dope solutions. 

Two of the most common one-step fabrication methods widely used across the literature for both CMD and SPMD systems are 
electrospinning and non-solvent induced phase separation (NIPS), which result in the formation of mixed matrix membranes (MMMs). 
MMMs are those that combine a solid phase (e.g., nanomaterial) within a matrix material (e.g., polymer). One of the benefits of using 
either fabrication method is the utilization of the different polymers that can be used for MD membrane fabrication, as opposed to 
commercial MD membrane synthesis, which is limited to polymers such as PTFE, PP, and PVDF. For example, styrene-butadiene- 
styrene (SBS) has recently been electrospun into a nanofibrous MD membrane, and the results demonstrated that the SBS electro-
spun membrane was more hydrophobic than the commercial PTFE membrane (Fig. 5B) [81]. In addition, it opened doors for exploring 
new hydrophobic polymers for MD and coming up with novel hydrophobic polymer blends. For instance, the solubility of various 
fluorinated copolymers in the solvents utilized is significant in increasing the hydrophobicity and tensile strength. Therefore, such 
copolymers can be used to create microporous hydrophobic membranes for desalination purposes. As a result, research has been 
conducted to improve performance by mixing highly hydrophobic PTFE with soluble PVDF [84]. Another study by Zuo et al. [85] 
developed a dual-layer PVDF/Ultem1 membrane for a VMD desalination setup. Hyflon1 AD, another attractive fluoropolymer, was 
recently developed [86]. Table 1 includes the MD performance of various new polymers. Yet, more research on membrane 
manufacturing processes for these unique polymers is required to improve the performance of the specialized membrane for MD. 

Generally, the electrospinning method is used more frequently than NIPS when it comes to fabricating SPMD membranes. As a 
result, while the use of electrospinning for membrane applications is becoming more common in the literature, it is still quite costly to 
scale up compared to traditional approaches such as NIPS. Currently, its key applications are in biological applications where the cost- 
benefit ratio has been demonstrated. However, certain advances (e.g., the Stellenbosch Nanofiber Company developed the usage of a 
revolving perforated ball in place of several syringe heads) [106] are resolving these issues, and as a result, the demand for nanofiber 
membranes is expected to increase in the future. 

The fundamental benefit of one-step production technologies (NIPS and electrospinning) is that photothermal materials may be 

Fig. 8. (A) Normalized water fluxes (blue) and salt rejections (red) for MD fouling experiments with Janus and hydrophobic membranes. Photo-
graphic images of hydrophobic and Janus membranes before and after fouling experiments (operating conditions: Tp = 20 ◦C, Tf = 60 ◦C, feed 
solution: saline oil-in-water emulsion with 1000 ppm crude oil and 35 g/L NaCl). Adopted from Ref. [129]. Copyright, 2017, American Chemical 
Society. (B) Schematic diagram for preparation of bio-derived ultrathin hierarchical porous membranes. Adopted from Ref. [108]. Copyright, 
2019, Elsevier. 
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distributed and uniformly incorporated into polymeric membrane substrates. As a result, there is no possibility that photothermal 
particles will leak into permeable water. Meanwhile, as compared to two-step fabrication techniques, these methods are simple to scale 
up. However, it requires a large volume of extremely expensive photothermal materials, which do not all necessarily add to the ef-
ficiency of light-to-heat conversion as they are hidden beneath the membrane surface. Fig. 5C and D demonstrate the membrane 
fabrication methods via electrospinning and NIPS techniques, respectively. 

4.3. Membrane fabrication approach: multi-steps 

An extensive study has been devoted to improving the performance of membranes in MD applications using a variety of approaches. 
The major attribute that contributes to the increase in MD performance is hydrophobicity. Hydrophobicity is fundamentally 

Fig. 9. (A) Fe3O4/PVDF-HFP membrane fabrication process. The photothermal efficiency under 1 kW/m2 solar irradiation. IR camera images of the 
pristine (i) and Fe3O4/PVDF-HFP (ii) membranes under the illumination of 1 kW/m2 after 20 min of illumination. Adopted from Ref. [115]. 
Copyright, 2020, Elsevier. (B) Pristine PVDF and MXene-coated PVDF membranes: IR thermal images before and after 1 min of light irradiation and 
photographs of the feed surfaces after 21 h of filtering a 10 g/L NaCl and 200 mg/L BSA feed water. Adopted from Ref. [109]. Copyright, 2018, 
Elsevier. (C) Bi-layered PDA/BNC film fabrication process schematic illustration. IR images of water and PDA/BNC film under 1 and 3 kW/m2 

irradiation and a digital photograph demonstrating steam generation. Adopted from Ref. [131]. Copyright, 2017, Royal Society of Chemistry. 

Fig. 10. (A) CNT mechanism in MD membranes. Adopted from Ref. [140]. Copyright, 2014, Elsevier. (B) Performance enhancement in MD 
membranes due to the addition of GO NPs. 
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determined by factors such as membrane microstructure, surface chemistry, and surface roughness [107]. To attain better perfor-
mance, multi-step surface modifications have been used to increase the hydrophobicity and properties of the desired membrane in MD. 
The membrane surface modifications are performed by depositing a thin functional layer onto the membrane’s outer surface, and this 
is the simplest method for increasing the membrane’s surface hydrophobicity. Although surface modification approaches such as the 
use of polydopamine (PDA), dip coating, and vacuum filtration are excellent for coating functional substances on membrane surfaces, 
the homogeneity, thickness, and long-term use of the coated layer require further investigation, especially under harsh conditions. 
During the cleaning or operation procedures, the coated layer can be wiped away. As a result, chemical changes, e.g., cross-linking or 
sulfonation, are frequently performed on the surface of deposited coated membranes to improve durability. The most successful 
surface modifications for both CMD and SPMD will be discussed in the next section. Further, Tables 1 and 2 include various studies in 
which nanoparticles (NPs) are attached to the membrane using the mentioned approaches. 

4.3.1. Plasma treatment 
Plasma treatment is an effective chemical modification approach for anchoring functional graft chains and generating active groups 

on the surface of the membrane. The membrane surface hydrophobicity can be increased because of the rise in fluorine concentration 
when the surface is grafted with fluorinated monomers. This technique does not change the membrane matrix; however, it can be used 
as a post-treatment to achieve the necessary properties [119]. Ionized gas polymerization and adsorption on the fibre surface are part 
of the plasma technique. During plasma polymerization, monomer polymerization under vacuum treatment can form a thin and 
transparently coated layer. This costly vacuum equipment is a significant disadvantage of the plasma method [120]. Plasma poly-
merization for thin film deposition is seen in Fig. 6. 

Plasma treatment can be used to increase the surface wettability of hydrophilic and hydrophobic membranes [122]. Shen et al. 
[123] and Yang et al. [124] investigated the chemical and plasma activation of the hydrophobic PVDF membrane surface. Their 
findings show that the CA of the membranes increases from 80◦ to 141◦ and from 105◦ to 115◦, respectively. Similarly, Wei et al. [125] 
transformed a hydrophilic asymmetric polyethersulfone (PES) membrane into a hydrophobic PES membrane using CF4 plasma 
modification. Stable membrane performance was achieved when the membrane surface was modified with a fluorinated layer. The LEP 
and the CA increased by 370 kPa and 53 %, respectively, due to an increase in the concentration ratio of fluorine to carbon atoms. The 
modified PES membrane showed a steady flow of 66.7 kg/m2h and a 99.97 % salt rejection at 73.8 ◦C during a 54-h DCMD experiment. 

The use of plasma in solar MD is relatively rare in the literature. A study reported using the modified plasma-enhanced chemical 
vapor deposition (CVD) technique, a vertical graphene was created, which is a novel 3D graphene structure. A micro-interconnected, 
homogeneous, dense 3D graphene structure, along with a macroporous Ni foam used as a substrate, achieved effective heat and light 
localization, which improved the efficiency of photothermal conversion. The 3D graphene/Ni foam was then sprayed with a poly(3,4- 
ethylenedioxythiophene) poly(styrenesulfonate) solution to create P-G-Ni foam, an advanced nanostructured light absorber. The 
microstructures of the 3D graphene created from the plasma achieved effective water transport to the solar absorber layer/P-G-Ni foam 
surface, as well as good antifouling properties. Under solar radiation, the water vapor production and photothermal conversion ef-
ficiencies were 82.3 % and 73.4 %, respectively [126]. The novel smart system design and plasma-synthesized 3D graphene micro-
structure overcome the limitations associated with designs and conventional materials for photothermal MD, such as photothermal 
conversion efficiency, low water vapor flux, heat dissipation, and membrane fouling. This study proves how the uniqueness of the 
nanomaterials created by a plasma technique may lead to high-performance solar-driven efficient MD technologies and 
next-generation solar harvesting. 

4.3.2. Using polydopamine as a glue 
PDA can be readily coated on a variety of substrates by self-polymerization, independent of morphology or surface energy [127]. 

Furthermore, PDA is an environmentally beneficial choice for water treatment because of its biocompatibility and low toxicity. As a 
result, PDA has been utilized to fabricate membranes for MD systems. For example, for DCMD, using electrospinning technology, Liao 
et al. [127] created a very hydrophobic surface on PVDF nanofiber membranes. After chemical reduction, PDA was employed to cover 
the nanofibrous surfaces, which were then coated with silver nanoparticles to increase the form and roughness of the membrane 
(Fig. 7A). The CA was extended to 150◦ due to this surface modification, and a high and consistent MD water flux of 31.6 L/m2h was 
achieved. 

PDA also has a strong photothermal conversion characteristic as well as a broad light absorption spectrum. As a result, several 
studies have used PDA as an intermediate adhesive or a chemically modified layer in the fabrication of PMD membranes. Carbon black 
(CB) NPs and 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (FAS17) were adhered to the surface of a commercial PVDF membrane 
using PDA as glue, as reported by Li et al. [5]. The membrane surface was coated with FAS17/CB NPs, which gave the membrane an 
omniphobic property and increased its CA from 0 to 94◦ in addition to absorbing light and providing localized heating for PMD. 
Furthermore, the membrane flux and the utilization efficiency of solar energy in the direct solar membrane distillation (DSMD) process 
increased by 25 % and 10 times higher, respectively, when compared to the energy efficiency of the conventional DSMD process upon 
simulated solar irradiation at one solar unit. Moreover, the membrane flux rose by 25 %, and the DSMD process’s solar energy usage 
efficiency was 75.4 %, which is more than one order of magnitude greater than the typical DCMD process. After five DSMD experi-
ments, the utilization of PDA achieved a strong attachment between the PVDF membrane and CB NPs, as the secondary nanostructure 
on the membrane surface remained intact (Fig. 7B). Furthermore, as shown in Fig. 7C, using PDA and FTCS, GNSs were spray-coated on 
the surface of the PTFE membrane [111]. After 60 s of 0.75 kW/m2 light, the resulting membrane can quickly reach 52 ◦C. In the future, 
PDA will allow for the grafting of more effective photothermal materials onto the surfaces of membrane substrates. 

A.S. Jawed et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e31656

15

4.3.3. Dip coating 
Dip coating entails the application of a thin photothermal material dispersed in a solution layer to the membrane’s surface. This 

straightforward process is divided into five categories: immersion, start-up, deposition, evaporation, and drainage. The concentration 
of cross-linking agents, dip time, and dipping polymer concentration impact the membrane pore size, membrane structural integrity, 
and coating material thickness [128]. Huang et al. created a novel Janus membrane for desalinating a hypersaline brine solution 
stream in an MD process, with amphiphilic wetting and hydrophobic foulant agents to overcome fouling and wetting. A 
CTAB/polyvinylidenefluoride-hexafluoropropylene (PVDF-HFP) electrospun nanofibrous layer was synthesized, and the nanofibrous 
substrate was dip-coated with Si NPs before being fluorinated using CVD. The nanoparticle-coated substrate was kept under vacuum at 
100 ◦C for 1 day, while being exposed to 0.15 mL of fluoroalkyl silane, to fluorinate the Si NPs via CVD. After 10 h of operation, visual 
observation throughout the MD process indicated that the unmodified PVDF/HFP membrane was severely fouled (Fig. 8A) [129]. 

In addition, Han et al. [108] created eggshell composite membranes for a PMD technique. Mould-grapheassisted vacuum-drying 
eggshells were used to produce the eggshell membranes (ESMs), which were then heated to carbonized eggshell membranes (cESM) 
(Fig. 8B). The ESM was immersed in graphene oxide (GO) dispersion, carbonized, and reduced to create an rGO-wrapped ESM. To 
make the cESM-Carbon nanotubes (cESM-CNT) membrane, the ESMs were first dipped in a precursor solution and subsequently in a 
CNTs growth solution. The porous morphologies of the rGO-wrapped and cESM ESM were identical; however, the CNT-functionalized 
membrane had a fluffy structure coated by CNTs. The cESM-CNTs demonstrated a rapid temperature rise to 330 K due to both CNTs 
and cESM’s improved light absorption capacities providing a foundation for their PMD application. 

4.3.4. Vacuum filtration 
Various materials can be readily deposited on the membrane surface during the vacuum filtering process. The thickness of the 

coating layer may be simply adjusted by the concentration and volume of the photothermal material coating solutions, in addition to 
the ease of operation. CNTs were synthesized into paper-like structures known as Bucky-Papers (BP) as self-supporting membranes in a 
recent study [130]. The vacuum filtering of CNTs dispersed in 99.8 % pure 2-propanol resulted in ultra-thin BP membranes with 
narrow pore sizes. At a water vapor partial pressure differential of 22.7 kPa, the self-supporting CNT BP membrane demonstrated a 
DCMD flow of 12 LMH with 99 % salt rejection. However, debonding and aging have been reported; therefore, modifications such as 
surface grafting must be implemented to increase membrane durability. 

Similarly, vacuum filtration has been used more extensively for the preparation of photothermal membranes. For example, in PMD 
applications, nanofibrous PVDF membranes were vacuum filtered with iron (II, III) oxide (Fe3O4) NPs, as illustrated in Fig. 9A [115]. 
Due to the excellent photothermal conversion capabilities and light absorption of Fe3O4 NPs, under an illumination of 1.0 kW/m2, the 
membrane surface temperature increased by 25 ◦C in 10 min. In addition to electrospun nanofibrous membranes, commercial 
membrane substrates have been employed as suitable vacuum-coated photothermal layer substrates. A commercial PVDF micro-
filtration (MF) membrane’s surface was vacuum filtered using MXene, which is a novel emergent 2D material, as illustrated in Fig. 9B 
[109]. They were filtered on the PVDF membrane surface to create a photothermal skin layer with localized heating because of their 
superior photothermal efficiency and optical absorption. After 1 min of 50W LED irradiation, the PVDF membrane coated with MXene 
had a large temperature rise of 49 ◦C, as demonstrated by the infrared (IR) thermal image. These photothermal materials disposal 
might threaten the ecosystem and the environment because they are non-biodegradable and non-biocompatible. As a result, as shown 
in Fig. 9C–a biodegradable bi-layered photothermal evaporator was proposed for very efficient solar steam production, made of 
bacterial nanocellulose (BNC) that has been heavily loaded with PDA particles throughout the growth process [131]. Floating at the 
air/water interface, the PDA/BNC surface temperature increased to 43 ◦C and 72 ◦C under 1.0 and 3.0 kW/m2 irradiation, respectively. 
The rapid evaporation of water from the large increase in temperature of PDA/BNC film under 3 kW/m2 irradiation was quite evident 
from the appearance of steam. 

Although the vacuum filtering technique offers considerable advantages, such as ease of operation, the scaling up of photothermal 
membranes for vacuum filtration is challenging because of the vacuum system size restrictions. Moreover, due to the unusual bonding 
interactions between the membrane substrates and the coating layers, it is also important to investigate the chemical and thermal 
stabilities of the coating layers. 

4.4. Various fillers utilized to modify MD and SPMD membranes 

Different fillers have been critical to the progress and development of MD and SPMD membranes. Several studies on the integration 
of nanomaterials into various MD systems for desalination applications have been done. Moreover, metal-organic frameworks, gra-
phene, CNTs, and metallic NP have been utilized to provide the desired membrane structural and functional features. These materials 
provide membranes with excellent qualities, including thermal stability, mechanical strength, anti-fouling nature, chemical resistance, 
and selective permeability, resulting in enhanced functional and operational properties. 

Similarly, different studies have shown that nanofluids are being successfully incorporated into PMD membranes. Nanofluids are 
nanoparticle suspensions that have a high capacity to absorb solar energy and, hence, increase solar absorption efficiency. As a result, 
they have recently garnered interest as heat transfer fluids [132–135], and researchers are currently examining how nanofluids might 
improve the efficiency of solar-powered MD systems. Metallic oxides/nitrides, carbon-related nanoparticles, and metals are also 
popular nanofluid precursors. According to Peng Wang [136], developments in nano-enabled photothermal materials fuelled the 
rebirth of solar-powered desalination. SPMD has been the subject of numerous recent and ongoing investigations involving photo-
thermal nanoparticles, intending to decrease thermal energy needs, which may account for up to 70 % of the total MD system cost [80]. 
Therefore, the effects and use of the commonly used nanomaterials on membrane modifications in MD and SPMD seawater 
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desalination applications are discussed in detail in this section. Tables 1 and 2 also show a brief review of different nanomaterials used 
in membranes for various MD and SPMD applications. 

4.4.1. Carbon-based materials 
Carbon-based materials are expected to be among today’s most thoroughly researched additives. Graphene (G), GO, and CNTs have 

received a lot of attention for water purification processes and treatment, especially pressure-driven membrane processes, and the 
benefits of using them have been demonstrated by experimental studies [137] and molecular simulations [138]. It is especially crucial 
for MD applications that carbon-based membranes have high porosity and hydrophobicity. CNTs, G, and GO can influence the 
water-membrane interface, reducing liquid water permeability while favouring the movement of water vapor molecules [130,139]. 
These interactions are crucial to membrane function, particularly selectivity and permeability. Fig. 10A shows the CNT mechanisms to 
prevent liquid water molecule permeation during water-membrane interaction and allow vapor transport through the pores inside the 
membrane matrix during MD. While Fig. 10B shows how the addition of GO NPs to MD membranes enhances their performance. 

The membrane performance of the PSf membrane modified with multi-walled CNT (MWCNT) was investigated by Fahmey et al. 
[92]. In their study, they enhanced the membrane performance by using a new MD configuration called vacuum enhanced DCMD 
(VEDCMD) and achieved a permeate flux of 41.58 kg/m2h. According to another study [95], the inclusion of CNTs in the dope solution 
during the phase inversion process improves flux performance by 12–40 %. Bhadra et al. [88] showed the immobilization of GO on the 
surface of a PTFE membrane for desalination through DCMD. At 80 ◦C, the total permeate flow may reach 97 kg/m2h with full salt 
rejection. In terms of photothermal materials, carbon-based materials, including CB, CNTs, G, GO, reduced GO (rGO), and others, are 
some of the best-known photothermal materials due to their broad light absorption, high stability, low cost, and lightweight nature. 
Since the electrons stored loosely in carbon-based compounds have closely spaced energy levels, they absorb broadly over the whole 
solar spectrum, and the excited electrons relax to their ground state, releasing heat. 

The surface of a PVDF nanofibrous membrane was coated with CB NPs using a sprayer to create a rough membrane with localized 
heating capabilities [110]. The membrane’s linked micro/nano channels and multilayer roughness provide omniphobicity, increased 
vapor permeability, and good light absorption. Through many internal reflections, it could efficiently capture solar energy. Under the 
illumination of 1.0 kW/m2, the membrane surface could be heated from 18.6 to 32.3 ◦C in 150 s and kept at 41.6 ◦C for 5 min by the CB 
NPs-mediated localized heating layer. In addition, to generate effective PMD membranes, other carbon-based nanosheets (NSs) and 
nanotubes were sprayed onto the surface of the hydrophobic microporous membrane [113]. The fabricated membrane had a 
CNT-stacked shape. After a few minutes, the membrane demonstrated a steady temperature of over 70 ◦C under 1.0 kW/m2 illumi-
nation due to its photothermal conversion efficiency and wide light absorption. 

The fabrication of porous structures has proven to be an efficient method for increasing the light absorption of various carbon 
compounds, the most well-known of which are extremely porous graphene and rGO [141,142]. For example, Ito et al. [143]discovered 
that the thermal conductivity of a graphene membrane doped with nitrogen could be greatly reduced, resulting in an increased solar 
evaporation energy efficiency by 13 % when compared to the undoped graphene sample. Aside from man-made structures, at a power 
density of 12 kW/m, a bi-layered structure built of radially cut wood with a top layer of GO demonstrated an 83 % solar thermal 
efficiency [144]. A useful supporting layer for solar steam production is wood with a natural vessel structure, as it is considered to have 
strong optical absorption, low thermal conductivity, hydrophilicity, and abundance. 

Although carbon-based materials used in MD applications offer great performance and properties, their alignment is still a source of 
concern for many researchers. Furthermore, their high cost restricts their commercial applicability, and the health hazards associated 
with their release into the treated water stream and their stability within the matrix are uncertain. 

Fig. 11. Comparison of (A) CMD and (B) SPMD.  
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4.4.2. Metal oxide 
Recently, it has been revealed that sphere-like NPs such as ZnO, SiO2, and titanium dioxide (TiO2) may be used in MD to induce 

nano-roughness on membrane surfaces. Hydrophobic TiO2 nanoparticles functionalized with fluoro-silane were integrated into 
electrospun membranes to create new membrane designs with superior physicochemical qualities for MD [105]. To evaluate the 
functionalized TiO2/PVDF-HFP composite membranes, the membranes were exposed to two days of DCMD to test their selectivity and 
water vapor flux. All electrospun F–TiO2/PVDF-HFP membranes showed an anti-wetting feature while retaining a high water flux of 
40 L/m2h using a 7.0 wt% NaCl brine as the feed solution when compared to commercial PVDF membranes. In addition, hydrophobic 
SiO2 NPs and polydimethylsiloxane (PDMS) were sprayed onto the PVDF membrane to fabricate superhydrophobic membranes with 
nanostructures for MD [145]. The modified membrane exhibits a lower flux than the unmodified membrane in DCMD experiments 
with pure water. However, 180-h DCMD experiments with a 25 % NaCl solution show that the modified membrane’s permeate flux 
decreases little when the NaCl rejection rate exceeds 99.99 %, whereas the flux of the unmodified membrane decreases significantly as 
the rejection rate decreases. 

Metal oxides were also used in various research projects, mainly for solar steam generation and in very limited applications for the 
fabrication of PMD [115]. Light is absorbed in metal oxide semiconductors to produce electron-hole pairs. Solar light, which has more 
energy than the semiconductor bandgap, would produce electron-hole pairs, which would eventually relax to the band edges and 
convert the excess energy to heat. Finally, electron-hole pairs in narrow-band gap semiconductors recombine to generate heat [146]. 
TiO2 and Ti2O3 NPs with high light absorption, for example, have been described and used in solar evaporation and desalination [147, 
148]. Huang et al. created titanium nanocages for solar water evaporation that had a high light trapping capacity [149]. A 
CuCr2O4-loaded quartz glass fibre membrane was introduced by Wang et al. in a more recent study as a highly heat-stable solar 
photothermal material with effective fouling control for evaporation applications and real-world solar distillation [150]. 

4.4.3. Metals/metal-organic frameworks (MOFs) 
MOFs have attracted a lot of interest in MD operations due to their desirable physio-chemical properties, such as high surface area, 

porosity, and intense capacity to connect organic linkers with inorganic metal centres through coordinate bonds without changing the 
framework [151,152]. MOFs with clustered centres of iron (Fe), zirconium (Zr), and aluminium (Al) have shown stable properties for 
water treatment operations in recent studies [153]. Currently, MOFs-incorporated membranes are only employed for VMD and DCMD 
[100]. 

According to a few studies, the inclusion of different MOFs can enhance the membrane’s wetting resistance and antifouling ca-
pabilities by converting its nature from hydrophobic to hydrophilic. Coating 5 wt% Fe-BTC on PVDF membranes, for example, could 
result in a superhydrophobic PVDF nanofiber membrane for saltwater desalination [101]. According to research, when the composite 
membrane was used for DCMD, the water CA increased to 138◦, the water vapor flux increased, and a 99.9 % of NaCl rejection rate was 
attained. A new thin-film nanocomposite (TFN) membrane for MD could be created by coating a hydrophobic PVDF membrane with an 
ultrathin zeolitic imidazolate framework (ZIF-8)/chitosan layer [103]. The results showed that the water permeability increased by 
350 %, but the NaCl rejection rate remained at 99.5 %. Furthermore, the presence of the chitosan layer improved antifouling 
effectiveness. 

The plasmon resonance is high in several metals. Hot electrons originate from a collective excitation of the delocalized electrons in 
metals when the frequency of the incoming light coincides with their oscillation frequency. Through a Joule mechanism, heated 
electrons vibrate in sync with the electromagnetic field applied [154]. Gold (Au) stands out from its competitors because of its 
excellent light adsorption tunability, nontoxicity, accessibility to a variety of synthesis methods, and chemical stability [155,156]. Kim 
et al. demonstrated efficient solar water evaporation by employing flexible thin-film black Au membranes that absorbed 91 % of light 
between 400 and 500 nm and adiabatic plasmonic nano-focusing to accomplish ultra-broadband light absorption [157]. 
Self-assembled aluminium (Al) NPs were produced in situ by Zhu et al. in an AAO membrane, and the improved membrane efficiently 
absorbed a large portion of the solar spectrum (>96 %), resulting in increased saltwater desalination performance [158]. Hu et al. 

Fig. 12. (A) Calculated temperature distributions at the membrane surface for MD and NESMD; (B) Active membrane area for lengths from 10 to 
100 cm and a 10-cm width for MD and NESMD; (C) Efficiency variation with maximum temperature and module length for NESMD and MD. 
Adopted from Ref. [168]. Copyright, 2017, PNAS. 
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Table 3 
Techno-economic studies on SPMD.  

No. Year Plant type System description Capacity (m3/ 
d) 

Water 
Production Cost 
(US$/m3) 

Remarks Ref. 

1 2005 Pilot Plant Economic evaluation of solar- 
powered AGMD. 

65.7 8.95 Nearly 70 % of the water production 
cost was associated with solar 
collectors. 

[170] 

2 2008 Pilot Plant Economic evaluation of two 
membrane distillation machines 
driven by solar energy. Each unit 
includes a data gathering system, 
PV panels, spiral AGMD module(s), 
and flat plate collectors. 

0.1 and 0.5 15 for compact 
system and 18 
for large system 

The lifespan of the plant and the 
membrane are important variables 
in calculating the cost of producing 
water. As the lifetime of the 
membrane and/or plant increases, 
the cost falls. 

[171] 

3 2012 Pilot Plant Three stand-alone solar-driven 
membrane distillation systems 
(VMD, DCMD, and AGMD). 

– 16.02 (VMD), 
12.7 (DCMD), 
18.26 (AGMD) 

DCMD is the most economically 
effective configuration. 

[172] 

4 2015 Pilot Plant Using the currently employed Plate 
and Frame MD technology, a solar 
desalination plant was subjected to 
a techno-economic analysis, with 
the results being compared to those 
obtained using fossil fuels. 

100 Fossil driven- 
8.98, Solar 
driven- 12.5- 
14.12) 

There is no significant difference in 
the water production cost. 

[173] 

5 2018 Pilot Plant Performance and cost evaluation 
study of solar-powered DCMD 
system. 

40.75 0.392 When feed water temperature was 
raised in the DCMD system, 
permeate flux and evaporation 
efficiency increased. However, as 
input water temperature rise, 
specific thermal energy 
consumption dropped. 

[174] 

6 2018 Modeling Modeling for economic 
optimization of a solar driven 
sweeping gas membrane distillation 
desalination system 

4.15 liters/d/ 
m2 of 
collection 
area 

0.085 USD/liter Membrane modules and solar 
thermal collectors dominated costs, 
while thermal and electrical energy 
storage remained economically 
unfeasible with current 
technologies. 

[175] 

7 2019 Pilot Plant DCMD with Parabolic Trough 
Collector 

1.14 liters/d/ 
m2 of 
collection 
area 

0.021 USD/liter Solar thermal collectors constituted 
the largest share of costs, around 25 
%, across all configurations and 
salinity levels. Energy storage was 
economically unfavourable, leading 
to the selection of minimal battery 
and hot water tank sizes. Direct 
contact membrane distillation 
incurred higher energy consumption 
and economic costs compared to 
other forms. 

[176] 

8 2020 Modeling Modeling and performance analysis 
of a fully solar-powered stand-alone 
sweeping gas membrane distillation 
system 

4.15 liters/d/ 
m2 of 
collection 
area 

0.0183 USD/ 
liter 

Performance comparison with other 
desalination systems indicates that 
the system proposed in this paper as 
a small-scale fully solar powered 
desalination system is attractive to 
provide a flexible and reliable fresh 
water supply for island and coastal 
households. 

[177] 

9 2020 Pilot Plant AGMD Spiral Wound with cooled 
concentrator PV 

19.58 m3/ 
year 

0.024 USD/liter The proposed co-generation hybrid 
system has the capacity to produce 
fresh potable water of 19.58 m3 per 
year and to cut down overall CO2 

release by about 136.82 kg. 

[178] 

10 2021 Pilot Plant The desalination plant utilizes solar 
energy collected by photovoltaic 
panels to heat brackish water, 
employing spiral wound 
membranes 

15.92 liters/ 
d/m2 of 
collection 
area 

0.035 USD/liter The system’s specific thermal energy 
consumption ranged from 90 to 310 
kWh/m3 based on calculations. 

[179] 

11 2021 Simulation 
study (Aspen 
Custom 
Modeler) 

To lower the overall annual cost, the 
two-stage design approach for 
SDMD systems is demonstrated in 
this study using a range of 
membrane distillation topologies, 
including AGMD, DCMD, and VMD. 

AGMD-28.9, 
DCMD-31.4, 
VMD-46.2 

AGMD-2.72, 
DCMD-5.38, and 
VMD-10.41 

The Unit Production Cost of the 
solar-driven AGMD system can be 
cut from US$2.71/m3 to US$2.04/ 
m3 by lowering the membrane unit 
cost from US$90/m3 to US$36/m3. 

[180] 

(continued on next page) 
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coated the pores of natural wood blocks with Ag, Au, and Pd NPs, which showed excellent stability for more than 144 h and high light 
absorption capacity (99 %) over a wide wavelength range. In addition, under 10 solar illuminations a high solar conversion efficiency 
of 85 % was obtained [159]. 

4.5. Effects of module designs and operational parameters for PMD 

The permeate flux of PMD systems is influenced by the designs of membrane modules. The depth of the water layer on the surface of 
the PMD membrane at the feed side is determined by the design of the membrane module. An increased thickness of the water layer in 
the feed channel may result in a decrease in the absorption of solar energy by the photothermal layer due to the effects of refraction and 
scattering [160]. Consequently, this might lead to a reduction in the overall efficiency of the photothermal process. In addition, when 
the feed solution undergoes light-to-heat conversion on the surface of the PMD membrane, the temperature of the feed rises along the 
feed flow channel because of the extended heating duration. Hence, the observed temperature disparity is most pronounced on the feed 
outflow side. Augmenting the dimensions of the membrane module is expected to yield advantageous outcomes in terms of permeate 
flux [161]. 

In addition, the photothermal efficiency of the PMD membrane is influenced by the thickness of the photothermal layer and the 
concentration of the photothermal materials present on its surface. The efficiency of light-to-heat conversion may be improved by 
including a thicker photothermal layer that possesses a favourable structure, hence facilitating repeated reflections [162]. Never-
theless, a more substantial photothermal layer might potentially impede the permeate fluxes by obstructing the membrane pores and 
augmenting the barrier to water vapor mass transfer. Researchers showed that an elevated concentration of photothermal materials 
has the potential to enhance light absorption, resulting in increased light absorption coefficients [163]. They observed that the 
quasi-steady state surface temperature of the PMD membrane exhibited an increase from 42.4 to 48.0 ◦C as the concentration of coated 
CB was raised from 0.2 to 1.0 wt%. The membrane with a lower concentration of CB showed a 9.5 % increase in flux, whereas the 
membrane with a greater concentration of CB exhibited a 54.9 % increase in membrane flow. 

In addition to the membrane properties previously discussed in Section 4.1, the performance of the PMD process can also be 
influenced by operational circumstances. The primary operating parameters of the PMD process encompass composition, temperature, 
and feed velocity. The intricate compositions of actual feed solutions have the potential to contaminate and wet the PMD membranes. 
When the operational temperature of the PMD process is lower, the calcite and gypsum scalants exhibit a tendency to remain dissolved 
in the feed solution rather than being deposited on the membrane surface [164]. Conversely, the rate at which these scalants pre-
cipitate is reduced at lower temperatures, resulting in a delay in the scaling process on the surface of the membrane. Therefore, the 
PMD process exhibits a reduced degree of membrane scaling compared to CMD processes. The wetting resistance of PMD membrane to 
surfactant solutions was studied, and it was found that the presence of spherical re-entrant structures inside the photothermal coating 
layer can enhance PMD membrane wetting resistance [163]. The re-entrant structure has the potential to efficiently stabilize the 
liquid-vapor interface and inhibit the adsorption of surfactants inside the pores of the membrane, thereby limiting the wetting of the 
membrane. 

Moreover, it is worth noting that the impact of operating circumstances on the permeate side is comparable to that of CMD pro-
cesses. However, it is important to highlight that the influence of feed velocity on membrane performance is actually opposite for PMD 
and CMD [161,165]. The PMD process exhibits greater thermal efficiency at lower feed velocities, but the permeate flow in CMD 
processes may be enhanced at higher feed velocities by mitigating thermal conductivity. A decrease in feed velocity provides an 
adequate duration for the heating of feed solutions by the PMD membrane, hence creating a greater temperature differential across the 
membrane. Consequently, this leads to an increased flow of distillate. In contrast, an increase in feed velocity would result in a more 
rapid transfer of heat from the feed solution layer on the membrane surface to the bulk solution. The PMD system’s ability to operate at 
a low feed velocity would provide a notable advantage over CMD systems. 

Furthermore, a study investigated the impact of supplementary feed heating on permeate flux [166]. Prior to entering the PMD 
membrane module, the feed solution was pre-heated to a temperature range of 30–50 ◦C. The permeate flow exhibited a positive 
correlation with the feed temperature, mirroring the behaviour observed in CMD systems. Exposure of the membrane module to light 
with an intensity of 1 kW/m2 resulted in an increase in membrane flux. This observation implies that the PMD process has the potential 

Table 3 (continued ) 

No. Year Plant type System description Capacity (m3/ 
d) 

Water 
Production Cost 
(US$/m3) 

Remarks Ref. 

12 2022 Pilot Plant The performance of the pilot plant 
was analyzed for DCMD & AGMD 
configuration under various 
operating conditions and according 
to onsite weather conditions 

10 0.053 USD/liter An economical evaluation was 
performed through LCOW 
comparison in the solar MD pilot 
plant. 

[181] 

13 2024 Modeling & 
simulation 

Circulated PGMD module with flat 
plate solar collectors 

6 l/d/m2 0.016 USD/liter Pilot hybrid-power 30-stage C- 
PGMD system, showcasing a 
remarkable achievement in reducing 
production costs 

[182]  
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to be integrated with auxiliary heating systems to enhance overall performance. One potential avenue for reducing energy usage and 
cost in PMD systems is through the utilization of wind energy and industrial waste heat. 

5. Comparison between CMD and SPMD 

With the rising demand for sustainable and energy-efficient desalination methods, the comparison between CMD and SPMD as-
sumes growing significance. When traditional MD technology was compared to a system powered by solar photovoltaic cells, it was 
shown that DCMD powered by solar energy had lower energy consumption, much higher water output, and thermal efficiency than 
DCMD powered by electrical energy. Moreover, a DCMD system powered by conventional energy exhibits an 83 % thermal efficiency. 
In contrast, a comparable system powered by solar energy, specifically through photovoltaic cells, achieves a higher thermal efficiency 
of 95 % under identical operating conditions but with a distinct driving force source. The substantial flux of solar energy plays a key 
role in the notable efficiency improvement observed in the solar-operated system compared to its electrical energy-operated coun-
terpart [167]. The comparison between CMD and SPMD is presented in Fig. 11. While CMD relies on external energy sources and is 
susceptible to TP, PMD utilizes solar energy and photothermal materials to achieve localized heating without using any heaters for the 
feed water. This mitigates TP, and enhance efficiency, thereby offering potential advantages in terms of energy efficiency, environ-
mental sustainability, and scalability. A detailed mechanism and explanation of TP was explained earlier in the introduction section. 

Fig. 13. The diagram of overall desalination cost. Source: Adapted from [183].  
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The performance of a standard MD process using pristine PVDF was compared to a nanophotonic-enabled solar MD (NESMD) using 
CB NPs embedded in an electrospun PVA layer that was applied to a PVDF membrane in Dongare et al. study [168]. As the module size 
expanded, MD and NESMD performances were evaluated. They discovered that the active membrane area remained high throughout 
the MD module in the case of the NP-coated membrane, where the transmembrane temperature gradient is positive, but dropped in the 
case of the uncoated membrane due to increased heat losses from feed to permeate (Fig. 12A and B). As a result, scaling up a NESMD 
unit should result in a rise in its distillate flow as opposed to MD, where scaling up beyond a certain point does not equate to higher 
purified water output. Furthermore, the efficiencies of MD and NESMD were compared (Fig. 12C), and the findings demonstrated that 
NESMD has greater efficiency than MD for modules up to 2 m in length. All these properties point to NESMD as a potential option for 
community-scale desalination. 

191Siefan et al. [169] conducted a life cycle assessment (LCA) to compare the performance of a "large SMADES" SPMD, which 
desalinates untreated saltwater in Aqaba, Jordan, with a CMD plant. The LCA was performed using SimaPro 9 software, specifically 
focusing on five distinct scenarios of PV panel types. The purpose was to evaluate and analyse their environmental effects in relation to 
CMD. The findings of the LCA research primarily centre on the identification of a sustainable MD system in respect to the 22 impact 
categories. Apart from the global warming potential associated with certain types of PV panels, the findings of this study indicate that 
the SPMD system, which utilizes a-Si solar panels, is the most favourable choice due to its comparatively reduced environmental 
footprint in comparison to CMD. Among all other scenarios, it was determined that CMD had the most significant environmental 
impact. The results of the study indicated that the impact of PV panels on human health, ecological systems, and resource depletion 
was mitigated by 80 %. In contrast, CMD exhibited a consistent level of 100 % throughout the identical endpoint impact categories. 
Therefore, it is important to emphasise the need to shift towards more sustainable alternatives that have a positive impact on the 
environment. 

6. Techno-economic studies on SPMD 

The economic viability of separation technologies based on membranes used for treating wastewater, brackish water, seawater or 
saline/hypersaline water, groundwater, and food processing (vegetable and fruit juice concentration) must be accessed through 
techno-economic analysis. Membrane-based separation technologies can run on a variety of energy sources, such as fossil fuels like 
natural gas, crude oil, and coal, as well as renewable sources like wind energy hydroelectric power, geothermal energy, and solar 
energy. Based on their investment (operation cost and capital costs), water production costs were evaluated for any chemical process 
like solar-powered membrane distillation system. It is crucial to note that different types of membrane-based separation technologies 
have different cost estimates for energy consumption and water output depending on the site, differences in the boundaries of the 
system, site-specific salt content, economic indicators unique to the site location, and plant lifespan. So far, very few studies have been 
presented in the literature that deal with the cost of producing water and the energy consumption of SPMD, which are listed in Table 3. 

In terms of energy consumption, MD is known for its low energy requirements, particularly when compared to other thermal 
desalination technologies such as multi-stage flash (MSF) and multi-effect distillation (MED). MD typically requires energy inputs in 
the range of 10–40 kWh/ m3, which is significantly lower than MSF and MED (energy inputs in the range of 50–80 kWh/ m3 and 25–35 
kWh/ m3, respectively). However, when compared to other membrane-based technologies such as RO, MD typically requires higher 
energy inputs. RO typically requires energy inputs in the range of 3–4 kWh/ m3, which is significantly lower than MD. However, MD 

Fig. 14. Average production cost for desalination technology based on RES. Source: Adapted from Ref. [187]. 
192. 
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has several advantages over RO, such as its ability to handle feedwater with high salinity and fouling potential, making it a more 
attractive option for certain applications. 

The cost of traditional desalination methods comprises of several costs as shown in Fig. 13. However, factors such as market 
competition, new processes, and material improvements are contributing to lower costs in thermal desalination processes. Techno-
logical advancements are expected to further reduce equipment costs and overall plant costs. As a result, desalination is becoming a 
practical and cost-competitive option for providing drinkable water. However, the costs of pre-treatment and post-treatment processes 
still impact the overall cost of desalinated water. The increasing costs of traditional energy production could offset the cost reduction 
trend, but the integration of renewable energy sources (RES) is expected to change this projection soon. 

Assessing the average cost of water production is crucial for evaluating the feasibility and economic viability of different tech-
nologies. For instance, the average cost of producing water from seawater using traditional desalination methods is approximately 
$1.4/m3 for MSF technology, $1/m3 for MED, and $0.5/m3 for RO. Estimates for CMD vary widely, ranging from $0.5/m3 to over $15/ 
m3 of purified water. Discrepancies in cost estimates can be attributed to factors such as plant capacity, feed water salinity, and energy 
sources utilized [184,185]. On the other hand, SPMD systems entail initial setup costs for solar panels and infrastructure, but offer 
potential long-term savings on energy expenses, with the cost per cubic meter ranging from $0.30 to $14.50. This data underscore the 
importance of comprehensive cost analyses in determining the most cost-effective approach for water desalination projects. Fig. 14 
shows various desalination technologies powered by RES. In conclusion, MD may not be the most economic membrane-based tech-
nology, however, its low energy requirements relative to other thermal desalination technologies make it a promising option for water 
purification, particularly in situations where waste heat or solar energy is available [186]. 

7. Future perspective of SPMD 

Water and energy are crucial for socio-economic development in many nations throughout the world, especially in Africa and Asia, 
and they also play a significant role in sustainable development. Both sustainable energy production and water purification are heavily 
dependent on membrane-based technologies, either alone or in conjunction with other membrane-based processes. To make the 
process more affordable, manageable, and suitable for industrial applications, these technologies could be integrated with renewable 
energy sources, including geothermal, hydropower, wind, and solar energy (photovoltaic panels and thermal collectors). SPMD 
process design is becoming more popular on a global scale, especially for water treatment and desalination, as it is an appealing and 
new water reclamation method. 

This review offers significant recommendations for the future that could be addressed by advancing the SPMD desalination process 
and removing barriers, and these are noted below.  

• More research is required to create extremely resilient photothermal materials with suitable functionalities for incorporating them 
into membrane composites.  

• Investigations need to be performed on the scalability of SPMD systems with effective latent heat recovery, little heat loss, and 
compact designs. Finally, the economic and ecological benefits must be thoroughly considered before the SPMD system can be 
widely used to provide a safe and economical water supply.  

• Furthermore, SPMD membrane designs must consider the kinetics and behaviors of thermal diffusion, vapor generation, and light 
adsorption. Real-time monitoring and simulation may be useful methods to gain insight into the underlying concepts.  

• As most membrane materials are polymers, prolonged exposure to sunlight can cause them to break down and fail. Therefore, it is 
important to investigate the durability and stability of the membrane.  

• In addition to scalability, the affordability of SPMD membranes and systems is essential to determining how competitive this 
technology is.  

• The underlying molecular mechanism has not been discovered to explain why the addition of the MOFs and other materials can 
increase membrane flux, how the dense-layer coating prevents surfactants and organics from wetting the membrane, or how the 
water or organics move across the dense layer as vapor, liquid, or molecules. 

Table 4 
Comparative analysis of CMD and SPMD based on different aspects.  

Aspect Conventional Membrane Distillation Solar-powered Membrane Distillation 

Strengths  - Established technology  
- High energy efficiency  
- Consistent performance  
- Well understood process  

- Utilizes abundant solar energy  
- Environmentally friendly  
- Potential for decentralized systems  
- Low operating cost 

Limitations  - Reliance on external energy  
- Hight energy consumption  
- Expensive infrastructure  
- Environmental concern (eg. Brine discharge)  

- Intermittent energy source  
- Weather-dependent performance  
- Limited scalability  
- Variable water production 

Scale of Testing Usually tested at commercial scale Typically tested at pilot or small-scale 
Cost characteristics Higher operating costs, lower initial investment Lower operating costs, higher initial investment 
Efficiency and Productivity Generally high and consistent Variable depending on weather conditions 
Aim to increase deployment Improve efficiency and reliability Increase sustainability and access to clean water  
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• Self-cleaning membranes, a great concept, have the potential to revolutionize anti-fouling membranes, which can be applied in 
commercial SPMD applications and further the understanding of SPMD membranes.  

• Future research is necessary to ascertain whether novel MD process configurations have the potential to substantially reduce the 
environmental footprint by raising average water flows at the module level without significantly compromising energy efficiency.  

• The most promising industrial use for solar-powered MD is the treatment of produced water from shale oil and unconventional gas 
extraction, natural gas exploration, and oilfields.  

• Large-scale solar water treatment facilities are not currently being built, but they could present a chance to lower overall capital 
costs. The investigation of the upgrade and its commercial viability, therefore, calls for more demonstration and simulation 
research. 

The innovative conclusions from these investigations demonstrate the significance of MD supported by solar energy for desali-
nation procedures. Numerous design plans have demonstrated significant advances in different membrane distillation modules. 
Additionally, those findings hold promise for more in-depth investigation and may be appropriate for practical applications. 

8. Conclusion 

In conclusion, this comprehensive review aims to provide a deep understanding of both CMD and SPMD systems, exploring their 
configurations, mechanisms, and associated challenges. Additionally, various methods for membrane fabrication and techniques to 
enhance MD performance have been examined. The prospects of SPMD were discussed, shedding light on barriers to commerciali-
zation such as temperature and concentration polarization, and membrane design intricacies. While solar-integrated desalination 
technologies are in the research and development phase, intensifying efforts in this field is imperative for scientific and technological 
advancement. 

Direct SPMD desalination technology presents a promising solution for small-scale applications, optimizing the utilization of solar 
energy. Incorporating solar absorption and MD into a single, compact module efficiently reduces heat loss, particularly in comparison 
to indirect configurations. By employing photothermal heating on the membrane surface, it becomes possible to enhance and maintain 
the feed/membrane interface surface temperature, thereby reducing TP. However, achieving optimal desalination performance re-
quires consideration of various factors, including the characteristics of photothermal materials (such as chemical stability, long-term 
durability, anti-fouling properties, toxicity, and cost), operating conditions (such as flow rate, initial feed temperature, and salinity), 
and system design (including SPMD configuration, membrane type, and module length). For instance, unlike CMD processes, enlarging 
the module size in SPMD or reducing the feed flow rate can enhance water production by prolonging the contact time between the 
membrane as a heating source and the feed. Conversely, raising the inlet feed temperature above that of the photothermal membrane 
surface may diminish the benefits of the photothermal material as a solar absorber. However, it was noticed that the photothermal 
materials used in SPMD systems are similar to the materials used in CMD systems. Both systems mainly desire materials with char-
acteristics, such as mechanical and chemical stability, hydrophobic surfaces for feed-distillate separation, and high porosity for vapor 
diffusion. In addition to the aforementioned characteristics, characteristics such as high photothermal conversion efficiency, multiple 
light scattering and trapping, and broadband solar absorption must be evaluated and taken into account when selecting SPMD ma-
terials. As a result, more efforts are required to produce extremely durable photothermal materials with necessary properties for 
incorporation into SPMD systems. Moreover, despite the observed quick advancement in SPMD research activities, many in-
vestigations are focused on modeling and simulation. There is an urgent need to bridge the theoretical and experimental gap to get 
solar MD closer to commercialization. Therefore, for enhanced improvement, a pilot-scale plant’s long-term operational experience is 
essential. Overall, the nanoparticle-modified membranes have proven to be highly effective in addressing many problems associated 
with MD. Mainly, the carbon-based NPs are the ones extensively used for both conventional and solar MD, due to their special 
characteristics. 

Table 4 summarizes the strengths and limitations of solar-powered desalination compared to conventional methods. Careful 
consideration of the aspects mentioned alongside technical feasibility assessments is crucial for evaluating the overall viability and 
potential benefits of adopting SPMD and photothermal technologies for water treatment applications. 
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