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HIGHLIGHTS GRAPHICAL ABSTRACT

o Discharge of dye effluent requires robust
and cost-effective treatment processes.
e Membrane distillation emerged as a
promising tool towards dye

remediation.

e The current study reviewed research
advancement towards environmental
dye remediation.

e However, fouling and thermal efficiency
of MD remain a major challenge.

e The reviewed study suggested optimi-
zation of membrane and module designs
for effective dye remediation.
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ABSTRACT

Textile and cosmetic industries generate large amounts of dye effluents requiring treatment before discharge.
This wastewater contains high levels of reactive dyes, low to none-biodegradable materials and chemical resi-
dues. Technically, dye wastewater is characterised by high chemical and biological oxygen demand. Biological,
physical and pressure-driven membrane processes have been extensively used in textile wastewater treatment
plants. However, these technologies are characterised by process complexity and are often costly. Also, process
efficiency is not achieved in cost-effective biochemical and physical treatment processes. Membrane distillation
(MD) emerged as a promising technology harnessing challenges faced by pressure-driven membrane processes.
To ensure high cost-effectiveness, the MD can be operated by solar energy or low-grade waste heat. Herein, the
MD purification of dye wastewater is comprehensively and yet concisely discussed. This involved research
advancement in MD processes towards removal of dyes from industrial effluents. Also, challenges faced by this
process with a specific focus on fouling are reviewed. Current literature mainly tested MD setups in the labo-
ratory scale suggesting a deep need of further optimization of membrane and module designs in near future,
especially for textile wastewater treatment. There is a need to deliver customized high-porosity hydrophobic
membrane design with the appropriate thickness and module configuration to reduce concentration and tem-
perature polarization (CP and TP). Also, energy loss should be minimized while increasing dye rejection and
permeate flux. Although laboratory experiments remain pivotal in optimizing the MD process for treating dye
wastewater, the nature of their time intensity poses a challenge. Given the multitude of parameters involved in
MD process optimization, artificial intelligence (AI) methodologies present a promising avenue for assistance.
Thus, Al-driven algorithms have the potential to enhance overall process efficiency, cutting down on time, fine-
tuning parameters, and driving cost reductions. However, achieving an optimal balance between efficiency
enhancements and financial outlays is a complex process. Finally, this paper suggests a research direction for the
development of effective synthetic and natural dye removal from industrially discharged wastewater.
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xanthene (Benkhaya et al., 2020b; Raman and Kanmani, 2016). On one

hand, CI classification includes over 8000 synthetic dyes with various

ANNs :;g?gils neuron PEI Polyetherimide names used in industrial applications. Depending on the textile type,
different dyes are commonly used, e.g., sulphur (Nguyen and Juang,
AGMD g}rtﬁfi,membra"e PES polyether sulfone 2013), reactive (Zhang et al., 2005; Pei et al., 2017), cationic (Benkhaya
1stillation . .
AgNPs Silver nanoparticles PHpae Point of zero charge et al., 2020a; Xiao et al., 201?), and a201c. dyes (Hassan and Carr, ?Ol 8).
Al Artificial Intelligence PP Polypropylene These dyes are used to colourize cotton, silk, wool, nylon, rayon, viscose,
CFD Computational fluid PS Polystyrene cellulose acetate, paper, polyester, leather, acrylic, and synthetic fibres.
dynamics Owing to their extensive use in textile, pharmaceutics, rubber, paint,
< Colour index PTFE Polytetrafluoroethylene food, cosmetic, paper, and pulp industries, dyes are released to the water
CNTs Carbon nanotubes PU Polyurethane ’ V paper, p .p > dy X R R
cp Concentration PVA Poly(vinylalcohol) streams causing severe environmental pollution. Textiles processing
polarization require several steps, namely, bleaching, mercerization, printing, and
CR Congo red dye PVDF Polyvinylidene fluoride finishing. These steps require large amount of water (Rajkumar and Kim,
DCMD  Direct contact membrane ~ PVDF-HFP  Poly(vinylidene fluoride-co- 2006). For instance, bleaching process requires treatment with either
distillation hexafluoropropene) duci idizi ts t t rid of the d I izati th
HFP Hexafluoropropylene SAN Styrene acrylonitrile reducing or oxidizing agents to get rid of the dye. In mercerization, the
HIPS High-impact polystyrene ~ SBMA Sulfobetaine methacrylate material is treated with specific chemicals to improve its strength and
LEP Liquid entry pressure SGMD Sweeping gas membrane affinity to dyes. The finishing process towards the transformation of the
distillation fabrics into functional material like waterproofing, glazing, sizing, and
MB Methylene blue dye SiOy Silica . s ..
MD Membrane distillation SUM Support vector machine smoothing generates huge quantities of wastewater containing dyes
MGMD  Material gap membrane TiO2 Titanium dioxide (Holkar et al., 2016).
distillation Despite wide use of dyes in many fields, they are known for their
MO Methyl orange dye TP Temperature polarization adverse health effect. Literature reported an increased cancer appear-
PDMS  Polydimethylsiloxane VMD X_ac,‘ﬁ‘? membrane ance linked to textile industry proximity (Serra et al., 2008; Singh and
istillation . . . .
PEG Polyethylene glycol 7n Zine acetate C‘hadha, 201'6). Also', hairdressers exposed to ox1dat1ve. hair dyes are
(CH3CO9)2 diagnosed with respiratory health problems (Helaskoski et al., 2014).

1. Introduction

Rapid progress of industrialization affects the water quality, result-

The release of dyes to the aquatic environment does not only affect
human beings but also deteriorate water quality, affecting the level of
dissolved oxygen. Moreover, dyes undergo chemical reactions exacer-
bating their environmental toxicity. Acute, chronic, or cytotoxic effect of
dyes has been broadly reported in algae, bacteria, fish, and mice (Fried
et al., 2022). Other studies reported dye toxicity on brain, kidney, liver,
heart, and other organs as well as respiratory, hormonal, and immune

ing in an increasing freshwater crisis globally (Katheresan et al., 2018).
Inadequate treatment of wastewater leads to various chemical release to
the environment, where large group of industrial waste contains dyes.
These compounds are classified according to their chromophore struc-
ture, colour index (CI), and its application (Benkhaya et al., 2020a; Rauf
and Hisaindee, 2013). Classification of chromophore structure is based
on functional groups of the dye molecule. This include acridine,
anthraquinone, azo, cyanine, diarylmethane, indigoid, nitro, nitroso,
oxazine, phthalein, quinone-imine, triarylmethane, triphenylmethane,

systems (Rovira and Domingo, 2019; Kant, 2012).

To minimize the adverse effects of dye wastewater, various physi-
cochemical methods have been extensively used to treat it (Fig. 1).
Physical treatment processes include adsorption, ion exchange, and
membrane technologies. These techniques are easy to use, economical,
and chemical-free (Al-Tohamy et al., 2022). However, physical pro-
cesses produce high amounts of sludge and are limited towards treat-
ment of dye-containing wastewater. On one hand, various chemical
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processes including advanced oxidative processes (AOP), photo-
catalysis, and electrocoagulation have been extensively evaluated to
treat the dye wastewater. Although they remove dyes from harsh
operating conditions and generate less sludge, they are pH dependent,
expensive and form undesirable by-products. Similarly, electrochemical
processes produce no sludge and do not require use of chemicals.
However, it is costly and less effective compared to other technologies.

Biological processes have also been used extensively to treat dye-
containing wastewater. This involves enzyme, algae, yeast, bacterial,
and fungal assisted processes (Al-Tohamy et al., 2022). Biological pro-
cesses avoid chemical usage and produce no sludge. However, their ef-
ficiency is dependent on the water chemistry including pH fluctuations
and other conditions inhibiting activity of the biological agents. The
publication record (in the past 10 years since 2013) of the dye waste-
water treatment is presented in Fig. 1a. It is important to note that no
single dye wastewater treatment process is the most suitable technology
due to various advantages and drawbacks (Samsami et al., 2020). For
instance, the complex nature of the dye wastewater hinders satisfactory
treatments meeting regulatory standards upon use of the mentioned
technologies. This necessitates the combination of various technologies
towards production of high-quality water. However, membrane distil-
lation (MD) emerged as a promising technology, capable of producing
high-quality water from dye wastewater. The publication growth record
of dye wastewater treatment through MD is presented in Fig. 1b. The
number of publications for dye wastewater treatment via all methods
increased from 10,904 in 2013 to 46,884 in 2023. The total number of
publications between 2013 and 2023 was 27,5431. This was a tremen-
dous increase, indicating the research interests of this topic. In the case
of dye wastewater treatment via MD, the publications increased from
677 in 2023 to 3910 in 2023. The total number of publications between
2013 and 2023 was 21,105. Such developments demonstrate the capa-
bility of this technology in treating the dye-polluted wastewater.

The first generation of MD research used commercially available
hydrophobic membranes for wastewater treatment (Khayet, 2011;
Shirazi and Kargari, 2015). For example, the first report on the appli-
cation of MD textile wastewater treatment date back in 1991, where the
authors used commercial hollow fibre membranes made of poly-
propylene (PP) to treat synthetic wastewater by direct contact mem-
brane distillation (DCMD) (Drioli and Matera, 1991). However, these
membranes were not specifically fabricated for MD, thus presenting
impaired performance as per reported permeate flux and energy effi-
ciency. This is more challenging in case of textile wastewater treatment
containing organic and inorganic dyes and other chemicals (Banat et al.,
2005a; Criscuoli et al., 2008a). Therefore, the next generation of MD
research for textile wastewater considered the fabrication of specific
membranes for this application, particularly focusing on membrane
fouling and operating conditions (Mpala et al., 2024; Ramlow et al.,
2019a; Leaper et al., 2019; Lagbagbi et al., 2019a). This involved
employing hydrophobic polymers to produce wetting resistant
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membranes. The most studied polymers are polypropylene (PP), poly-
vinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), and poly-
ethylene (PE) whose chemical structures are provided in Fig. 2. The
membranes prepared from these polymers are not wetted by process
liquids, thus facilitating the mass transfer through passage of the water
vapour through the porous membrane. Other polymers evaluated in MD
systems include HIPS and PDMS due to their hydrophobic nature.
Although hydrophobic polymers presented fascinating results, they are
increasingly modified to produce various novel polymer types for use in
MD. These new generation of hydrophobic polymers are poly

(ethene-co-chlorotrifluoroethene) (ECTFE), poly(vinylidene
fluoride-co-tetrafluoroethylene) (PVDF-co-TFE), poly(vinylidene
fluoride-co-tetrafluoroethylene) (PVDF-co-TFE), poly(vinylidene
fluoride-co-chlorotrifluoroethylene) = (PVDF-co-CTFE), and poly

(tetrafluroethylene-co-hexafluoropropylene) (FEP) (Eykens et al.,
2017). The membrane synthesis from these polymers is still at devel-
opment stage of research, thus requiring intensive optimization process
to improve the MD process performance. Among the first attempts,
Mokhtar et al. (2014) fabricated PVDF hollow fibre membranes with
varying polymer concentrations (12-18 wt%) for use in dye effluent
treatment (Mokhtar et al., 2014a). As per reported findings, 12 wt%
polymer concentration, with 0.14 pm pore size and 450 kPa liquid entry
pressure (LEP) provided excellent performance in terms of permeate flux
(~5kgm~2h'!) and dye rejection (>99.80%). Also, fouling behaviour of
developed hollow fibre membrane was evaluated in a 40-h operation,
presenting 50% flux decline (Mokhtara et al., 2016).

Despite progressive reports on MD applications towards treatment of
dye effluents, there are limited review studies focusing on the subject
matter. In their recent review study, Suresh et al. (2023) reported

PVDF-co-HFP
PTFE

éﬁ PEI
37

PP

ROMS y HIPS

Fig. 2. The commonly used polymers in MD processes.
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various membrane applications processes including adsorption, filtra-
tion, catalysis (oxidant activation, ozonation, Fenton process, and pho-
tocatalysis) and MD towards removal of synthetic dye from wastewater
(Suresh et al., 2023). Besides dye treatment, MD is a viable technology
for seawater desalination because it can process high-salinity water
(Chimanlal et al., 2023a). However, MD application is limited by low
vapour flux and fouling - an inherent challenge in all membrane pro-
cesses. One of the approaches to overcome these challenges is to make
superhydrophobic membranes (Chimanlal et al., 2023b). This this is
achieved through the incorporation of inorganic nanomaterials such as
graphene-based materials, carbon nanotubes (CNTs), metal-oxide
nanoparticles (MNPs), clays as well as zeolitic imidazolate frameworks
(ZIFs) (Lousada et al., 2023; Gontarek-castro et al., 2022). Membrane
wetting is another challenge associated with MD. Fouling and wetting in
MD leads to immediate failure in membrane separation (Mahlangu et al.,
2024). Therefore, it is important to understand fouling and wetting
mechanisms in MD during treatment of various feed streams of different
physicochemical properties (Gontarek-castro and Castro-munoz, 2023).
The MD membranes are generally prepared from non-biodegradable
polymers, harmful solvents and fluoroalkyl silanes. A recent review
debates some inspiration for the fabrication of the next generation of MD

membranes using greener approaches (Gontarek-castro and
Castro-Munoz, 2024). These membranes have potential for
commercialization.

Some major drawbacks encountered with polymeric membranes is
achieving high permeability and selectivity simultaneously (Zamidi
et al., 2021). Highly permeable membranes often have low permeability
and vice versa. However, recent advancements have led to the formation
of ultrathin membranes, breaking the trade-off between selectivity and
permeance (Zamidi et al., 2022). This is due to the ultrathin nature of
the selective layer and lack of defects in the membrane structure. Several
approaches including atomic layer deposition, in situ crystal formation,
interfacial polymerization, Langmuir-Blodgett technique, facile filtra-
tion process, and gutter layer formation have been used to prepare
membranes with high selectivity and permeability. These procedures
take advantage of the intrinsic nature of nanostructured materials such
as polymers, zeolites, covalent-organic frameworks, metal-organic
frameworks, and graphene to prepare membranes for various applica-
tions in liquid separation — a focus of this study. Detailed overview of
these techniques can be found in the literature (Roberto et al., 2020).
Chemical grafting or crosslinking of polyimide chains are other strate-
gies adopted to improve selectivity and specific permeance. However,
the separation efficiency often improves at the expense of fluid perme-
ability as the degree of crosslinking increases (Ahmad et al., 2018).
Similarly, non-selective filler-polymer interfacial voids reduce selec-
tivity of mixed matrix membranes (Jain et al., 2021).

Besides tremendous progress in the configuration of MD systems,
there are many problems limiting its performance on a broad scale,
requiring critical attention. The most challenging issues in addition to
wetting and fouling affecting membrane flux and separation efficiency
include high-energy consumption, long time of operation, and mem-
brane regeneration. The current review reported different aspects and
recent solutions in the effective MD process focusing on the main con-
figurations used in laboratory and industrial scale, where considerable
research articles focus on the commercial membranes. Although the MD
is a promising technology, its effectiveness depends on several features
including operation parameters like feed temperature, flowrate, feed
concentration; physicochemical properties of the membrane (pore size
and porosity, permeability, membrane thickness, hydrophobicity, ther-
mal stability, polymer type used for membrane fabrication, and the MD
system configuration. The current literature mainly tested MD setups in
the laboratory scale suggesting a deep need for further optimization of
membrane and module designs in near future, especially for textile
wastewater treatment. There is a need to deliver customized high-
porosity hydrophobic membrane design with the appropriate thickness
and module configuration to reduce concentration and temperature
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polarization (CP and TP), minimize waste energy and increase MD ef-
ficiency and water recovery. More research should optimize configura-
tions and re-design the membranes by incorporating new materials (e.g.
hollow fibres, nanofibres, and nanomaterials) to enhance the fluid dy-
namics, reduce waste energy, and improve re-use of membranes and
versatility to deal with industrial dye effluents. To increase the operation
scale of MD, more mitigation and cost-effective antifouling strategies
should be implemented.

Among practical aspects, the theoretical studies are widely imple-
mented to enhance MD technology. The artificial intelligence (AI)-based
methods enable optimization of the input variables to achieve the
highest efficiency of the dye removal (maximize the removal value). The
key issue for developing efficient Al-based solutions is to provide the
developers with large and good quality data. Al-based algorithms can
increase the efficiency of the entire process, shortening its duration,
optimizing its parameters, and reducing costs. Advanced machine
learning techniques can support the development of the MD scale pro-
cesses. However, this field of research is still poorly explored in textile
wastewater treatment and need more modelling studies including cor-
relation between the membrane and module design, and mechanism of
fouling and wetting. These aspects are comprehensively and concisely
addressed in this review, with the strategy of ensuring improved MD
process performance in textile industry.

2. Membrane development for textile and dye wastewater
treatment

Membrane development characterized by fouling and scaling resis-
tance is a promising approach towards treatment of dye wastewater in
MD. For example, An et al. (2017) fabricated a novel nanofibre mem-
brane by incorporating polydimethylsiloxane (PDMS) onto a electro-
spun poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP)
membrane (An et al.,, 2017). The new hybrid membrane exhibited a
notable decrease in surface energy, as seen by the contact angle mea-
surement of 155.4°. Additionally, the membrane displayed high surface
roughness (R, = 1285 nm). The zeta potential of the new membrane
exhibited a more pronounced negative value compared to a commercial
PVDF membrane. As per authors argument, the new membrane
exhibited wetting resistance and antifouling qualities during treatment
of dye wastewater with varying charges. This resulted in the formation
of a flake-like structure of dye-dye interactions on the surface of the
membrane, rather than within its pores. Furthermore, this phenomenon
resulted in a notable increase in the productivity of the new nanofibre
membrane, reaching a permeate flux of 34 L m~2 h™!, which is 50%
greater compared to the productivity of the commercial membrane.

Pore wetting is another major challenge of MD, demonstrating a
direct collapse of the membrane performance (Shirazi et al., 2014).
During treatment of textile wastewater, chemicals and surfactants in-
crease the pore wetting risk (Yang et al., 2021). Garcia et al. (2018) used
a custom-made PTFE membrane coated by hydrophilic polyurethane
(PU) in a pilot scale DCMD system (Garcia et al., 2018). The system was
developed to treat textile wastewater containing surfactant. Authors
reported increased wetting of the commercial PTFE membrane as evi-
denced by increase in the permeate conductivity. In contrast, the
hydrophilic-coated membrane exhibited a consistent decrease in
permeate conductivity, indicating the presence of a wetted membrane.
Despite the favorable outcome, the coated membrane did not withstand
a routine cleaning procedure including washing by sodium hydroxide
(NaOH) aqueous solution, which is commonly employed in membrane
processes.

Similar to other properties, MD performance is affected by mem-
brane porosity. In fact, high porosity is required to transfer the vapour
molecules. This achieved by new fabrication techniques for highly
porous, flat sheet membranes, such as electrospinning (Nthunya et al.,
2019a, 2019b). Shirazi et al. (2020) developed a durable membrane
with a dual-layer structure and exceptional characteristics for treatment
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of industrial dye wastewater (Shirazi et al., 2020a). This nanofibre
membrane possessed a composite structure consisting of the
cost-effective styrene acrylonitrile (SAN) polymer as the top layer,
alongside a commercially available hydrophilic nonwoven material for
the supporting layer. As per reported findings, the approach presented
potential commercialization of the DCMD process in the treatment of
high-temperature dye wastewater. The nanofibre membrane exhibited
notable characteristics compared to a commercial PTFE membrane,
including a high hydrophobicity (>148°), increased porosity (>81%),
and a reduced tortuosity factor (1.71). All these led to a superior per-
formance of membrane, precisely, 28.31 kg m~2h™! permeate flux and a
commendable rejection rate of 98.2%. In their study, Khoshnevisan and
Bazgir (2020) examined a hot-pressed nanofibre membrane made of
HIPS towards treatment of textile wastewater at different concentrations
(Shirazi et al., 2020a). The hot-press post treatment of the membrane
samples enhanced mechanical strength with an improvement in pore
size distribution and LEP. The dye rejection of the DCMD process
exceeded 99.8% when varying amounts of dye were utilized as the feed.
However, the membranes were fouled at high dye concentrations. Yadav
et al. (2021) developed an innovative mixed matrix membranes,
including MIL101(Fe) impregnated into PVDF-HFP (Yadav et al.,
2021a). The membrane composed of 20% PVDF-HFP and 0.5% MIL101
(Fe) presented >98% dye removal along with 6.75 L m~2 h™! permeate
flux.

Photocatalytic MD membranes emerged as a promising self-healing
to improve process performance. For example, Huang et al. (2017)
fabricated photocatalytic membrane with highly porous structure by
sintering electrospun composite membranes consisting of PTFE, poly
(vinylalcohol) (PVA), and zinc acetate (Zn(CHsCO2)2) (Huang et al.,
2017). The resulting membranes were supported by a substrate of zinc
oxide (ZnO). According to the findings, the spinning solution displayed
favorable electrospinning characteristics, while the membranes exhibi-
ted remarkable flexibility, elevated chemical stability, and large specific
surface area. The authors applied their PTFE/ZnO membranes in vac-
uum membrane distillation (VMD) through the implementation of
photo-degradation tests towards efficiency evaluation. According to the
obtained results, the trials using photo-degradation yielded a notable
99.7% salt rejection. In addition, the PTFE/ZnO membranes exhibited
favorable self-cleaning capabilities. According to reported findings, the
used membranes presented 94.1% flux recovery following a 3-h period
of UV irradiation cleaning (Fig. 3).

In addition to flat sheet membranes, research is geared towards
preparation of hollow fibre membranes for textile wastewater treatment.
Li et al. (2019) used the dilute solution coating technique to manufac-
ture hydrophobic PVDF hollow fibre composite membranes (Li and
Feng, 2019). The process was aimed at fabricating a specific surface
structure analogous to the dual micro-nano structure, mimicking the
properties of a lotus leave. This preparation procedure increased the

PTFE/ZnO membrane

>
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surface contact angle of the membrane from 93.6° to 130.8°. The
fabricated membranes were evaluated towards separation of congo red
and methylene blue dyes from synthesized wastewater using VMD. The
findings reported an increase in permeate flux and dye rejection (>99%)
in comparison with the control PVDF membrane. In another work,
Mousavi et al. (2021) modified a hydrophobic polyetherimide (PEI)
hollow fibre membrane through a dip-coating technique (Mousavi et al.,
2021a). The authors coated the membranes using 2-(perfluoroalkyl)
ethanol (Zonyl® BA). The prepared membranes were evaluated to
remove methylene blue from a synthesized wastewater stream via air
gap membrane distillation (AGMD). During a 76-h experiment, the
developed hollow fibre membrane exhibited a permeate flux of 6.5 kg
m~2h~! and a methylene blue rejection of 98%.

In a recent work, Xie et al. (2023) fabricated a superhydrophobic
PVDF membrane using a spray-coating technique with fluorinated silica
nanoparticles (SiOy NPs) (Fig. 4) for the treatment of saline dye waste-
water (Xie et al., 2023). The authors performed a detailed investigation
on the effects of various operating variables (i.e., temperature differ-
ence, feed flowrate, salt concentration, dye concentration, and dye
species) in DCMD. According to the research findings, the prepared
superhydrophobic membrane presented a remarkable resistance to
wetting and fouling with 99.9% salt and dye rejection. Additionally, the
superhydrophobic membrane exhibited a notable water recovery rate of
90%. However, the authors reported a marginal 13.4% decrease in the
permeate flux during a 39-h DCMD evaluation.

In the preparation of polymer-based ultrafiltration (UF)/nano-
filtration (NF) membranes for MD, recent trends adopted greener ap-
proaches involving utilization of green solvents in membrane
fabrication. Various polymeric membranes have been prepared via these
green synthesis methods, and they include porous Matrimid® 5218
membranes (Russo et al.,, 2019) and NF membranes based on
polyamide-cellulose acetate (Ounifi et al., 2022). Similarly, the prepa-
ration of green nanofillers and their incorporation into polymeric NF
membranes has been reported. A recent comprehensive review discusses
recent and ongoing progress on novel nanocomposite membranes based
on green approaches for heavy metals removal from water (Loreti and
Castro-mu, 2021). The membranes with green nanofillers improved
hydrophilicity, water permeability and pollutant rejection capability.
These membranes present fouling resistance and can be used for a
lengthy period without degradation.

Table 1 provides a summary of the MD application towards dye
removal from textile effluents. Among the MD configurations, the most
popular design is DCMD owing to its simplicity in setup and low capital
cost (Rovira and Domingo, 2019). In DCMD, both the feed and permeate
solutions are in direct contact with the membrane at different interfaces.
The temperature difference between the two membrane interfaces cre-
ates a partial vapour, facilitating the mass transfer from the feed to the
permeate. Although the DCMD is known to be simple to design and

Membrane self-cleaning performance
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Fig. 3. The nanofibre PTFE/ZnO porous membrane with a self-cleaning mechanism for dye removal by VMD (Li et al., 2019).
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operate, it experiences high conductive heat loss and thermal energy
inefficiencies (Parani and Oluwafemi, 2021). To minimize the heat loss
in MD processes, the VMD was proposed. In this configuration, the
membrane is placed between the hot feed and the vacuum chamber
(Zhang et al., 2013). The water vapour condensers outside the module in
an external condenser. Although the VMD is thermally efficient, it is
affected by membrane wetting due to high pressure differences resulting
in low separation efficiencies (Izquierdo-Gil and Jonsson, 2003). Simi-
larly, the cold inert gas is used to sweep the water vapour from to the
external condenser, giving rise to SGMD. This configuration is thermally
efficient (Said et al., 2020). However, it requires large condensers, thus
making it expensive. In addition to SGMD, the AGMD was introduced,
presenting high thermal efficiency influenced by reduced heat loss. In
this configuration, the membrane is placed between the hot feed solu-
tion and the stagnant air (Nthunya et al., 2019b). The water vapour
passes through the porous membrane and stagnant air to the condensing
plate. This configuration faces mass transfer resistance resulting in low
permeate flux (Parani and Oluwafemi, 2021). All these configurations
require hydrophobic membranes to operate effectively. Commonly used
membrane materials for MD processes are PTFE, PVDF, and PP. The
choice of these polymeric materials involves their outstanding proper-
ties namely, high hydrophobicity, low surface energy, low melting
point, high tolerance to oxidizing agents, and good thermal stability
(Kant, 2012). From Table 1, dyes such as reactive orange, reactive blue,
reactive black, methylene blue, and congo red are commonly used to
evaluate the performance of membrane during MD processes with the
operating feed and permeate temperatures 40-80 °C and 10-20 °C,
respectively. As per reported findings, the permeate flux deteriorated as
a function of time, mainly due to the surface fouling caused by dye
adsorption/deposition.

3. Membrane fouling in textile/cosmetic wastewater

Fouling remains a major drawback in the application of membranes
in liquid separations (Mahlangu et al., 2023a). Fouling does not only
deteriorate membrane performance, but also increases operational costs
due to requirements of frequent cleaning and membrane replacement
(Nthunya et al., 2022). Membrane fouling is governed by various factors
(Mahlangu et al., 2015). Various strategies are adopted to alleviate
fouling in hydraulic- (NF/RO), osmotic- (FO) and vapour-pressure (MD)
driven membranes (Mahlangu et al., 2024). Some of the strategies used
to prevent fouling include the incorporation of nanofillers to prepare
high performance and stable membranes (Salehi and Castro-mu, 2023;

Cosme and Castro-mun, 2023). Nanofiller addition increases electron
donor or Lewis base components of the membranes, thus reducing
membrane-foulant affinity interactions (Mahlangu et al., 2023b). Sub-
sequently, reversible fouling ratio contributes more to the observed total
fouling ratio (Salehi and Castro-mu, 2023; Mahlangu et al., 2023b).
Other modification processes include polymer blending, nanocomposite
materials and chemical modification (Pichardo-romero et al., 2020).
Also, alternative novel approaches used to combat biofouling include
the addition of bacteriophages as biocidal agents, quorum quenching,
advanced oxidation processes, and addition of metazoans amongst
others (Mpala et al., 2022).

Inorganic dyes present in textile and cosmetic wastewater can po-
tential cause membrane fouling of MD systems. During the MD process,
only water molecules (vapour) pass through the hydrophobic membrane
while non-volatile dye molecules are rejected by the membrane. As a
result, the dye concentration adjacent to the membrane surface is
gradually increased, causing concentration polarization (CP) (Du et al.,
2023). Furthermore, high dye concentrations near the membrane sur-
face develop a cake layer, leading to a significant increase in membrane
transport resistance and reduction in permeate flux. By increasing the
dye concentration in the feed solution from 50 ppm to 1000 ppm,
Mokhtar et al. (2015) reported a gradual decline in permeate flux from
~10 kg m 2h7! to 6.5 kg m~2h~! when tested under hot and cold
solution temperature of 70 °C and 20 °C, respectively (Mokhtar et al.,
2015). The flux decline at high solute concentration is mainly caused by
the lower water vapour transport rate, i.e., lower activity coefficient of
water vapour pressure. Furthermore, high concentration of dye in-
creases the attachment of dye particles on the membrane surface,
causing a partial or full pore blockage.

Membrane fouling involves pore blockage and aggressive formation
of a cake layer, typically induced by the interaction between the mem-
brane, the solutes in solution and operating conditions. Fouling takes
place through various mechanisms, typically (a) complete blocking, (b)
standard blocking, (c) intermediate blocking, and (d) cake filtration
(Fig. 5a) (Yang et al., 2022a). In compete blocking, the solutes seal all
the membrane pores. In standard blocking, the solutes are adsorbed or
deposited within the membrane pores (Hairom et al., 2014). The
continuous accumulation of the particles within the membrane pores
increases the size of the foulant, ultimately causing complete pore
clogging. In intermediate blocking, the particles form an accumulative
layer on the surface of the membrane. Meanwhile, the combination of
this layer, presence of coordinating metals and CP establishes a cake
layer, resulting in cake filtration (Zhang and Ding, 2015). Membrane
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Table 1
Applications of MD process for the removal of dyes from textile effluent.
Membrane materials MD “Operating Dye/concentration "Flux Ref
configuration Parameter
High-impact polystyrene (HIPS) and styrene- DCMD Tg=52+2°C 2000 mg L~! reactive orange-122 Reactive Orange- Roberto et al. (2020)
acrylonitrile (SAN4) Tp,=12+£3°C 2000 mg L! disperse red-60 122
Qr=0.24L J; = 38.77 kg
min~? m2h7!
Q,=048L Jg=35.29 kg
min~! m 2h!
T=6h
Disperse Red-60
J; = 36.33 kg
m2h7!
Jg = 23.40 kg
m 2h~!
T=6h
Polytetrafluoroethylene (PTFE) DCMD T =60 °C 400 mg L~! reactive blue Reactive blue dye (Criscuoli et al., 2008a), (
T, =20°C Ji=3.33kg m 2h! Ahmad et al., 2018)
Je=3.40kgm 2h!
T=7h
Polyetherimide (PEI) membranes and SGMD T =60 °C 1000 mg L! methylene blue Methylene blue Criscuoli et al. (2008a)
modified by polydimethylsiloxane (PDMS) T, =20°C (pristine PEI)
Qr=0.20L Ji = 24.17 kg
min~? m2h7!
Q,=010L Jg=13.96 kg
min~! m~2h!
T=130h
Methylene blue (PEI
with PDMS)
J; = 21.88 kg
m 2h!
Jg=17.71kg
m 2h!
T=130h
Poly(tetrafluoroethylene) (PTFE) DCMD Tg= 60 °C 1000 mg L! reactive black Reactive black Raman and Kanmani,
T, =20°C 1000 mg L~ ! disperse black Ji = 14.46 kg 2016), (Jain et al., 2021)
Qr=15L m 2h!
min~? Jr = 10.89 kg
Q,=05L m 2h7!
min~? T=4h
Disperse black
Ji =11.43 kg
m2h7!
Jr=6.52kgm 2h!
T=4h
Poly(tetrafluoroethylene) (PTFE) with DCMD T =60 °C 100 mg L™! congo red Congo red Raman and Kanmani
polypropylene (PP) support layer T, =20°C Ji = 28.10 kg (2016)
Qr=05L m 2h!
min~! Jr=14.20 kg
Qp=05L m 2h!
min~! T=24h
Polyvinylidene fluoride (PVDF) DCMD Tg=70°C 7 mg L~! maxilon blue 5G Maxilon blue 5G Al-Tohamy et al. (2022)
T, =20°C 7 mg L' drimarene yellow K-2R J; = 21.80 kg
7 mg L™ sodium fluorescein m2h7!
Jg=18.62 kg
m 2h!
T=47h
Drimarene yellow K-
2R
J; = 21.20 kg
m~2h~!
Jg = 20.04 kg
m 2h?!
T=47h
Sodium fluorescein
Ji = 21.70 kg
m2h7!
Jg=19.35kg
m 2h?!
T=47h
Poly(tetrafluoroethylene) (PTFE) AGMD T =60 °C 100 mg L~! textile wastewater Sodium chloride An et al. (2017)
T, =20°C mixtures of sodium chloride with with sunset yellow
Qr=0.38L sunset yellow Ji = 12.36 kg
min~? 100 mg L™! rose bengal m2h7!
Q,=060L Jg=12.00 kg
min~! m~2h!

(continued on next page)
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Membrane materials MD “Operating Dye/concentration °Flux Ref
configuration Parameter
T=20h
Sodium chloride
with rose Bengal
J; = 10.27 kg
m2h7!
Jr=9.82kgm 2h7!
T=20h
Poly(tetrafluoroethylene) (PTFE) DCMD T =60 °C 30 mg L~ reactive black Reactive black Shirazi et al. (2014)
Tp, =20 °C 30 mg L~! disperse black J; = 18.55 kg
Q=15L m 2h7!
min~? Jr=13.68 kg
,=05L m2h!
min~! T=24h
Disperse black
J; = 22.37 kg
m 2h!
Je=18.42 kg
m2h7!
T=24h
Poly(tetrafluoroethylene) (PTFE) with DCMD T¢= 60 °C 500 mg L' congo red Congo red Yang et al. (2021)
polypropylene (PP) support layer T, =20°C Ji = 34.23 kg
Qr=05L m 2h!
min~! Je = 12.50 kg
Qp=05L m~2h!
min~! T=24h
PVDF-co-hexafluoropropylene (PVDF-co- DCMD T¢ =50 °C 100 mg L~ methylene blue (MB) Methylene blue, Mokhtara et al. (2016)
HFP) T,=7°C 100 mg L~ congo red + 4% NaCl congo red and NaCl
Qr=1.8L J;=5.10kgm 2h!
min ! Jr=3.40kgm 2h!
Qy=18L T=6h
min~?

? Feed temperature: Ty, Feed flowrate: Qy, Permeate temperature: Tp. Feed permeate: Qp.

b Tnitial flux: Ji, Final flux: Jg, Sampling time: T.
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Fig. 5. Schematic illustration of (a) pore blocking causing mass transfer resistance and (b) membrane fouling mechanisms (Yang et al., 2022a; Xu et al., 2020).

fouling of MD processes is a complex phenomenon requiring an under-
standing of the parameters affecting it to establish its mechanisms.
Fouling is affected by various factors namely, (a) membrane properties
including hydrophobicity, pore size, roughness, surface charge, func-
tional groups, (b) feed water chemistry including solubility, diffusivity,
hydrophobicity, pH, ion strength, type of foulant, and (c) operating
conditions such as flow velocity, processing temperature, and trans-
membrane pressure (TMP).

The identity of the membrane fouling is dependent on feed water,
foulant characteristics, and different membrane properties. Typically,
hydrophobic membranes foul more compared to hydrophilic mem-
branes. Also, membrane roughness causes excessive fouling due to air
entrapment which promotes the fluid drop on the surface of the mem-
brane. According to DLVO theory, the membrane-foulant and foulant-
foulant interactions are described by the van der Waal, electrical and
acid-base interactions (Fig. 5b) (Yang et al., 2022a). Briefly, the foulants
of opposite charges will interact electrostatically. The electrostatic
interaction can be attractive or repulsive depending on the direction of
the membrane-foulant charges. Also, depending on the membrane and

foulant properties, hydrophobic-hydrophobic interactions occur, which
is often difficult to break. Submerging of the membrane in water disturb
the hydrogen bonds of the molecule, which in turn increase the mem-
brane surface free energy. Upon interaction with the foulant, the high
surface energy promotes fouling. In the presence of metal ions, the co-
valent interaction takes place through metal-organic complexation (Xu
et al., 2020). For instance, the multivalent ions such as calcium form
bridged complexes between the membrane surface and carboxylic
groups present on the foulant.

Since the pressure difference across the membrane during MD pro-
cess is minimal, the formation of the cake layer due to dye deposition is
significantly slower compared to the pressure-driven membrane pro-
cesses such as NF and reverse osmosis (RO) (Mahlangu et al., 2023a;
Ahmed et al., 2023). Ramlow et al. (2020) evaluated the performance of
PTFE membrane for textile wastewater treatment using DCMD process
(Ramlow et al., 2020). Reportedly, the membrane performance declined
moderately from 28.68 to 19.47 kg m~2h ! over the sampling time due
to the accumulation of foulants on the membrane surface. Although the
deposited dyes could be effectively removed from the membrane via
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physical and/or chemical cleaning, the presence of surfactants in the
wastewater react chemically with the dyes, making flux recovery pro-
cess difficult. Using PTFE membrane for textile wastewater treatment
via DCMD process, Fortunato et al. (2021) reported a strong inverse
correlation between the membrane fouling layer and the normalized
membrane vapour flux (Fortunato et al., 2021). The authors attributed
this phenomenon to the cake-enhanced temperature polarization
(CETP). As the feed temperature increased, the flux was decreased due
to the increased foulant deposition. Therefore, MD operation with low
feed temperatures (40-60 °C) is imperative to minimize membrane
surface fouling. The hydrophobic nature of textile and cosmetic industry
dyes increases the rate of their adsorption on the hydrophobic
membrane.

Dye molecules adsorb onto the membrane surface due to attractive
forces such as van der Waals, hydrogen bonding, and electrostatic in-
teractions. Once adsorbed, the dyes form a blocking layer on the pores
and hinders water flow (Haleem et al., 2023). Adsorption of dye onto the
membrane surface is influenced by process conditions (e.g., dye con-
centration, solution pH, solution temperature, and contact time) and
membrane characteristics (e.g., degree of hydrophobicity, pore size
distribution, porosity, and charge) (Yang et al., 2022b). Among other
factors, pH plays an important role in adsorption, with high affinity of
cationic dyes due to their negative surface charges, while anionic dyes
with positive surface charges present high affinity to membrane sur-
faces. Cationic dye adsorption is favoured at pH values greater pH point
of zero charge (pHp,.), whereas anionic dye adsorption is favoured at pH
values lower than pH,,. (Aijaz et al., 2023).

Additionally, the dye concentration affects the adsorption capacity
onto the membrane. At the early stage of dye attachment, adsorption
rate increases with the increase in dye concentration. Upon saturation,
the adsorption rate decreases due to the repulsion between the adsorbed
dye molecules. On the other hand, the adsorption capacity increases at
high temperatures following the increase in the mobility of dye mole-
cules (shekhi Abadi et al., 2023). Similarly, the membrane pore size
influence the dye adsorption efficiency, with dye molecules absorbing
into large pore size (Chidambaram et al., 2015). The typical pore sizes of
MD membranes suitable for dye removal range from 0.2 to 1.0 p m
(Camacho et al., 2013; Reddy et al., 2022). In addition to pore size,
liquid entry pressure of membranes should be 1.2, 3.1 and 3.6 bar for PP,
PVDF, and PTFE membrane, respectively to prevent the penetration of
liquid into membrane pores in textile wastewater treatment (Silva et al.,
2021a).

Some common dyes react chemically with the membrane through
the formation of single or multi-chelates, creating complexes, and
oxidation-reduction-absorbance reactions (Hidalgo et al., 2020).
Furthermore, the membrane pores accelerate interactions between the
dye molecules and the membrane through hydrogen bonding, thus
contributing to dye adsorption. The dye molecules, with sulfonic groups
and aromatic rings, exhibit strong electrostatic interactions and n-n
stacking with the spongy materials. Hydrogen bonding further re-
inforces this interaction (Hairom et al., 2014). Table 2 presents the
mechanism of fouling comparing different types of dyes described in the
recent literature.

3.1. Effects of fouling on process performance

The presence of the dye molecules on the membrane surface or
within pores adversely affect the membrane hydrophobicity and its
antiwetting properties. Previous study analysed the fouling conditions
caused by dye molecules via optical coherence tomography (OCT)
scanning (Fig. 6a) (Fortunato et al., 2021). According to the reported
findings, the perpendicular feed flow increased the thickness of fouling
layers along the membrane length (Fig. 6b). Fouling form a resistant
layer on the membrane surface, promoting a mass transfer resistance
(Lagbagbi et al., 2019b). Persistent development of fouling layer cause
excessive flux decline, with an ultimate degradation of the MD process

Chemosphere 360 (2024) 142347

Table 2
Types of dye vs. mechanism of interactions with the membranes during MD
processes.

Membrane Dye Classification Mechanism Ref.

type of dye

DCMD Congo red azo dye/ hydrophobic Khumalo et al.

anionic interactions (2019)
between the
surface of the
membrane and
dye molecules

MD Methylene azo dye/ electrostatic Hou et al.

blue cationic interaction (EI)  (2020)
and -1
conjugation

VMD Methylene azo dye/ surface Parakala et al.
blue cationic adsorption (2019)

DCMD Acid Red 18 azo dye/ Benkhaya et al.

anodic (2023)

MD Direct Blue azo dye/ Benkhaya et al.
6 cationic (2023)

MD Malachite azo dye/ surface Elwardany
green cationic adsorption et al. (2023)

DCMD Methylene azo dye/ not specified Elgharbi et al.
blue cationic (2024)

MD Direct blue azo dye/ electrostatic Chidambaram
53 and Acid anionic interactions, et al. (2015)
black 1 surface

adsorption

MD Acid red 87, azo dye/ electrostatic Chidambaram
Azure A, cationic interactions, et al. (2015)
Basic blue surface

adsorption

DCMD methylene azo dye/ electrostatic An et al.
blue, crystal cationic interactions, (2016)
violet13 surface

adsorption

DCMD acid red 18, azo dye/ electrostatic An et al.
and acid anionic interactions, (2016)
yellow 36 surface

adsorption

MD reactive reactive dyes electrostatic Ramlow et al.
yellow, interactions, (2019b)
reactive red, van der Waals
reactive forces, dye
blue, and aggregates
reactive formation onto
black membrane

surface

MD disperse disperse dyes electrostatic Ramlow et al.
yellow, interactions, (2019b)
disperse red, van der Waals
disperse forces, dye
blue, and aggregates
disperse formation onto
black membrane

surface

performance (Mokhtar et al., 2016). Fig. 6¢ presents the cross-sectional
structure and the inner surface field emission electron scanning micro-
scope (FESEM) images of the fouled membrane after a 40-h treatment of
industrial textile wastewater (Mokhtar et al., 2016). The inner structure
of membrane was severely covered by dye particles altering its surface
characteristics and causing remarkable flux decline (Fig. 6d).
According to Fortunato et al. (2021), flux decline is directly related
to the fouling layer on the membrane (R%: ~0.96) (Fortunato et al.,
2021). Although the process can be increased by operating at higher
feed temperatures, such approach is associated with several negative
challenges, degrading both the membrane and the flux. Exposing the
membrane to high temperatures for extended periods reduce their life-
span due to material damage. The high thermal stress cause changes in
the membrane material, such as loss of hydrophobicity, changes in pore
size and structural damage, ultimately decreasing the membrane’s ef-
ficiency and performance. Additionally, at high operating temperatures,
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Fig. 6. (a) OCT scan of fouling characteristics at inlet, middle and outlet positions on the membrane surface after 24-h sampling time (feed flow at perpendicular
direction) via MD process and (b) Thickness of fouling layer along the membrane length (Testing conditions: temperatures of feed and permeate at 60 °C and 20 °C,
respectively, cross-flow velocities of feed and permeate stream at 0.14 m s~! (Fortunato et al., 2021). (c) FESEM images of Cloisite 15A-modified PVDF hollow fibre
membrane used for industrial textile wastewater treatment, (i) Partial view of the membrane structure and (ii) accumulation of dye molecules in the inner surface of
the membrane and (d) permeate flux as a function of time (Testing conditions: feed and permeate temperatures at 90 °C and 25 °C, respectively, feed and permeate

cross-flow velocities of at 0.023 m s~! and 0.002 m s~ !

the CP is more pronounced. It occurs when solutes in the feed solution
accumulate near the membrane surface, creating a concentration
gradient and hindrance of water vapour transport (Tai et al., 2023).
Additionally, high operating temperature difference increases energy
consumption, thus making MD process costly compared to the
pressure-driven membrane processes.

In addition to flux decline, fouling induce physical damage of the
membrane (Charfi et al., 2021). These include changes in pore structure,
size distribution and decreased mechanical strength (Alsawaftah et al.,
2021). Consequently, membrane resistance to wetting is reduced, thus
compromising dye separation efficiency and distillate quality (Alkhatib
et al.,, 2021). Mousavi et al. (2021) reported a decrease in methylene
blue rejection for both the PEI and PEI-PDMS membranes during 120-h
MD experiment (Mousavi et al., 2021b). Reduced dye rejection was
associated with membrane pore wetting.

Also, fouling affects the overall economic cost of MD treatment
plants, and therefore requires a critical attention. To restore process
efficiency after fouling, periodic cleaning is carried out, thus increasing
the process operational costs. According to Adel et al. (2022), membrane
cleaning should be conducted immediately when the flux drops below
10% to prevent irreversible fouling (Adel et al., 2022). Nevertheless,
frequent cleaning (particularly involving chemical agents) promotes
downtime and affect membrane structure which ultimately impact the
overall operating cost.

3.2. Fouling control strategies

3.2.1. Membrane materials development

The development of advanced membrane materials has been exten-
sively explored as an effective strategy to reduce fouling in MD dye
treatment processes. The accumulation of dye molecules and other
foulants on the membrane surface hinders the MD process, reducing

, respectively and hot feed solution flowing through membrane lumen) (Mokhtara et al.,

10

2016).

membrane flux, and compromising separation efficiency (Lim and Ooi,
2022). Hydrophilic coatings, such as SAN, PVA, polyethylene glycol
(PEG), CNTs, and silver nanoparticles (AgNPs) have been previously
used to modify membrane surface to increase their surface hydrophi-
licity (Li et al., 2022; Nthunya et al., 2019c¢, 2020; Mpala et al., 2023a).
Hydrophilic coatings play a significant role in reducing dye fouling in
MD. It creates a strong affinity for water molecules, establishing a
repelling barrier. This reduces the attachment of dye molecules on the
membrane, thus minimizing fouling. Additionally, the coatings promote
self-cleaning of the membrane surface. When water vapour condenses
on the hydrophilic surface, it forms a thin water film capable of
detaching the foulants from the membrane. Zwitterionic polymers,
characterized by positive and negative charges demonstrated excellent
anti-fouling properties (Maity et al., 2022). When grafted onto the
membrane surface, these polymers create a repulsive force against dye
molecules and foulants, preventing their attachment to the membrane
(Maity et al., 2022). Fig. 7a illustrates the improved surface properties of
PVDF membrane in reducing the affinity of dye molecules and foulants
on the membrane surface, aiming to mitigate fouling and improve flux
(Huang et al., 2023). Huang et al. (2023) deposited multiple layers of
sulfobetaine methacrylate (SBMA) and acrylic acid (AA) on a hydro-
phobic PVDF membrane using the layer by layer (LbL) polyelectrolyte
deposition technique to produce the wetting and fouling-resistant
membrane (Huang et al., 2023). Although coating improved mem-
brane resistance to flux decay, it reduced the membrane pore sizes, thus
minimizing the initial permeate flux of the process (Fig. 7b). Shirazi
et al. (2020) developed a dual-layer, hydrophobic/hydrophilic
SAN4-HIPS membrane embedded with microspheres through a
gas-assisted electrospinning technique (Shirazi et al., 2020b). This novel
nanofibrous membrane was evaluated for its efficiency in treating hot
dyeing effluent using DCMD (Shirazi et al., 2020b). The membrane
exhibited desirable properties, such as high permeate flux of 28.31 kg
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Fig. 7. (a) Fouling of the pristine and hydrophilic-coated membrane (Huang et al., 2023) and (b) Permeate flux and rejection of the hydrophilic-coated membrane
during MD process (feed solution: 3.5 wt% NaCl) (Huang et al., 2023). (c) Permeate flux of dual-layer SAN4-HIPS membrane and commercial PTFE membrane during
treatment of reactive orange-122 dye wastewater using DCMD (Testing conditions: temperatures difference of feed and permeate: 53 °C, feed and permeate flowrate
were set at 0.48 L min~! and 0.24 L min’l, respectively and hot feed solution flowing through membrane lumen) (Shirazi et al., 2020b). (d) Permeate flux and dye
rejection of 3 wt% TiO,-modified PVDF-co-HFP matrix membrane during DCMD process (Yadav et al., 2021b). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

m 2h~! with a 99% dye rejection. Also, the membrane presented
excellent resistance to pore wetting throughout 50-h dye wastewater
treatment (Fig. 7c). Photocatalytic nanoparticles embedded onto the
membrane degrade dye molecules under UV irradiation (Liu et al.,
2021). This self-healing mechanism helps to maintain a clean membrane
surface and reduce fouling. Yadav et al. (2021) successfully fabricated
membranes with UV-cleaning properties by integrating porous titanium
dioxide (TiO-) into the PVDF-co-HFP membrane (Yadav et al., 2021b).
The TiO, NPs were synthesized using controllable large-scale synthesis
protocols involving spray drying followed by calcination. In this study, a
membrane incorporating 3 wt% TiO, NPs demonstrated ~100% dye
removal efficiency for MB and CR. Although the membrane flux was
reduced as a function of time, a stable flux was attained during the first
50-h operation (Fig. 7d). Furthermore, the DCMD experiments pre-
sented a remarkable 91% flux recovery rate after 4-h UV-cleaning.

3.2.2. Process control

The MD operates based on thermal principles, with its flux perfor-
mance relying heavily on water vapour transfer across the membrane.
However, accumulation of scalants and foulants on the membrane sur-
face decreases the vapour pressure, resulting in a permeate flux decline.
Thus, effective control of operating parameters, especially vapour
pressure and feed temperatures are crucial in maintaining optimal flux
output in the presence of foulants (Choudhury et al., 2019). The Antoine
equation (Equation (1)) governs the relationship between the vapour
pressure and the feed temperature. This equation describes the heat and
mass transfer phenomena in MD process. The high vapour pressure and
the permeate flux are attained at high feed temperatures. Besides
improving permeate flux (Choudhury et al., 2019), elevated feed tem-
peratures reduce TP, leading to enhanced mass transfer across the
membrane (Silva et al., 2021b). Criscuoli et al. (2008) conducted an
experimental study to remove Remazol Brilliant Blue R dye using VMD
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process. The results presented a two-fold increase in flux from 27.5 to 57
kg m~2h~! upon increase in feed temperature from 40 °C to 60 °C
(Criscuoli et al., 2008b).

B

T CHT ]

log;,(p) =A
where p is the absolute vapour pressure, T is the temperature (in degree
Celsius) and A, B, and C are Antoine coefficients specific to the
substance.

Besides optimizing the feed temperature alone, Hickenbottom and
Cath (2014) investigated temperature and flow reversal techniques as
novel approaches to effectively mitigate fouling in MD process and
restore flux and salt rejection (Yan et al., 2021). In the flow reversal
method, the feed side and the permeate side channels were reversed (i.
e., the feed side becoming the permeate side and vice versa). The tem-
perature reversal method utilizes a cyclic process where a cold feed
stream is circulated without heating, while the temperature on the
distillate side of the membrane is maintained. After a specific sampling
time, the hot feed stream is circulated into the distillate side of the
membrane, effectively reversing the driving force across the membrane.
Prior to either flow or temperature reversal implementation, the DCMD
evaluation was stopped before scaling occurred or after recovering
35-40% of the feed water. The results indicated the successful mainte-
nance of water flux and salt rejection using both methods, with the
temperature reversal method exhibiting better overall performance (Yan
et al., 2021). Both techniques effectively inhibited homogeneous salt
precipitation and disrupted the nucleation of salt crystals on the mem-
brane surface, leading to reduced fouling and improved membrane
performance.

To prevent dye fouling in MD, the AGMD, SGMD, and VMD are
commonly considered advantageous. In AGMD, there is an air gap
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between the membrane and the condensation surface. The feed solution
is circulated on one side of the membrane, and cold air or an inert gas is
passed on the other side to condense the vapour. The air gap acts as a
physical barrier, preventing direct contact between the membrane and
the condensation surface, thus reducing fouling. In this case, dye mol-
ecules are less likely to come in direct contact with the membrane sur-
face, thereby minimizing fouling (Hitsov et al., 2018). The SGMD
involves the use of a continuous flow of a sweeping gas (e.g., air or ni-
trogen) on the permeate side of the membrane. The sweeping gas carries
away the vapour molecules that pass through the membrane, preventing
them from condensing on the permeate side and reducing the CP. This
setup helps to maintain a clean and clear permeate side, minimizing the
chances of dye molecules accumulation on the membrane surface (Qin
et al., 2018). The VMD is characterized by low-temperature differences
due to negligible heat conduction, thus minimizing polarization and
reduces fouling. However, the VMD is susceptible to wetting due to
possible operating pressure exceeding the membrane LEP, thus
compromising the separation efficiency.

3.2.3. Cleaning processes

Exploring the factors influencing membrane fouling is crucial to
decrease the fouling rate and prolonging the membrane lifespan in the
MD process. Nonetheless, it is practically impossible to avoid fouling in
the membrane processes. Thus, cleaning becomes important to remove
foulants from the membranes. According to the reported findings,
membrane cleaning mechanism is mainly categorised into pre-
treatment, physical and chemical cleaning with the latter being more
effective to remove the foulants and scalants deposited on the membrane
(Adel et al., 2022). Dow et al. (2017) evaluated effectiveness of foam
fractionation as a pre-treatment method for textile effluent prior MD
purification (Dow et al., 2017). To produce the "fractionated MD feed,"
the textile effluent was treated through a foam fractionation. After-
wards, the pretreated feed was directed into the MD process for further
treatment. Foam fractionation aims to remove surface-active agents,
especially dye molecules from the feed stream by injecting it with
compressed air. During foam fractionation, the feed water flowed down
a column with an exposure to rising finely dispersed air bubbles. The gas
bubbles effectively captured surface-active materials, lifting them to the
top of the water column to form a foam layer. This foam layer was
subsequently collected in a foam trap and removed from the system.
According to the reported findings, the flux of the membrane module
(effective surface area: 6.4 m?) was only reduced from an initial rate of 5
to 2L m~2h~! after more than 1560-h of continuous operation without
having membrane cleaning process.

In practice, chemical cleaning restores the membrane’s initial per-
formance to certain degree depending on the severity of fouling (Fig. 8).
Manzoor et al. (2022) investigated the impact of chemical cleaning
using 2 wt% sodium hypochlorite (NaOCl) and 2 wt% citric acid in a
novel hybrid MD combined with a submerged anaerobic membrane
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bioreactor to remove cibacron yellow, cibacron blue and methylene blue
dyes (Manzoor et al., 2022). The chemical cleaning procedure was
implemented when the flux dropped to approximately 80% of the initial
flux. To ensure optimal flux recovery, the module was detached from the
MD system. The membrane was first washed with tap water to eliminate
sludge layers and other impurities accumulated on its surface. Subse-
quently, chemical cleaning was carried out, involving a 15-min soaking
of the membranes in NaOCl solution to remove organic foulants. This
was followed by exposure to citric acid solution to remove inorganic
foulants. The chemical cleaning approach achieved 84.8% flux recovery
(Fig. 8a).

According to Shi et al. (2022), a combined chemical cleaning
approach, involving the use of absolute ethanol and 0.1 mol L™! NaOH
effectively maintain the permeate flux of VMD during purification of CR
dye (Shi et al., 2022). The hollow fibre membrane demonstrated a
remarkable dye rejection >99%. However, the permeate flux gradually
decreased from 18.2 1-9.6 kg m~2h ! after 8-h operation. To minimize
flux decline, a cleaning solution comprised of absolute ethanol and
NaOH was introduced as the feed solution and circulated through the
fibre lumen using a diaphragm pump under 0.1 MPa for 1 h. Subse-
quently, the membrane was further washed with pure water for 30 min.
The cleaning process gave rise to a remarkable 90% permeate flux re-
covery (Fig. 8b).

To the best of our knowledge, physical cleaning methods are not
widely studied in MD for dye removal. This is mainly attributed to the
nature of dye fouling in MD, which often involves the adsorption and
deposition of dye molecules on the membrane surface. These foulants
exhibit a strong affinity to the membrane material, leading to robust
adhesion. As a result, physical cleaning methods are not effective in
removal of dye solutes from the membrane. Moreover, membranes used
in MD process typically have a small pore, making it challenging to
physically access and clean dye foulants from the membrane micro-
structure. Julian et al. (2018) evaluated air backwashing to restore the
flux of VMD membrane during desalination of the brine (Julian et al.,
2018). According to the research findings, magnesium deposition on the
surface and pores of the membrane, reducing flux upon increase in
frequency and duration of backwashing. Magnesium disposition was
induced by nucleation causing salt crystallization. To some extent, air
backwashing reduced the membrane scaling. However, other physical
methods such as aeration and Vibration/ultrasound presented improved
flux restoration of MD systems (Abdel-Karim et al., 2021). In aeration,
the air bubbles promote formation of the shear force which reduce the
cake layer formation on the membrane. In vibration processes, the
cavitation is formed from small bubbles (Abdel-Karim et al., 2021). The
collapse of these cavities generates shockwaves which detach the fou-
lants from the membrane.

3.2.4. Hybrid/integrated MD processes
Treatment of dye wastewater through Integrated chemical and
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Fig. 8. (a) Permeate flux and conductivity during 2 wt% NaOCl and 2 wt% citric acid chemical cleaning (Manzoor et al., 2022). (b) Comparison of different chemical
cleaning methods in retrieving the flux of membrane used for VMD process towards CR dye removal (Shi et al., 2022).
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treatment processes has gained a remarkable research attention.
Research has been focused on the hybridization of photocatalysis and
membrane separation, also known as photocatalytic membrane reactors
(PMR) (Su et al., 2016). However, coupling of MD with other membrane
systems for the removal of dyes from wastewater has been evaluated
extensively (Ibrar et al., 2022; Ge et al., 2012). Ge et al. (2012) used a
polyelectrolyte-promoted forward osmosis-membrane distillation
(FO-MD) hybrid system to recycle acid dye-containing wastewater (Ge
et al., 2012). MD was used to reconcentrate the poly(acrylic acid) so-
dium (PAA-Na) salt used as the solute in the FO process to dehydrate the
wastewater. Based on reported findings, FO-MD hybrid process is more
efficient than the individual FO process in concentrating acid orange 8
dye present in the wastewater. As suggested by the authors, integration
of FO and MD combines the strength of both processes, including low
fouling tendency and the potential use of industrial waste heat (Ge et al.,
2012).

The FO-MD hybrid process can potentially achieve zero liquid
discharge when treating wastewater from the textile industry and
recover valuable dye molecules while producing high-quality water.
However, efficient FO and MD membranes are required to reduce
fouling and advance this hybrid process (Li et al., 2020a). Li et al. (2020)
identified an internal concentration polarization (ICP) effect and mem-
brane fouling using two commercial FO membranes, which make it
difficult to equilibrate the water transfer rate to reach good performance
(Li et al., 2020a). Also, the authors proposed a hybrid FO-MD system
composed of an asymmetric membrane and PTFE membrane in the FO
and MD units, respectively (Li et al., 2020a). During the test experi-
ments, the draw solution was diluted in the FO process and was simul-
taneously regenerated in the MD process. The system was able to treat
textile wastewater in continuous and stable operation due to the fouling
and ICP resistance of the FO symmetric membrane. Also, the use of the
symmetric membrane reduced the energy consumption, and the overall
cost of a large-scale RO-MD system.

More recently, a FO-MD hybrid process using a newly developed
graphene oxide enhanced FO membrane (GFO) was proposed to treat
textile wastewater. Wu et al. (2024) used textile wastewater to evaluate
the GFO performance (Wu et al., 2024). The feed matrix presented a
significant challenge on membrane performance and stability due to a
higher degree of fouling and wetting (Choudhury et al., 2019). The GFO
membrane was fabricated through interfacial polymerization process by
adding GO into the polyamide. The performance of the hybrid system
with GFO membrane was compared to the performance of a commercial
FO membrane. According to the reported findings, GFO-based FO-MD
process presented improved fouling resistance and stable permeate flux.
The hybrid system surpassed the individual FO and MD processes by
overcoming the limitations of FO draw solution dilution and MD
membrane wetting challenges (Wu et al., 2024).

A MD/photocatalysis hybrid process has been studied to treat dye
wastewater due to the ability to retain non-volatile compounds (Nadimi
et al., 2024). The quality of the permeate in MD/photocatalysis hybrid
process is not affected by the presence of the catalyst at concentrations
range of 0.1-0.5 g L™} However, concentrations higher than 0.5 g L™}
promote formation of a catalyst cake layer on the membrane surface,
thus reducing permeate flux (Nadimi et al., 2024). The catalyst char-
acteristic, including the crystalline phase and particle size plays an
important role in controlling fouling of the MD/photocatalysis hybrid
process during of dye-polluted wastewater. According to Mozia et al.
(2008), P25 (TiO4 in anatase and rutile phase) showed the best perfor-
mance due to high purity anatase-phase TiO, structure (Mozia et al.,
2008).

4. Energy consumption and module design
Thermal energy consumption is a critical factor in economic viability

and environmental sustainability of any separation process, including
MD. In fact, the high energy consumption of MD has been identified as
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one of the major limitations of the process and different efforts have
been devoted to reducing the required thermal energy of the process.
The energy consumption and gain output ratio (GOR) of various MD
configurations are presented in Table 3.

The main strategies used to reduce the thermal energy requirements
of MD include process optimization and utilization of waste thermal
energy in the textile industry, innovative module designs and configu-
rations, and fabrication of new membranes with low-thermal losses. On
the process end, several parameters including feed and permeate tem-
peratures, feed and permeate flow rates, and properties of the feed so-
lution affect the thermal energy consumption of the process (Christie
et al., 2020; Tewodros et al., 2022).

(a) Effect of feed temperature

Flux in MD is exponentially linked with the temperature of the feed
solutions whereas the heat conduction through the membrane is linearly
related to the temperature difference between the feed and permeate
sides (Nthunya et al., 2024; Ali et al., 2018). Therefore, the thermal
efficiency of the process, measured as the ratio of convective heat
transport to the total heat transport across the membrane, increases with
an increase in feed temperatures. However, for poorly insulated systems,
high feed temperatures deteriorate the system performance due to the
high losses of heat from the feed stream to the environment. According
to Elmarghany et al. (2019), the feed temperature presents the adverse
impact on thermal efficiency, primarily attributed to heat dissipation
from the membrane cell into the surroundings (Elmarghany et al.,
2019). The rise in feed temperature resulted in a greater temperature
disparity between the cell and its surroundings, causing a 34% reduction
in thermal efficiency. Additionally, the obtained output ratio declined
from 0.96 to 0.6, accompanied by a rise in specific energy consumption
from 689 to 1037 kWh-m 3.

In the case of DCMD, the system performance is dominantly depen-
dent on the feed temperature and the effect of permeate temperature
remains relatively minor. For instance, Song et al. (2007) performed a
systematic investigation of the effect of feed and permeate temperatures
using a commercial hollow fibre membrane module (Song et al., 2007).
Reportedly, the increase in feed temperature from 40 °C to 92 °C led to
an exponential increase in permeate flux whereas increasing distillate
temperature from 32 °C to 60 °C did not influence the flux notably.
Shirazi et al. (2020) utilized the waste thermal heat to generate >60 °C
for use in pilot scale MD treatment of textile wastewater (Shirazi et al.,
2020a). The experiment was conducted during cold season (environ-
mental temperature of 1-5 °C), thus indicating the possible opportunity
to reduce the external energy requirement for treating textile waste-
water on a large scale. The unique properties of the membrane improved
the process performance where a permeate flux and salt rejection of
28.31 kg m~2 h™! and 98.15% were recorded respectively compared to
the commercial membrane (flux: 18.50 kg m 2 h™! and salt rejection:
97.10%), without considerable pore wetting. Also, it was reportedly
indicated that new membrane possessed lower LEP owing to its higher
porosity, larger maximum pore size (0.76 pm), and thinner structure
(150 pm).

(b) Effect of feed flow rate

Feed flow rate is another important parameter influencing the energy
consumption of the MD process (Khayet and Cojocaru, 2012; Khayet
et al., 2012). The temperature polarization (TP) (which refers to a
discrepancy between the temperature of the bulk feed solution and the
temperature at the interface of the membrane) remains a significant
challenge hindering the thermal efficiency and mass transfer coefficients
of the MD process. The feed flow rate affects the residence time of the
solution in the membrane module. The flow rate of the hot feed affects
the heat transfer efficiency across the membrane. Higher flow rates
induce better mixing of the fluid present at the membrane surface and in
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Table 3

The comparison of energy consumption and GOR for various MD configurations.
MD configuration and feed solution Feed and permeate temp. (°C) Permeate flux (kgem 2eh ') Energy consumption (kWh-m~%) GOR Ref.
DCMD, 3.0% NaCl 41 and 26 6.0 780 0.86 Makanjuola et al. (2021)
AGMD, seawater 64.0 and 20 3.3 605 0.73 Elhenawy et al. (2023)
AGMD, seawater 70 and 25 13.0 1080 0.43 Alawad and Khalifa (2021)
AGMD, 3.5% NaCl 70 and 25 1.0 105 6.5 Duong et al. (2016)
DCMD, seawater 85 and 20 2.1 200 6.0 Koschikowski et al. (2009)
DCMD, seawater - 2.5 302 0.9 Banat et al. (2007)
AGMD, seawater 85 and 30 3.4 210 - Zaragoza et al. (2014)
DCMD 80 and 20 1.9 205 5.8 Koschikowski et al. (2003)

the channel leading to reduced TP. This results in higher driving force
(temperature differences) to the vapour transport from the feed to the
permeate side. Also, a high flow rate decreases the residence time of the
feed solution in the membrane module resulting in a high average
temperature over the membrane length (Ali et al., 2016). Moreover,
higher feed flow rates delay the membrane fouling. This can be more
important in case of textile wastewater treatment, as different types of
dyes, chemicals, and inorganic compounds are present in the solution
(Ramlow et al., 2017).

Although the positive impact of high flow rate on the energy effi-
ciency of MD process is well documented, it should be noted that beyond
a threshold level, further increase in flow rate influences the process
performance negatively. According to Duong et al. (2016) running the
pilot-scale AGMD process with a high-water circulation rate led to a
decrease in thermal efficiency (Duong et al., 2016). When the water
circulation rate was increased, the time the coolant and hot feed spent
inside the membrane module decreased, causing a reduction in the
effectiveness of heat recovery. Technically, the recovery of latent heat
from water vapour to the coolant diminished, causing an increase in
temperature difference between the evaporator inlet and the condenser
outlet. The higher water circulation rate increased temperature differ-
ence between the evaporator inlet and the condenser outlet, contrib-
uting to a rise in the overall heat input to the system. This increase in
total heat input occurred at a faster stride compared to the rate of
distillate production when the water circulation rate was elevated.
Consequently, the specific thermal energy consumption of the system
increased from 65 to 105 kWh-m™> as the water circulation rate was
raised from 150 to 350 L h™'. Also, this shift caused the GOR of the
system to decrease from 9.5 to 6.0. Similar effects of water circulation
rate on thermal efficiency were reported in other studies (Summers
et al., 2012; Duong et al., 2015). According to the research findings,
water circulation rate had a significant impact on the specific electric
energy consumption of the system. This was directly related to the water
circulation rate and the hydraulic pressure drop across the membrane
module. When the water circulation rate was increased from 150 to 350
Lh7}, the hydraulic pressure drop increased from 0.14 bar to 0.45 bar.
Despite the increase in distillate production rate, the specific electric
energy consumption of the system showed a notable increase from 0.1 to
0.4 kWh-m™>.

In MD, water vapour mass transfer through the membrane is essen-
tial. When the flow rate is too high, the process performance remains
relatively constant due to the shift of mass transport limit from the flow
channels to the membrane (Lee et al., 2018; Liu et al., 2022). As a result,
thermal efficiency of the process decreases, necessitating higher tem-
peratures and subsequently increasing energy consumption. Flow rates
influence the pressure drop across the membrane module. Excessively
high flow rates elevate pressure drop, leading to increased pumping
energy requirements. Balancing flow rates to minimize pressure drop
while maintaining sufficient mass transfer is crucial for optimizing en-
ergy consumption. Extremely high flow rates increase the risk of mem-
brane wetting, where the hydrophobic membrane becomes wetted by
the liquid feed leading to reduced vapour flux and poor permeate quality
(Ali et al., 2019). Technically, the pumping pressure should be main-
tained below the LEP of the membrane.
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(c) Effect of module spacers

To overcome the negative impacts associated with the high flow rate
in the MD system, various options have been proposed to alleviate the
TP and CP. Among other strategies, spacers are used in flat sheet
membrane modules (Martinez-Diez et al., 1998; Chernyshov et al., 2005;
Martinez and Rodriguez-Maroto, 2006). The spacers (net-like feed
channels) enhance performance of MD systems. These spacers, with
various designs and orientations, are reported to reduce thermal polar-
ization effects and improve permeate flux (Chernyshov et al., 2005;
Phattaranawik et al., 2003). Their introduction leads to a decrease in the
temperature differences across the membrane and effectively increases
mass transfer rates. However, the increase in spacer void beyond 60%
optimal range negatively impact mass flux (Phattaranawik et al., 2003).
Despite some pressure drops caused by spacer channels, their benefits in
reducing thermal boundary layers and CP are reported (El et al., 2020;
Al-Sharif et al., 2013). Achieving optimal conditions for spacer instal-
lation in a DCMD system is crucial for maximizing mass transfer effi-
ciency and minimizing heat transfer effects depending on various
parameters.

(d) Effect of module design

In addition to spacers, another strategy capable of decreasing the
thermal energy requirement of MD is the design of energy-efficient MD
modules. A module fundamentally provides housing to accommodate
the membranes. However, a more favorable design revolves around
embracing a module configuration to boasts superior hydrodynamic
conditions on both shell and lumen sides (Ali et al., 2024). Depending
upon the configurations of membrane (flat sheet or hollow fibre) and
MD (DCMD, AGMD, VMD, and SGMD), several module designs to
improve heat and mass transport of MD process have been proposed (Ali
et al., 2015; Teoh et al., 2008; Gao et al., 2019).

Notable flat sheet membranes designs include spiral wound modules,
muti effect VMD modules, and "gap" MD modules. The latter category
mainly involves the module designs built for the AGMD where a gap
between the feed and condensing surface is provided. Traditionally, the
gap is filled with a thin film of air giving rise to AGMD. However, recent
studies use various materials including water, conductive metals and
sand to fill the gap, thus giving rise to material gap membrane distilla-
tion (MGMD) (Shahu and Thombre, 2019; Im et al., 2022; Tian et al.,
2014; Khalifa, 2020). The inclusion of these materials in the gap im-
proves the heat transport from the condensing surface and therefore,
yields high flux and lower specific thermal energy consumption. Similar
to the flat sheet membrane modules, innovative module designs have
been proposed for hollow fibre MD modules. The main innovative aspect
of these modules is the shapes of the fibre where helical, wavy, curly,
and spacers knitted fibres have been proposed to improve the thermal
efficiency of the MD process (Ali et al., 2015; Yang et al., 2013). Notably,
most of these studies considered the desalination application of various
MD configurations, while few studies on module design have been
specifically developed for MD-based textile wastewater treatment.
Nevertheless, most of the investigated scenarios in MD module design
can be considered for this application as well, either directly or with
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some minor modifications according to the nature of effluent from
textile industry.

In addition to the new designs of module housing and fibre shapes,
the design of optimum contact length (or effective module length) has
also been an important parameter to reduce the thermal energy
requirement of MD process. Theoretically, greater contact lengths can be
achieved by elongating the membrane (or fibre length in hollow fibre
setups). However, practical difficulties involving technology, handling,
and installation render the preparation and use of very long modules
unfeasible. As an alternative, achieving a substantial contact length in-
volves either connecting numerous modules in a series or increasing the
membrane length within each section of a flat sheet membrane. In the
context of spiral-wound flat sheet membranes, extending the flow
channel length from 1 to 7 m increases the GOR by 3-fold (Winter et al.,
2017). Similar findings were reported by Winter et al. (2017) where
specific thermal energy consumption of MD was reduced from 296 to
107 kWh-m™? after increasing the channel length from 1.5 m to 5 m
(Winter et al., 2017). However, in case of textile wastewater treatment,
the spiral wound module is highly susceptible to fouling due to high
contamination level of dyeing wastewater and its inorganic content.
Separately, Ali et al. (2018) reduced the specific energy consumption of
DCMD by over 20% after increasing the channel length (with an effect
comparable to elongating the module length) from 1 m to 10 m (Ali
et al., 2018). Similar findings were reported in another investigation
where channel length elongation from 3.5 m to 10 m reduced the spe-
cific energy consumption of AGMD by 46% (Winter et al., 2011).

(e) Effect of membrane properties

Membrane properties play a significant role in dictating the energy
consumption of the process. Membrane properties including thickness,
porosity, tortuosity, and pore size play a crucial role in influencing
permeate flux, heat, and mass transfer coefficients. Thinner membranes
offer higher mass transfer and flux. Due to the small thickness, the mass
transfer resistance is significantly reduced, ensuring high permeate flux.
However, this phenomenon establishes a trade-off between heat and
mass transfer. Although thinner membranes enhance heat transfer, they
cause performance decline. The increased heat transfer increases TP,
thus reducing the vapour pressure gradient and therefore the flux.
Balancing these properties is key in membrane design.

Based on previous research findings, energy-efficient membranes
should have thicknesses between 20 and 60 pm, pore diameters of 0.3
pm for high LEP, porosity above 75%, and specific mechanical strength
(Tewodros et al., 2022). According to theoretical and experimental re-
ports, small membrane thickness reduces the thermal efficiency of ma-
terials like PVDF and PTFE. For a heat transfer coefficient of 600 W m ™2
K, membrane thickness in the range of 150-200 pm is considered
optimal to achieve 80% efficiency in a DCMD system (Ullah et al., 2018).
Therefore, thicker membranes are high energy efficiency during MD
treatment of high saline feed water. However, for low solute concen-
tration range, such as diluted textile effluent, thinner membranes can
provide higher permeate flux and energy efficiency (Eykens et al.,
2016). The development of multilayer membranes emerges another
promising approach to address energy efficiency. In this design, a stra-
tegically placed insulating layer is situated as the intermediate layer
inside the membrane structure. The presence of an insulating layer
serves as a thermal barrier, effectively mitigating the transfer of heat by
conduction across the membrane, specifically in the DCMD configura-
tions. Afsari et al. (2023) used this approach to develop a novel nano-
fibre membrane with enhanced total thermal efficiency (Afsari et al.,
2023). The authors focused on the development of a triple-layer mem-
brane featuring a nanofibrous structure for processing high salinity
water using DCMD. According to the obtained results, the triple-layer
membrane structure reduced the energy consumption by 20% in com-
parison with the traditional single-layer membrane structure.
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5. Heat and mass transfer modelling

Mathematical models and numerical designs have been reported in
the literature to simulate the flux of VMD configuration (Baghel et al.,
2020). These models could be adapted to other MD configurations,
including AGMD and SGMD. These models include one-dimensional
(1D), two dimensional, and three dimensional (3D) approaches
(Baghel et al., 2020; Lian et al., 2016; Haddadi et al., 2018). The 1D
models have been used to determine the role of process variables on the
MD performance. However, the models are unable to provide informa-
tion about the module and membrane geometry, which is critical to scale
up the process. The 2D models have been used to analyze the permeation
rate and heat and mass transfer effect on the MD process. This type of
model has limitations in evaluating the membrane characteristics and
composition along with the geometry of the module (Baghel et al.,
2020). In contrast, the 3D models provide a detailed visualization of the
processes occurring inside of the membrane, including the impact of
boundary layers and the polarization effects related to the characteristic
of the membrane, such as porosity and tortuosity (Baghel et al., 2020).
Various case studies evaluating mathematical models and numerical
designs are comprehensively elaborated below.

A 3D computational fluid dynamics (CFD) model was evaluated by
Baghel et el. (2020) using COMSOL Multiphysics to model the interfacial
temperatures for Naphthol Blue-Black dye from wastewater and predict
the flux in VMD (Baghel et al., 2020). The CFD model incorporated the
transport equations for momentum, heat, and mass transfer. The heat
and mass transfer were coupled at the contacting interfacial boundaries
between the feed solution and the membrane surface, and the effect of
variables such as flow and temperature. Also, the amount of vacuum and
concentration on the permeate flux were analysed (Parakala et al.,
2019). Similarly, a theoretical permeate flux was evaluated from the
convective heat transfer through the porous membrane. The model
combined the Knudsen and Poiseuille flow equations to study the vapour
transport through the porous membrane (Baghel et al., 2020; Ma et al.,
2022). The model fitted well with experimental data and provided the
temperature polarization coefficient (TPC) for the VMD process at
different operating parameters. Based on the model, the feed tempera-
ture and vacuum degree were the main parameters affecting the
permeate flux and minimum specific energy consumption. Also,
increasing the feed temperature from 25 °C to 85 °C reduced the TPC
from 0.81 to 0.48, which was reflected in a reduced heat transfer
resistance and a considerably increase of the permeate flux (Baghel
et al., 2020).

Fig. 9a shows the temperature contour and convective heat flux in-
side the membrane of the VMD module at 85 °C as obtained by the CFD
model. According to the reported findings, driving force of the process,
represented by the difference in transmembrane vapour that increases
exponentially when the feed temperature increases, caused this tem-
perature profile (Baghel et al., 2020). The accumulation of dye on the
feed side of the membrane during the transport of water vapour through
the membrane, caused a resistance to liquid-mass transfer, and therefore
reduced the passage of water vapour. The small pore size and hydro-
phobic properties of the membrane contributed to the accumulation of
the dye on the membrane surface. The CP effect on the feed side of the
membrane become significant due to the increased accumulation of dye
at the membrane surface. Notably, the performance of the VMD process
can be improved by removing the dye from the surface of the membrane
with distilled water. After 60 h of running and washing the membrane, a
99.9% removal of dye with a permeate flux of 44.94 kg m 2-h~! was
obtained, thus presenting 99% flux recovery.

A 3D CFD model was developed to study the thermal velocity and
concentration field of a VMD using PFTE membranes to treat methyl
orange dye wastewater. Initially, the optimal operating parameters of
VMD, including mass flow rate, vacuum pressure, inlet feed tempera-
ture, and dye concentration, were optimized using response surface
methodology (RSM) (Yadav et al., 2022). A regression model was
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Fig. 9. (a) Temperature contour inside a VMD module at 85 °C feed temperature, Naphthol Blue-Black dye concentration of 300 ppm as simulated by CFD using
COMSOL Multiphysics software. Operating conditions: flow rate of 5 L min’l, vacuum of 750 mmHg (Baghel et al., 2020), (b) velocity field, (c) thermal field, and (d)
concentration field in the membrane module obtained using 3D CFD at optimized input process parameters from RSM (Yadav et al., 2022). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

developed to describe the permeate flux, dye rejection, and specific
energy consumption (SEC). The 3D CFM model was applied to the
optimized parameter conditions (permeate flux of 19.60 L m2h7}, dye
rejection of 99.80%, and SEC of 2.04 kWh-m?) to obtain the permeate
flux profile and dye rejection of various cycles of VMD operation with
intermittent washing and to understand the fouling behaviour of the
membrane. The model captured the evaporation in the feed at the
membrane surface and the condensation of vapours in the permeate at
the membrane surface. Fig. 9b—d shows the thermal field, velocity field,
and concentration field in the membrane module obtained from the 3D
CFD of the RSM optimized input process parameters. After conducting
SEM analysis of the PTFE membranes, the dye deposition was not severe
due to high hydrophobicity, LEP, and pore wetting resistance of the
membrane. The membranes exposed to long-term VMD operation didn’t
show any significant alterations, showing that the PTFE membrane
could retain the initial structure and property during dye treatment
(Yadav et al., 2022).

A mathematical model incorporating temperature and CP effects was
developed by Banat et al. (2005) to treat MB dye solutions generated by
the textile industry using VMD (Banat et al., 2005b). The model was
validated with experimental data. The model incorporated heat and
mass transfer principles, including 1) flux in the boundary layer to the
membrane surface, 2) evaporation at the pore entrance and diffusion of
the vapour through the pore, and 3) diffusion of the vapour beyond the
pore and recovery. The model was validated by comparing the predicted
variation of MB concentration with time to the experimental data. The
experimental data was comparable with the model predictions. The
permeate flux rate decreased exponentially with time, and the dye was
concentrated in the feed reservoir without detection in the permeate.
The permeate flux was strongly dependent on feed temperature but was
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independent of salt concentration (Banat et al., 2005b).

As the filtration effectiveness depends on the membrane character-
istics, recent studies show the potential of surface modification with
carbon-based materials like GO and CNT. GO as 2D material can
enhance the operation yield and protect against fouling for its negative
charge onto a surface behaving as polyanion. Hence, GO can interact
electrostatically with positively charged molecules and materials pre-
sent in the wastewater enabling electrostatic repulsion of negatively
charged molecules like anionic dyes (Hu and Mi, 2014; Homem et al.,
2019). Besides 2D materials like GO, other types of nanomaterials that
are based on carbon are 1D CNT including single (SWCNT) and
multi-walled nanotubes (MWCNT). They are added to reduce the
wettability of the membrane for their hydrophobic properties (Mpala
et al., 2023b). Moreover, their high surface area and porosity improves
absorption of the pollutants in selected wastewater treatment applica-
tions. Membranes modified with CNT offer enhanced mechanical sta-
bility, self-cleaning functions, and anti-fouling capacity of the
nanocomposite membrane (Ray et al., 2020). The immobility of the CNT
into the membrane surface occurs due to charge, van der Waals in-
teractions, and chemical bonding (Petukhov and Johnson, 2024).

To improve the hydrophobicity of the membranes, the ZIF NPs can
also be added. Tournis et al. (2022) proposed the use of ZIF NPs to
modify the porous PVDF-HFP membranes. Membrane modification
significantly reduced the wettability of the membrane (Tournis et al.,
2022). Another group of filler membrane materials is ZIF. A series of
DCMD experiments in combination with numerical modelling using
JAVA software were conducted to study the water flux and rejection rate
of simulated solutions containing salts and dyes and the mass transfer
behaviour of the MD process. A composite ZIF doped in PVDF-co-HFP
nanofibrous membrane synthesized by the electrospinning technique
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was used. The salts and dye solutions were prepared by mixing acid red,
acid yellow, methylene blue, and crystal violet with NaCl. The
ZIF/PVDF-co-HFP membrane showed high permeate flux (19.2 L
m2h7!) and a dye rejection >99.99% compared to the pristine
PVDF-co-HFP membrane and a commercial PVDF membrane. To model
the DCMD process, the membrane was orderly divided into N different
blocks per 1 cm. The TPC of different nanofibres was theoretically
calculated by determining the saturated and unsaturated vapour pres-
sure of the first membrane block using the Antoine equation and a
partial pressure equation of non-ideal binary mixtures (Huang et al.,
2022; Yun et al.,, 2006). Also, by calculating the membrane water
permeation by iteration, the water permeation coefficient of different
ZIF/PVDF-co-HFP membranes was obtained. The water flux was simu-
lated by dividing the membrane into 30 blocks, each with a length of 1
mm, and by calculating the flux in every block. The model showed good
accuracy with respect to the experimental and simulated water flux. The
negatively charged acid red and acid yellow dyes were effectively
rejected compared to the methylene blue and crystal violet dyes due to
the negative charge characteristics of the ZIF/PVDF-co-HFP nanofibrous
membrane (Huang et al., 2022).

Textile industries release high temperature wastewater that can
potentially be treated by MD processes. In this process, the heat already
present in the discharge solution is used to provide the energy for MD
processes (Pavithra S.K P and Jaikumar S.R P, 2019). However, one of
the main limitations of industrial wastewater is the presence of organic
compounds, softeners and levelling agents, such as surfactants, which
can cause fouling or wetting of the membrane. The presence of surfac-
tants reduce the surface tension and thus, the LEP of the membrane and
impact the MD performance (Calabro et al., 1991). An agarose hydrogel
thin layer attached to the surface of a hydrophobic porous PTFE mem-
brane was used to investigate the impact of hydrogel properties on the
membrane wetting during the MD treatment of polyester fabric dyeing
wastewater exposed to different types of surfactants. The agarose is a

Chemosphere 360 (2024) 142347

linear polymer with a molecular weight of 120 kDa (Lin et al., 2015).
According to the reported findings, the unmodified MD membrane
decreased flux rapidly, and the conductivity increased in a short period
of time, indicating the occurrence of membrane wetting due to the
presence of the surfactant. However, with the PTFE-agarose treated
membrane, the flux and the conductivity remained unchanged for 24 h.
The agarose layer repelled the hydrophobic moiety of the surfactant,
which in turn prevented the formation of micelle; therefore, preventing
the surfactant from penetrating through the hydrogel layer to cause
membrane wetting (Lin et al., 2015). Furthermore, the flux of the MD
process using the PTFE-agarose treated membrane is not limited by mass
transfer through the hydrogel (Lin et al., 2015). The flux variation was
attributed to the lower heat transfer coefficient of the protective layer,
which reduces the vaporization temperature, causing flux decline while
improving membrane resistance to wetting. Increasing the surface area
of the membrane or the thermal conductivity of the protective hydrogen
layer, the MD efficiency for dyeing wastewater treatment remain the
same (Lin et al., 2015; Yan et al., 2022). Fig. 10 shows the temperature
profile of the PTFE-agarose protected membrane, the rejection of the
hydrophobic moiety of the surfactant by the hydrogen protective layer,
and the penetration of surfactant micelles through the hydrogen layer
during the MD process, respectively.

The micelle formation was explained by Musnicky et al. (2011) by
conducting studies on the gradient diffusion of surfactants such as ionic
sodium dodecyl sulfate (SDS) micelles in agarose gel, and by comparing
the results with published theories (Musnicki et al., 2011). The study
used holographic interferometry to measure the gradient diffusion co-
efficient at different sodium chloride, gel, and surfactant concentrations.
Based on the reported findings, micelle diffusivity increased linearly
with surfactant concentration with decreasing sodium chloride and gel
concentrations. This behaviour suggested decreasing micelle-micelle
electrostatic interactions with increasing sodium chloride concentra-
tions. The concentration effect is quite strong for charged solutes, thus
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Fig. 10. (a) temperature profile of the PTFE-agarose protected membrane. The mechanism for (b) the rejection of the hydrophobic moiety of the surfactant by the
hydrogen protective layer and (c) penetration of surfactant micelles through the hydrogen layer during the MD process (Lin et al., 2015).
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doubling micelle diffusion coefficient relative to its value in the same gel
at infinite dilution. The study compared the extrapolated,
infinite-dilution diffusion coefficients and the rate at which the micelle
diffusivity increased with surfactant concentration with predictions of
previously published theories in which the micelles are treated as
charged, colloidal spheres and the gel as a Brinkman medium. The
experimental data and theoretical predictions were in good agreement
(Musnicki et al., 2011).

In a research study, micellar enhanced ultrafiltration (MEUF) inte-
grated with VMD was used to remove methylene blue from aqueous
solutions and treat the MEUF reject to increase water recovery (Parakala
et al., 2019). A theoretical model based on modified resistances in series
was used to determine the effect of feed dye concentration, surfactant
concentration, and feed pressure on the flux of the MEUF process. The
CFD model was used to predict the LEP of the VMD membranes in the
presence of the dye. Sodium dodecyl sulfate and sodium chloride were
added to the dye solutions as anionic surfactant and electrolyte,
respectively, to promote micelle formation. A polyethersulfone (PES)
membrane loaded with activated carbon was used in the UF process, and
a tetraethyl orthosilicate crosslinked polysulfone (PS) membrane was
used in the VMD process to treat the UF retentate. The resistance in
series model predicted the operating parameters and generate a mini-
mum error between predicted and simulated UF fluxes. The computa-
tional model provided an insight into the movement of fluid-fluid
interface inside the pores of the membrane. The MEUF-VMD integrated
system provided pure water while the two membranes remained stable.
The system can operate in continuous mode by increasing the surface
area of the VMD membrane to match the MEFU flux. The hybrid system
could treat wastewater generated by the distillery, starch, pharmaceu-
tical, and tannery industry (Parakala et al., 2019).

6. Application of machine learning and artificial intelligence in
MD

Optimizing the MD process towards removal of dyes from water is
experimentally time-consuming and expensive requiring the selection of
many parameters (Ohale et al., 2022; Silva et al., 2020). The application
of methods shortening process time, increasing efficiency, and reducing
the cost of the process is key. One of the most promising approaches
involves the use of AI to model and optimize dye pollution removal
(Sathishkumar et al., 2023; Fan et al., 2018; Aghilesh et al., 2023). The
term Al covers many types of algorithms. Recently, attempts have been
made to apply some algorithms to predict the optimal course of the
water treatment process. Although AI has been evaluated in various
treatment processes towards removal of dyes from wastewater, it is
rarely reported in MD. Therefore, the Al-assisted MD in dye wastewater
treatment processes is recommended.

The most commonly applied Al in environmental sciences and
biotechnology challenges are the classical neural networks, namely
artificial neuron networks (ANNs) (Holzinger et al., 2023). They are
based on the model of a perceptron neuron known as the binary linear
classifier (Krogh, 2008). In general, neural networks are the computa-
tional tools enabling computers to learn some patterns by analysing
training datasets. In the case of the perceptron, the input data enter the
neuron model with appropriately assigned weights, they are summed up
(i.e., they form the so-called weighted sum) and after applying the
activation function (also known as step function) return the desired
result. The ANNs were used to predict the removal efficiency of the
methylene blue (Sadek and Mostafa, 2023). The neural network con-
sisting of ten hidden layers was applied (Elshfai et al., 2022). The
feedforward backpropagation algorithm was used for the classification
tasks (Mahmoud et al., 2019). The proposed approach can be success-
fully applied to maximize the methylene blue removal with nano
zero-valent aluminum (nZVAI). The ANNs with one hidden layer con-
sisting of ten perceptrons (created with MATLAB, 2019b packed soft-
ware) were applied to the prediction of the CR adsorption (Ahmad Aftab
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et al., 2023). Notably, Al-based algorithms have the potential to be used
as a supporting tool in the planning and development of more efficient
dye removal.

Another Al-based algorithm applied in the dye removal process is
Support Vector Machines (SVM). It is the concept of decision space, i.e.,
multidimensional hyperplane space separating cases belonging to
different classes. The decision space is divided by building boundaries
separating objects included in different patterns (Noble, 2006). The
SVM-based algorithm predicts the methylene blue removal rate with
high accuracy, and was therefore applied to optimize the congo red
adsorption (Subramanian et al., 2023). The comparison of the Al-based
algorithmic performance in the field of dye removal considering algo-
rithms type, their application field, accuracy, the proportions of training
sets, and inputs and outputs parameters is summarised in Table 4.
Interestingly, Al-based algorithms are noteworthy computational tools
in the context of predicting important parameters of the pollution
removal process.

7. Challenges and prospects, and perspectives

Utilization of MD in treating the dye wastewater offers various
benefits such as high removal efficiency and the process versatility in
handling a wide range of dyes in various compositions. Also, MD is
particularly effective in treating dye-contaminated waters under high
salinity and elevated temperatures. During the process treatment, high-
quality water is produced. Among other things, it provides a promising
sustainable solution towards treatment of dye-contaminated wastewater
due to low energy requirements. Also, advancements in membrane
materials and optimization of the process performance and scalability
pave a way to wide adoption of this process towards future dye-
wastewater treatment. However, to ensure full adoption at industrial
scale, various challenges including membrane wetting, fouling and
requirement of high capital costs must be overcome. Also, system design
with improved efficiency is imperative to minimize the process oper-
ating costs while promoting the attractiveness of the technology to dye
wastewater treatment.

There are many challenges limiting long-term operation and costs of
water processing. One of the problematic factors is the membrane
fouling (Mokhtara et al., 2016; Lagbagbi et al., 2019b). Besides advan-
tages like high rejection of dissolved ions, low applied pressure, high
permeate flux, processability on the commercial scale, and low oper-
ating temperature, the MD water processing remains energy intensive
with high conductive heat loss (Buckner et al., 2016; Mokhtar et al.,
2014b). According to the reported literature, the AGMD is more suitable
to textile wastewater treatment compared to DCMD for its simplicity,
higher thermal efficiencies, and low risk of the TP (Goh et al., 2022).
Nevertheless, this method results in low flux compared to other con-
figurations. Although high fluxes are reported in DCMD, the process is
limited to high membrane wettability. The SGMD requires more com-
plex setups limiting its broad use in contrast to other configurations.
Also, SGMD has a higher risk of TP.

Development of scalable processes to fabricate membranes incor-
porated with nanoporous materials such as zeolites, metal-organic ma-
terials, and 2D materials is imperative. Currently, these membranes are
at a relatively low technology readiness level. Interfacial polymerization
is the most used technique to form ultrathin membranes for gas and
water treatment. A recent review discusses opportunities and challenges
associated with practical application of porous material at large scale
and commercialization of membranes modified with nanoporous ma-
terials (Castro-Munoz et al., 2023). Some of the determining factors for
potential commercialization include membrane selectivity and perme-
ability, membrane synthesis cost, long-term stability and process
reproducibility. Therefore, there is need to develop scalable fabrication
methods with reproducible membranes in terms of structure and sepa-
ration performance.

Many sources demonstrate application of MD on the model and real
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Table 4
The comparison of the Al-based algorithms applied in dye removal.
Application field Al-based Accuracy  Training/testing/ Inputs parameters Outputs Ref.
algorithm validation sets parameters
type [%]

Prediction of the MB ANNs 0.97 60.00/20.00/ Parameters (residence time, initial MB concentration, MB removal Sadek and

removal efficiency 20.00 temperature, pH, stirring rate, nZVI dosage, the efficiency Mostafa (2023)
concentration of two detergents: Ariel and Vanish, and
the concentration of three salts: NaCl, Na,CO3, and
NasS04)

Prediction of the ANNs 0.99 lack of 4 parameters (pH, the initial Alizarin concentration in Alizarin red S Hosseini and
alizarin red S information the feed, the extractant volume percentage in the organic ~ removal efficiency Rahimi (2023)
removal efficiency phase, and the fluid flow rate)

Prediction of the CR ANNs 0.99 lack of 4 parameters (starting concentration, pH, temperature, adsorp-tion Ahmad Aftab
adsorption information time) capacity of CR et al. (2023)

Prediction of the ANNs 0.99 lack of 10 parameters (catalyst type, reaction time, light Malachite green Jaffari et al.
malachite green information intensity, initial concentration, catalyst loading, solution  degradation (2023)

pH, humic acid concentration, anions, surface area, and efficiency
pore volume of various photocatalysts)

Prediction of the CR SVM 0.99 lack of 4 parameters (starting concentration, pH, temperature, adsorp-tion Ahmad Aftab
adsorption information time) capacity of CR et al. (2023)

Prediction of the MB SVM 0.94 85.00/15.00/ 4 parameters (pH, dye concentration, photocatalyst dose ~ MB removal rate Subramanian
degradations 0.00 and irradiation exposure time) (%) et al. (2023)
efficiency

MB: methylene blue, ANNS: artificial neuron networks, SVM: Support vector machine.

wastewater solutions containing different concentration of dyes, where
the application is limited to the solutions below or equal 100 ppm of
certain dye. The increase in dye concentration causes a decay in
permeate flux (Tolentino Filho et al., 2022). Another challenge is surface
tension of the membrane and wetting in presence of surfactants
commonly present in textile wastewaters (Yang et al., 2021; Nthunya
et al., 2019d). Formation of cohesive interactions between the hydro-
philic groups of surfactant molecules in the feed affect permeation flux,
thus necessitating the wetting investigation during MD treatment of
textile wastewater (Dow et al., 2017; Silva et al., 2020; Nthunya et al.,
2019d). Besides studies in the presence of surfactants, the improvement
of the surface properties of the membrane towards superhydrophobicity
is desired. Also, it is important to investigate steady state and operation
times for each techniques (Silva et al., 2020). Just in the same way, MD
treatment of dyes requires effective and universal analytical models to
understand the heat and mass transfer during treatment of specific dyes.
This is particularly important in treatment of environmental wastewater
characterised by varying pH, salinity, and presence of different chem-
icals (Madalosso et al., 2021). Indeed, literature refers to mathematical
models developed for certain membrane configurations (flat sheet, spi-
ral or hollow fibre) used in MD pilot units to predict mass fluxes and
compare them with measured water vapour fluxes (Alsaadi et al., 2013).
However, extensive research is required.

To address the thermal efficiencies in MD, the research has geared
towards evaluation of photothermal membrane distillation (PMD). This
was encouraged by the large energy consumption with low thermal ef-
ficiency impeding the process application at energy off-grid areas (Li
et al., 2020b; Politano et al., 2017). The PMD utilizes the solar energy
modification of the membrane to heat the feed solution by photothermal
materials in situ. Technically, the photothermal materials are embedded
into the membrane to generate the solar-based thermal energy. The
temperature of the feed at the membrane interface is higher than the
temperature of the bulk feed, thus enabling the large temperature dif-
ference and therefore the high vapour pressure gradient (Razagpur
etal., 2021). Various materials evaluated to convert light to heat include
TiOg, molybdenum disulfide (MoS;), and MXenes (TizCz), CNTs, GO,
and RGO (Jun et al., 2019). Zhang et al. (2023) used carbonized lotus
root as an alternative cost effective photothermal materials to induce
steam from the seawater via a solar simulator. The distillation process
presented the flux of 0.90 kg m~2eh~! and GOR of 0.61 under 1 kWm 2
illumination (Zhang et al., 2023). Although utilization of photothermal
materials have opened research direction towards cost-effective
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desalination processes, treatment of dye wastewater via PMD is rarely
reported.

8. Conclusions

Membrane distillation (MD) emerged as an effective promising
technology capable of treating industrial wastewater including textile.
Previously reported studies advanced significant strides of MD process
optimization, with a specific focus on membrane properties and oper-
ating parameters to improve rate of water recovery and dye removal
efficiency. The MD facilitates water and dye separation through vapour-
phase transport mechanisms where the porous hydrophobic membrane
permit passage of water vapour and volatile compounds while retaining
the dye molecules. The current study comprehensively reviewed the MD
treatment of various classes of dyes such as azo, reactive, and anthra-
quinone. Nonetheless, process challenges including membrane fouling,
and energy optimizations require further considerations to enable
practical implementation in textile wastewater management. To address
these challenges, innovative approaches should focus on fouling miti-
gation strategies, improved membrane properties through surface
modification. Thermal energy consumption requires critical attention in
MD to assess its economic viability and environmental sustainability. As
per previously reported studies, MD operation using low-grade or waste
heat reduces the operations costs. However, some studies challenge the
phenomenon of cost reduction upon use of low-grade energy or waste
heat. For these reasons, research is geared towards module designs and
fabrication of low-thermal conducting membranes. Also, in situ detec-
tion of membrane fouling is required to enable an immediate mitigation.
Among other technologies, artificial intelligence (AI) emerged as the
modelling technology to improve process efficiency. However, Al eval-
uation in MD dye removal requires extensive research. Similarly, the
emphasised need to use sustainable and environmentally friendly dye
removal technologies, MD provides a promising avenue to address the
water pollution caused by growing textile industries. Technically, the
MD aligns with required principles of energy efficiency and zero liquid
discharge (ZLD). Upon further research and development efforts,
coupled with advancements in process optimization, MD presented a
great potential to treat dye-contaminated sources in a cost-effective and
eco-friendly manner, thus ensuring cleaner and more sustainable water
resources.
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