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ARTICLE INFO ABSTRACT

Editor: DR B Gyampoh The growing global challenge of water scarcity, intensified by industrialization and population
growth has heightened the need for effective wastewater management in industries, including the

Keywords: mining sector. Mining operations discharge substantial volumes of wastewater laden with toxic

Membranes

metal such as copper, iron, cobalt, lead and mercury which poses significant environmental as
well as human health risk. Efficient wastewater treatment is crucial to mitigate these effects.
While technological advancements have improved mine effluents treatment, there remains a need

Mine wastewater
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Characterization for advanced methods that enable not only removal of the toxic metals but also recovery of re-
Fluidized bed reactor sources such as valuable metals and water. Due to its high efficiency, selectivity and low envi-
Circular economy ronmental footprint, membrane technology has gained attention especially in the treatment of

various mine effluent. Though fouling is a major challenge in its implementation. The review
gives an updated overview on the membrane technology in mining effluent treatment, examining
the performance of various membranes (pressure driven membrane, thermal and concentration)
in removal of metals and recycle of valuable resources from mine effluents such Acid Mine
Drainage (AMD) and other mine effluents. It also examines innovative approaches such as pre-
treatment processes, hybrid membrane system as well as the use nanocomposites polymeric
membrane. Furthermore, the recent advances in membrane modification techniques such as
chemical vapour deposition, sol-gel process, lithography, Atomic layer deposition, layer by layer
and electrospinning have been discussed. Studies show that >95 % separation efficiency,> 85 %
water recovery and >90 % metal recovery for hybrid membrane processes and chemical pre-
cipitation. The recovered metals show high purity of >99 %. Studies indicate that standalone
membrane system have limitations in recovery of metals but hybrid systems (membrane coupled
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with other complementary methods) can achieve better results. This review identifies future di-
rection for advancing membrane technology in sustainable mine wastewater management for
improved environmental as well as mine operations.

Introduction

The recent increase in global demand for finished metal products accompanied by increased industrialization and population
growth, has led to deterioration and scarcity of freshwater sources [1]. It is estimated that approximately 359 billion cubic metres of
industrial wastewater is produced globally per year, with only 52 % of this water treated while the remaining 48 % is discharged
untreated into the ambient environment [2]. Anthropogenic activities such as mining play a pivotal role in this process especially in the
generation of large volumes of wastewater [3-5].

In mining, water is a primary commodity used for various mining operations. For instance, processing copper sulfide ore through a
conventional crushing-grinding-flotation-thickening steps requires 1.5 to 3.5 tons of water per ton of ore [6]. Furthermore, water in
mining is used for: 1) dewatering the mines to have access to the ores, 2) dust suppression on hauls and cooling of the drilling bits, 3)
separating crushed minerals in chemical processes like during froth flotation and 4) transportation of slurries and suspensions to the
tailing storage facility. In general, surface water bodies such as rivers and lakes are preferred sources of such water [7]. AMD, dew-
atering wastewater, process effluents and tailings are the main wastewater from mining operations. These are often laden with high
metal content and coarse material [6].

Heavy metals are the main pollutants in mine wastewater emanating from electroplating, ore processing and extraction industries
[8-10]. Even in minute concentrations, these elements pose a significant threat to ecosystems due to their non-biodegradable nature.
In human populations, exposure to heavy metal, including, chromium (Cr), cobalt (Co), zinc (Zn), copper (Cu), cadmium (Cd), iron
(Fe), lead (Pb) and mercury (Hg) poses major health risks. Their carcinogenic and neurotoxic properties, underscore the urgency of
effective wastewater treatment [11-13]. To avert such toxicity and meet the stringent permissible discharge limits, it is imperative to
treat mining wastewater effectively.

At present, various methods have been explored in their efficiency to treat mine wastewater and these include; Chemical, physical
and biological methods especially for the removal of heavy metals. Chemical treatments include chemical precipitation, neutralization,
flocculation, and coagulation while physical methods such as sedimentation, filtration and adsorption [14]. Biological methods such as
bioreactors and sulphate reducing bacteria has been used extensively. However, collectively these methods have many challenges;
formation of enormous sludge [15], high energy consumption [16] and selectivity limitations [17]. Furthermore, these processes are
time consuming and non-selective especially for high metals [18]. These drawbacks contribute to the persistent discharge of mine
effluents laden with heavy metal into the ambient environment. Given the inevitability of wastewater generation in mining operation,
it is imperative to explore novel treatment methods which are robust in targeting metals even at lower concentration.

Membrane technology has attracted the attention of many researchers especially in the treatment of various mine wastewaters such
as acid mine drainage (AMD) [19], acidic mine wastewater [20-22] and synthetic mine wastewater [23]. In their comprehensive
review, Panayotova and Panayotov [23] highlighted the extensive application of membrane technology in mining including the
treatment of flotation water, pregnant leaching solutions, lithium brines, the extraction of metals from wastewater as well as the
remediation of AMD and the recovery of valuable reagents and metals [24]. Owing to their high selectivity, small surface-to-area ratio
and low environmental footprint, membranes are the best alternative for treating mine wastewater, especially in removing heavy
metals from mine wastewater [4,25,26]. However, one of the major drawbacks of this technology is membrane fouling which reduces
the performance of the membrane and increase the operational cost of the membraneas well as reduce the longetivity of the membrane
[27-29].

The recent advancement in nanotechnology has provided a way to circumvent these shortcomings by the utilization of nano-
materials which can be incorporated into the membrane matrix. Owing to their small size to volume ratio, physical properties, and easy
manipulation, nanoparticles such as metal and/ or metal oxides, organic and nano rods have extensively been used in membrane for
the removal of heavy metals from industrial effluents [30,31]. However, in their individual processes membrane system are limited by
fouling, which reduces their efficiency and performance. Therefore, to this end, membranes with enhanced selectivity, productivity,
resistance to fouling, and stability, all while being more available at lower cost and with fewer manufacturing problems are required
[25]. In particular, with the new concept sustainable mining focused on not only removal but also the recovery of valuable resources
such as clean water, precious metals and metals to achieve a circular economy has opened opportunities for the hybrid application of
membranes to reduce the adverse limitations of single membrane processes [32-34].

The aim of the current review is to provide an up-to-date compendium of latest research on the feasibility of pressure driven
membranes in mine wastewater treatment by exploring literature on the strategies have can be used to mitigate membrane fouling
with a focus on the nanocomposite membranes, membrane modification techniques and the use of hybrid membranes system for
effective removal of heavy metals in mine wastewater. Furthermore, this review gives an overview of membrane technology, the
factors influencing membrane performance and classification of membranes.

Fundamentals of membrane technology in wastewater treatment

Membranes are artificial structures that exist independently, typically with pore size dimensions ranging from 1 to 100 nm. They
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exhibit significant increase in surface area to volume ratio making them selectively permeable barriers. Their pores are sized to allow
the passage of materials that are smaller than the pores while retaining a wide range of particulate and dissolved ions, depending on
their nature that is, their surface charge, pH, and concentration [26,35]. Characteristically,membranes can be classified according to:
i) structure ii) material and iii) driving force [36,37]. Fig. 1 summaizes the classifiation of membranes and highlights examples of each
specific type of membrane.

Classification of membranes

Structure

Membranes can be classified as isotropic or anisotropic depending on the structure of the top layer. Isotropic membranes are
symmetrical membranes made up of a single material. These are categorized into three as:1) microporous membranes; 2) dense film
nonporous and 3) electrically charged. Microporous membranes are also known as sieving membranes and the separation is based on
the principle of size exclusion. These membranes have a high flux, for example, ultrafiltration and microfiltration membranes.
Nonporous membranes are membranes with no pores. Membranes including nanofiltration and reverse osmosis are some of the ex-
amples. Electrically charged membranes represent membranes whose surface have been deposited with either a positive /negative ion.
Ion exchange membrane is the principle of exchange in these membranes [38,39].

On the other hand, anisotropic membranes are unsymmetrical membranes made up of different materials. These contain material
that vary in composition and, or in structure. They are made up of a highly selective thin top layer that is supported by a dense
permeable layer. Example of such membranes are forward osmosis membranes and reverse osmosis membranes [40,41].

Material

Membranes can be categorized based on the material used for synthesised as organic, inorganic and hybrid membranes. Organic
membranes also known as polymeric membranes are composed of carbon as the fundamental material. Although carbon serves as the
basis for these types of membranes, the most basic compounds such as the carbon oxides, carbides, cyanides, and carbonates are not
used in the manufacturing because of their gaseous or liquid state. Polymeric materials such as cellulose acetate, polyether sulfone,
polydimethylsiloxane, polyacrylonitrile, polyvinyl chloride, and polytetrafluoroethylene have been extensively used in the fabrication
of polymeric membranes. Organic membranes can further be grouped into polymer (single) and co-polymer membrane. Single
polymer organic membranes consist of the use of one polymer in the fabrication process while co-polymer membranes involve the use
of two-polymers in the synthesis of the membrane to increase the efficiency of the membrane. Owing to their excellent permeability,
selectivity and stability, organic materials are good candidates for the synthesis of organic membranes including commercial nano-
filtration and reverse osmosis membrane. However, these materials are limited in temperature range of between (0-30 °C).

CLASSIFICATION OF MEMBRANES
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Furthermore, increased humidity and organic solvents such as alcohols and benzene impair the structure of these membranes [36,42,

43].

The second category of membranes are inorganic membranes. These are usually made ceramic, zeolites, silica, carbon nanotubes
and metals such as oxides of aluminium, titanium, selenium and zirconium [26,38]. In harsh environmental conditions such as acidic
or alkaline wastewater, inorganic membranes have good mechanical strength, better resistance to chemical attack and highly tolerant
of pH and oxidation [44]. Furthermore, they are thermally and chemically stable [45]. inorganic membranes are potent materials for
improved wastewater treatment [42]. The introduction of these materials in the polymer matrix is a potent way of treating wastewater
as they improve the performance of the membrane. However, expense and low selectivity are the major shortcoming with these types
of membrane [39,46].

Hybrid membrane are membrane that exist in combination of organic and inorganic or and both inorganic or organic to compensate
the shortcoming of either the organic or inorganic membrane [45]. Hybrid membranes represent the most recent classification of

Table 1
Technical and scientific comparison of membrane and hybrid filtration systems: types, applications, and performance analysis.
System Description Applications Advantage Disadvantages References
Type
MF Membrane filtration with pore size ~ Used as pre-treatment for low energy consumption, Less selectivity for viruses, [26]
of 0.1-10 pm higher pressure driven such as  effective for large particle dissolved substances such
RO, NF for the removal of separation as dissolved metal ions and
suspended solids, bacteria and anions
other large particles
UF Filtration membrane with pore Wastewater treatment Low capital operational and Separation is dependent [49]
size of 0.001-0.1 pm with pressure  especially drinking water operational cost upon size exclusion.
between 1 and 2 bar removal of suspended particles ~ Low pressure Unable to remove dissolved
ions and small organic
matter
NF Filtration membrane with Treatment of industrial Strong rejection of divalent Membrane scaling and [19]
allowing the removal of divalent effluents for heavy metal ions fouling
ions with pore size between 1 and  removal, dye removal Reduced energy consumption  Difficulty in removing
5 nm and operating pressure of Moderate pressure monovalent ions such as
10-20 bar Na®,
RO Pressure driven membrane Mine wastewater treatment, Highly selective even for High energy consumption [50]
filtration with pore size 1-0.5. tannery wastewater, drinking monovalent ions, effective in due to high operating
pressure between 20 and 100 bar water treatment industrial wastewater pressure, generation of
treatment ad concentrating brine which needs further
metal ions for recovery reprocessing
MD Thermal difference filtration Desalination of brine, textile Alternative heat sources such High cost of operation [51]
membrane dependent upon the wastewater, radioactive as solar and geothermal Membrane fouling and
change from liquid to vapour wastewater energy as such can be used in ~ wetting.
phase renewable energy, separate
highly
ED Uses electric potential difference Removal of dissolved ions from  High water flux, high Separation is limited to [52]
to separate ions through ion wastewater electroplating recovery, no chemicals ionized molecules,
exchange membrane (cation industry, industrial pressure needed, high metal unsuitable for high saline
—exchange & anion exchange wastewater recovery wastewater
Cannot remove viruses
MBR Leverages the benefits of Wastewater treatment to High quality water effluent, Membrane fouling, higher [53]
biological treatment methods such ~ remove bacteria, viruses, smaller space requirement, operational cost, sludge
as SRB with membrane filtrationto  suspended solids shorter hydraulic retention generation, aeration
remove solids and biological time needed
contaminants
FO Osmotic driven membrane. Wastewater treatment for the No external hydraulic Selection of the suitable DS~ [54]
Separation is dependent upon the removal of heavy metals pressure needed, easy in For efficiency it needs to be
difference in concentration cleaning, regeneration of the coupled with other
between the DS and the FS DS membrane systems
NF-RO Filtration membranes combining Wastewater treatment to get High flux, lower operating Scaling on the surface of [50]
NF with RO in which NF is a pre- high quality water and cost reduced energy the RO membrane and [22]
treatment. concentration heavy metals for ~ consumption, high removal fouling
recovery percentages for heavy metals
FO-RO Membrane filtration system in Advanced water reuse, Better performance, high Complex designing and [55]
which FO and RO are combined desalination of challenging water recovery, high maintence, high capital
based on both pressure difference feed water. selectivity, reduced and operational cost
and concentration gradient. membrane filtration
ED-RO Hybrid membrane system that Concentrating wastewater and ~ High concentration brine, High energy consumption, [56]

combines the advantages of ED
with RO. In which RO removes the
dissolved salts while ED
concentrate the brines to remove
more and recover more water.

recovery of water and other
valuable resources from brine

anti-scaling, water recovery,
reduced TDS, possibility of
zero liquid discharge

complexity in operation,
limited efficiency at high
salinity
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membranes-based material. Metal organic framework are hybrid inorganic-organic material with unique structures and fascinating
properties with great potential in wastewater treatment [3]. Hybrid membranes such as nanocomposites membranes have been used
extensively in wastewater treatment [47,48].

Driving force

Generally, membrane can be grouped into three categories based on the driving force assisting the feed through the membrane:
Concentration driven membranes (Forward Osmosis, liquid membrane), electrically driven membranes (membrane dialysis, elec-
trophoresis) and pressure driven membranes (UF, MF, NF and RO). Table 1 shows the advantages of membrane filtration and the
disadvantages.

Herein the next section discusses in details, pressure driven membranes.

Membranes propelled by pressure represent the most frequently utilized category of membranes, which can be classified into four
types:microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) [11]. They leaverage the pressure dif-
ference between the feed and permeate streams driving mechanism to facilitate solvent transport through the membranes [57]. The
difference between these four types of membranes is on their pore size and the particles rejected [58]. Rejection, a critical parameter, is
influenced by membrane charge exculsion, size exculsion, and the chemical/physical interactions among the solvent, solute and the
membranes [59]. Microfiltation uses low static low pressure as driving force for separation. However, one of the limitation of
microfiltration in its application for treating mine impacted water is the size of the pores 0.1-1 pm which can not incept heavy metals
and other dissolved solid particles [60]. Table 2 shows the difference among the four types of pressure driven membranes.

Ultrafitration on the other hand, has pores range from 2-100 nm. Microorganism, macromoecules and colloids are retained using
UF which operates in the pressure range of 1 to 10 bar [61]. In the context of wastewater treatment, NF and RO membranes have
gained a solid recognition for their effectiveness in removing metal ions [25]. NF membranes are considered tight membranes because
of their pore size of 1 nm and molecular weight out of 300-500 Da Owing to this, these membranes can retain metal ions, microor-
ganism and pathogens [35]. RO is known to be the most efficient of the four pressure-driven membranes because of its small pore size
of 0.1-1 nm allowing for the retaination of all polltants including monovalet ions such as Na™ [62]. Commercially, both RO and NF
membranes are made from thin film composite. Numerous studies have shown that NF membranes are preferable than RO removing of
pollutants from wastewater due to their lower operating costs, low energy consumption, sustained flux, and low pressure [21,22,63].
The separation in these membranes is dependent upon the size exclusion and the charge exclusion discussed below.

The mechanism and principle of separation in membrane

Separation in membrane is achieved through several mechanisms such as diffusion, convention, electrostatic, steric hindrance and
Donnan effect. By acting as a barrier, the membrane limits the passage of metal ions and other solutes from passing through. Addi-
tionally, the membrane’s morphological features such as pore size, pore distribution, degree of hydrophilicity and the existence of
functional groups play a cardinal role in the separation process [65]. The mechanism of separation is dependent upon size exclusion
and charge exclusion. These principles govern the separation of heavy metals from mine wastewater in NF membranes. Other
mechanism include dielectric [66,67] and hydration mechanism [35].

The retention of metal ions on the membrane’s surface is contingent on both the size of the pollutant and the pore size of the
membrane. This process, known as the sieving mechanism regulates the separation of uncharged molecules [35,64]. The rejection rate
for metal ions in wastewater increases as membranes with smaller pores such as NF and RO are utilized [68].

Donnan mechanism also known as charge —charge exclusion used for the separation of charged solutes. This exclusion arises from
the repulsion between the charged membrane surface and the metal ions. The membrane’s surface may contain functional groups
including carboxyl, amine and sulfonic acid which dissociate when exposed to wastewater stream forming a charged surface. The pH of

Table 2
Diffference among the four pressure driven. Adopted and modified from [9,37,64].
Membrane MF UF NF RO
processes
Pore size 0.1-1 pm 100-200 nm < 5nm <1 nm
Examples of Suspended particles (plastics Macro and micromolecules, solution Divalent cations and ions, lactose, =~ Monovalent ions and
pollutants with colloids (bacteria, virus, sucrose all contaminants
rejeted microplastics, oragnic, sugar)
Molecular weight 100-500 20-150 2-20 0.2-2
cut-off
Membrane Porous isotropous Porous asymmetric Finely porous asymmetric/ thin Non-porous
characteristics —film nanocomposite asymmetric
/composite
Operating pressure 1-3 2-5 5-15 15-75
Advantages Less energy requirement, Low  Less energy consumption and low Greater removal of heavy metals Remarkable heavy
capital and operatationalcost. pressure needed and a more enhanced separation metal removal
compared to UF efficiency
Disadvantages Requirement for pretreament Secondary pollutants and requirement Lower water permeability More energy
for pretreatment requirement
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the feed water is a critical factor in separation mechanism because at the pH of isoelectric point (the pH at which no electrostatic
interactions occur) there is charge on the surface of the membrane [35]. Mullett et al. [65] investigated this effect by employing a
NF270 to remove metal ions from mine wastewater. The authors observed that at the pH greater than IEP, the membrane rejected more
cations because it was positively charge while at the pH below the IEP the membrane became more negatively charged hence the flux
reduced because there was a concentration polarization on the surface of the membrane.

In membrane separation, the separation of divalent ions is much higher than monovalent ions. The dielectric exclusion arise when
an ion interacts with the bound electrical charges, induced at the solvent-membrane interface because of the interaction between ions
and membrane materials with different dielectric constants [70].

Factors affecting membrane performance

The role of membrane technology in sustainable mining is anchored on understanding the operating conditions for obtaining
optimum results. Agboola [29] identified three main factors that affect membrane performance: 1) membrane characteristics; 2) feed
characteristics and 3) operating parameters. This section discusses in depth the operating conditions like pH, temperature, feed
concentration and the pressure, and their impact on membrane performance (Fig. 2).

Operating conditions

Temperature is important in membrane performance. An increment in the temperature reduces the viscosity of the feed solution
causing an increase in permeate flux and consequently an increased permeation rate [71-73]. In a study conducted by Dévora-Isiordia
et al. [74] the effect of feed water temperature on RO performance was examined, revealing that an increment in temperature increases
the diffusivity and the permeate concentration. Subsequently, increasing the mass transfer coefficient. Recently, Harharah et al.,
(2022) found similar results when the temperature was elevated from 25 °C to 45 °C for the removal of Cu(Il) from synthetic
wastewater, observing an increase in Cu(Il) ions removal from 89.98 to 91.05 %. As the temperature of the feed solution increases,
there is an imbalance in the membrane structure, causing the pores to expand and allowing the passage of large amounts of solutes
(ions) through the membrane [76]. It is without a doubt that care must be taken in fully understanding the operating temperature least
the integrity of the membrane is comprised.

The rate at which water passes through the membrane in a given time called the flow rate is a critical parameter in the performance
of the membrane. The flow rate is directly proportional to the permeate flux and inversely to the solute rejection. [75] reported a 2.5 %
increment in permeate flux, from 82.2 (kg/mz.h) to 84.3 (kg/mz.h) as the feed flow rate was increased from 2(L/min) to 4 (L/min)
while maintaining constant pressure (20 bar), temperature (T = 25 °C) and concentration (100 ppm) when treating wastewater in a
crossflow system operating RO membranes. Rejection increased as the flow rate increased due to the reduction in concentration
polarization especially in nanofiltration membranes [77].

The transmembrane pressure is a crucial factor, particularly for pressure driven like RO and NF. An increase in pressure increases
the permeation rate of the water while reducing the transport of solutes across the membrane [76]. Pressure propels the movement of
water through the membrane while restricting the movement of ions, hence increasing both the rejection and flux of the membranes
especially in small pored membranes [78]. Fig. 3 illustrates the effet of pressure on rejection as well as flux. However, the major
drawback for these membranes is high energy consumption and high pressure needed for the separation to occur. Studies have shown
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Fig. 2. Factors influencing the performance of the membrane.
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excellent performance of these membranes in mine wastewater treatment [79,80].

Membrane characteristics

The membrane characteristics play a vital role in the retention of heavy metals and overall performance of the of the membrane.
Pore size, surface charge, roughness and the hydrophilicity are among the most important membrane characteristics [25,29]. The pore
size distribution typically must be smaller than the size of the particles in the mine wastewater to facilitate retention through size
exclusion and achieve high selectivity. The surface chemistry including membrane charge determines the ionisable functional groups
present in the structure of the membrane. The interaction between the feed solution and the membrane surface is vital for the sep-
aration of ions especially through the Donnan exclusion. The charge of the membrane is a function of the zeta potential which is the
function of the pH. Positively charged membranes have higher retention for metals ions [81]. Hydrophilicity plays a critical role in
enhancing the permeability of water as well as the antifouling properties of a membrane system. In membrane systems, the hydro-
philicity is associated with the water contact angles and the smaller the water contact angles, the more hydrophilic the membrane [25,
82]. Addition of hydrophilic metal oxide nanoparticles to membranes increases the hydrophilicity of the membrane [83,84]. Care must
be taken in the manufacture of membrane to ensure improvement membrane characteristics such as surface chemistry, morphological
characteristics such as the roughness, the charge, the hydrophilicity. For this purpose, various methods of membrane modification such
IP, microwave, lithography and sol-gel have been explored in this venture [25]. Membrane surface roughness also influence the
performance of pressure driven membranes. Membranes with smooth or homogeneous surface tend to be less susceptible to fouling.
Fouling on heterogeneous surfaces is caused by the continuous trapping of solutes or colloidal organic particles in the valley [85].

Feed characteristics

Mine effluents is usually laden with higher concentration of salts, metals and organic matter. High salt concentration such as
sulphate, carbonates, nitrates which are part of the ore processing, these causes scaling and fouling on the membrane surface. In AMD
treatment, sulphates cause irreversible fouling which reduces the water flux as well as reduce the rejection of the metal ions [21]. In
this case, to preserve the integrity of the membrane it is imperative that a pre-treatment system such as coagulation, sedimentation is
done before membrane filtration.

The feed concentration is directly linked to the decrease in rejection rate [76,86]. An increase in feed concentration increases the
concentration polarization on the surface of the membrane of negatively charged ions on the surface of the membrane, resulting in a
shield negatively charged membrane. Consequently, leading to low permeability of the solute [87]. For example, Harharah et al. [71]
reported a decrease in the permeate flux by 4.2 % from 87.41 to 83.86 (kg/m?2-h) when the feed concentration was increased from 25 to
150 (ppm) while the other parameters remained constant (T = 25 °C, P = 20 bar, QF = 3.2 L/min). [88] found similar results when the
Zn feed concentration was increased. The decrease was attributed to the increase in the osmotic pressure which decreases the effective
pore size of the membrane increasing the concentration polarization near the membrane surface, leading to membrane fouling.

The feed pH plays a cardinal role in separation of solutes from the wastewater. It influences the zeta potential by governing the
charge of the functional groups within the membrane material which is relative to the membrane wettability [30,89]. Mullett et al.
[69] investigated the effect of pH on the rejection of metal ions using two nanofiltration membranes (NF 270 and TS80). They noted
that at pH less than 3, the cationic rejection of Mg and Ca from the wastewater was higher at 97 % while at pH greater than 3, the
rejection rate of the ions decreased. A negatively charge was noted at this pH, attracting the cations in the wastewater to the membrane
surface. Consequently, the membrane with low pH than the IEP are usually positive charged while those with a higher pH become more
negatively charged. Most NF membranes are made of polymers such as polysulfone, polyvinyl chloride whose functional groups may

100 1 60 1

%Removal

Cul
Ni

LJE3E)

1 2 3 4 1 7] 3 4
Pressure(bar) Pressure(bar)

Fig. 3. Effect of pressure on (a)heavy metal removal% (b)permeate flux for RO (Concentration = 100 ppm, Temperature = 30 °C, pH = 5.5, and
Feed Flow rate = 30 L/hr) [76].
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be amino acids, esters and carboxylic acids. When feed solution passes through the membrane, there is a disassociation of these groups
causing a charge to the surface of the membrane. For optimum results especially with wastewater which has a low pH, the rejection of
divalent cations such as copper, cobalt, zinc increases because of the repulsion force between the cations and the positively charged
membrane surfaces [29].

Utilising membrane technology for mining wastewater management for the removal of heavy metals

The mining sector contributes significantly to the ongoing pollution of freshwater resources by releasing untreated or partially
treated effluents particularly mine tails laden with heavy metals and other pollutants [90]. Heavy metals are elements with an atomic
weight between 63.5 and 200.6 g with a specific gravity higher than 5 [91,92]. These elements can be categorised into three groups:
toxic metals (including Pb, Co, Hg, Cr, Cu, Cd, As, Sn, Ni), radioactive metals (Th, Am, Ra, U) and precious metals (Ru, Pd, Ag, Au, Pt).
Membrane technology has emerged as one of the most efficient methods of treating mine effluents to remove heavy metals. Studies
have reported the excellency in mine wastewater treatment through the usage of various types of NF and RO.

Al-zoubi, [93] used three commercial NF membranes (NF99, DK and GE) to treat to AMD from a copper mine in Chile. The
membrane’s performance was assessed for the rejection Cu, Fe, Mn, Ca, Mg, Al, and SO4, as well as the monovalent cation of sodium
(Na). Remarkably, the NF99 membrane achieved a high rejection rate exceeding 99 % for all metal ions, and permeate concentration of
these species met World Health Organisation (WHO) standards for potable water. Algureiri and Abdulmajeed [76] conducted an
evaluation of operating conditions such as temperature, pressure, pH, concentration and flow rates on the removal of three metal ions
(cu®*, Ni2t, Pb?") from synthetic wastewater using RO membrane. Rejection rates of 96 %, 98 % and 97.5 % were reported for the
respective metal ions. The authors further observed that higher concentration led to a reduction permeate flux due to an increase in the
concentration of negatively charged shielding, resulting in heightened attraction forces between the positively charged ions and the
membrane. Hence, causing an increase in the concentration polarization. Similar results were also observed by Cséfalvay et al. [94],
the rejection rates of Ni (II), Pb (II), and Cu (II) at various concentrations and observed a 97 % average rejection rate for all three heavy
metals.

Mine water contains sulphate, acids and different metal ions which are detrimental to the environment if not sufficiently treated. At
laboratory scale Rieger et al. [60] investigated the treatment of very concentrated AMD at low pH using nanofiltration (NF99) and
reverse osmosis (RO 98pHt). The results showed an overall rejection of about 80.3 and 91 % for NF 99 while a 91 and 95 % rejection for
RO98pHt with an applied transmembrane pressure of between 10 and 30 bar Lower scaling (accumulation of inorganic salts such as
Mg>*and Ca®") and less energy consumption makes NF more feasible than RO especially in treating highly concentrated AMD mine
wastewater. Recently, Ambiado et al. [21] in a pilot study evaluated the treatment of AMD from gold mining with a focus of sulphate
removal using the same membranes. Transmembrane pressure of between 4 —50 bar for RO98pHt and 4 - 40 bar NF 99 at temperature
25 + 1 °C was used. At optimal pressure of 15 bar, the total ion rejection was 92 % for NF and 98 % for RO while sulphate rejection was
97 % for NF and 99 % for RO. These results indicate an increase in the rejection of the metal ions from the previous study by [63] at
optimal pressure of 20 bar The configuration of the membrane in a spiral wound geometric configuration proved relevant to the better
performance of this system. The membrane configuration plays a vital role in the performance of the membrane especially in removal
of metal ions from contaminated mine wastewater.

Wadekar and Vidic [95] evaluated the performance of a polymeric nanofiltration membrane in comparison with a ceramic
membrane for the treatment of AMD from an abandoned coal mine in Pennsylvania. The polymeric membrane exhibited higher
rejection for metal ions than the ceramic membrane. Multivalent ion species rejection was greater than 96 % for the polymeric
membrane whereas the ceramic membrane achieved rejections between 55 and 67 %. However, these membranes did not effectively
remove arsenic from the AMD until an antiscalant was added to the feed water causing an increase in the removal from 114 to 200 %.
The study showed the possibility of treating AMD to standards of drinking water especially when an antiscalant is added to the feed
water which reduces scaling and prolongs the life span of the membrane. However, this can increase the cost of operation especially for
the cost of the antiscalant.

Pino et al. [74] studied the performance of spiral-wound membranes (NF270 and NF90) in treating acid mine drainage from an
active copper mine and three metal ions were studied (Cu, Al, Zn). NF90 showed high rejection than the NF270 prone to fouling. The
results showed high rejection for Al and the lowest rejection was observed for Cu. The authors concluded that the results observed were
a result of the hydration mechanism and steric hindrance and electrostatic forces which were similar to the finding of [96,97]. These
two types of separation mechanism are the most well established separation technique which the metal ions are separated from the
wastewater.

Lopez et al. [97] examined the performance of the semi-aromatic polyamide NF270 and a polyethersulfoned (HydraCoRe 70pHT)
nanofiltration membranes for treating acid mine drainage (AMD) for metal removal and recovery of sulphuric acid. The NF270
membrane showed a 90 % rejection rate for sulphate and for metals ions like Zn**, Cu** and Fe?*, while HydraCoRe 70pHT achieved a
75 % rejection rate. This difference was attributed to the membrane charge with NF270 exhibiting positive charge, which improved
metal ion rejection compared to the negatively charged HydraCoRe membrane, which suffered from higher concentration polarization.
Both membranes effectively collected dilute hydrochloric acid, though with some iron impurities. This study highlights the economic
potential of using membrane filtration in mining, especially within a circular economy era, in which AMD represents a sources for
resources products such as water, metals and reagents such as sulphuric acids which can be reclaimed and recycled.

To better understand the long term performance of membranes in acidic conditions [98] exposed six commercial nanofiltration
membranes to acidic wastewater from the copper refining plant. After 30 days the permeation and rejection completely stopped. This is
because overexposure to acidic wastewater without cleaning caused clogging of the pores of the membranes and eventually resulted
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into blockage of the pores with the solutes. It is therefore imperative that membranes are cleaned to avoid such problems and another
way is the introduction of nanomaterials. Table 3 below shows summarises the various types of membranes and their efficiency in
removing heavy metals.

The recent advancement in nanotechnology has opened opportunities for a way to reduce or curb membrane fouling through
different strategies. Furthermore, there is need to utilize available nanomaterials to produce highly selective, fouling resistant and
higher water permeable membrane. The following section discusses the recent advancements made towards the improvement of
pressure driven membranes for improved waste water treatment.

Recovery of heavy metals and rare earth metals from AMD

Mining processes results in the production of large volumes of mine wastewater such as tailings, process water, leachate and AMD
etc. AMD is one of the significant challenges facing the mining sector around the global intensified by the presence of waste rock,
tailings and open pit. Exposure of sulphide minerals such as pyrite and chalcopyrite to water,air and microbial activities causes AMD,
which is a severe environmental challenge [21]. AMD is dark brown reddish appearance is characterized by low pH between 2 and 4,
high conductivity, elevated concentrations of toxic metals such as Cu, Cu, Zn and Al, with predominately high sulphate and iron ions
which degrade the quality of water as well as sediments near the mining site. The severity in environmental damage of AMD is the

Table 3
NF and RO for eliminating metal ions from various mine effluents NF and RO for eliminating metal ions from various mine effluents.
Membrane process Membrane type Type of mine Removal efficiency (%) Parameters Reference
wastewater treated
Nanofiltration Semi-aromatic polyamide(NF270) Synthetic mine cu®*:100 pH =1.5-5 [99]
water Pb%*:74 Pressure = 4 bar
cd**:99 Concentration =1000
Mn?*:89 mg/L
Nanofiltration Semi-aromatic polyamide(NF 270) Synthetic acidic Zn**,Cu**,Fe?'rejection pH = 2.0-2.8 [97]
mine wastewater >90 for NF 270 Pressure=8.35 —19.7
Sulfonated polyether sulfone active Zn?*, Cu®*, Fe**rejection bar
layer(HydraCoRe 70pHT) around 75 for
(HydraCoRe 70pHT)
Nanofiltration (Semi-aromatic polyamide) NF 270  Acid mine drainage Metal rejection (Cu®", Pressure = 3 bar [100]
Zn**>98 % pH=1
Nanofiltration NF90 (thin film aromatic Metal plating Ni*™:99.2 pH =10 [101]
polyamide) Cr®+:96.5 TMP = 30 bar
NF 270 (Thin film Semi-aromatic Ni?*:98.7
polyamide) Cr%+:95.7
NF 90 Polymeric membranes Synthetic mining Pd:>99 Concentration = [102]
Nanofiltration water 20-100 ppm
TMP = 5,10,15,20
Pressure = 25 bar
Model =dead-end
module
Nanofiltration NF 99(Thin film composite Acid Mine Drainage cu?*: 99.9 Model =cross-flow [93]
polyester) Fe?™:99.9 system
Mn*:99.9 Pressure = 20 and 30
bar
Concentration = 1x
and 2x*
Nanofiltration and Polymeric membranes AMD from copper For RO [22]
Reverse Osmosis mining Zn, Cu, Al, (Temp =25+1°C
As, Mn, Fe rejection was 92 Pressure =—50 bar
% for NF,98 % for RO Velocity
flow=700-1150 1/h)
For NF
Temp =25+1°C
Pressure =4-40 bar
NF (membrane A) Thin film composite PAN Synthetic AMD Cu®*, Mn?t, Mg 2*: Temp = 25 °C [103]
(polyacrylonitrile) rejection >96 Pressure = 10 bar
Time =1 hr
pH =2-7
Reserve Osmosis Polymeric membrane Industrial Cu*:96 Concentration [76]
wastewater Ni®*:98.5 =50-200 ppm,
Pb%*:97.5 Pressure = 1-4 bar
Temperature = 10-40
<
pH =2-5.5

Flowrate =10 to 40 L/
hr




E. Zulu et al. Scientific African 27 (2025) 02510

reason some researchers have described it as toxic [104,105]. Fig. 4 below shows the role of membrane hybrid system in sustainable
mine wastewater management.

In recent years with the coming of circular economy concept and a shift in paradigm, waste streams have been considered as
potential sources of metals and other by-products such as water due to the high cost of mineral exploration and reduction in ore grade
[106]. AMD has been explored as a secondary sources for the recovery of valuable resources such as water, sulphuric acid and heavy
metals using various methods [107].

Membrane processes have been studied for the purpose of recovery of these valuable resources from mine waste streams such as
AMD [108,109]. However, these individual membrane processes have major drawbacks such as high operational costs and the pro-
duction of a concentrate laden with potential resources such as sulphates, metal ions, REEs and precious Earth metals which may cause
potential source of pollution if not managed properly. Therefore, an advanced hybrid system integrating membrane processes with
other treatment processes enhances the recovery of more water and metal ions which can be reused for industrial purposes such as
washing of the ores, irrigation and as portable water [106,110].

Recovery of water and valuable metal from AMD

Nanofiltration membranes have reported excellent results in water recovery from AMD. Fonseka et al. [106] employed a low
pressure nanofiltration membrane with chromium modified metal organic framework(Cr-MIL-PMIDA) at steady permeate of 15.5 LMH
and pressure of 3 bar to achieve 80 % water recovery while achieving greater than 98 % solute rejection [19,111]. Furthermore, about
90 % of the copper from the stimulated AMD was recovered.

Metal recovery by pressure driven membrane in combination with other treatment processes has shown excellent results. Recently,
Pino et al. [27] employed nanofiltration with NF 270 membrane coupled with solvent extraction for the selective recovery of water and
copper from AMD collected from Chile. The system achieved a 97 % recovery of copper from 1.1 g/L copper retentiate and 80 % water
recovery combined nanofiltration with solvent extraction to recover copper from acid mine drainage. However, the gypsum (Ca2SO4)
scaling reduced the efficiency of the membrane to recover more water and concentrate more copper for recovery but it not affects the
overall extraction process. Metal sulphide precipitation and microfiltration membrane process demonstrated higher recovery of copper
close to 100 % and turbidity was lower than 2 NTU for the sulphide stoichiometric dosage of 120 % synthetic AMD treated using this
system [23]. The flux was greater than 0.1 L/m?s, with the microfiltration membrane acting as a clarifying component of the system.

Other membrane system such as the thermally driven membrane distillation (MD) have also been explored for their ability to
recover valuable resources from AMD. Ryu et al., (2019) demonstrated the feasibility of a submerged MD integrated with Zeolite as a
way of preventing scaling and membrane fouling, 50 % high quality fresh water recovery from AMD was recorded in 30 h of operation.
Furthermore, almost 100 % removal of Fe and Al was achieved with this system when pH was adjusted from 2 to 4 [105]. To this end,
MD demonstrated its ability to recover up to 90 % of water due to its low sensitivity to solute concentration and composition [112,
113].

A two steps forward osmosis(FO) with sodium chloride (NaCl) as the draw solution achieved 80 % water recovery from AMD. As the
concentration of the direct solution(DS) increased from 0.5 M to 2.5 M the water recovery increased from 50 % to 80 % respectively
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Fig. 4. Sustainable mine wastewater treatment towards a circular economy.
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[114]. In this system, the concentration of the draw solution plays a critical role in the increment of the flux [54].

Despite these successful metal recovery studies from AMD, the metals recovered are not sufficient to add more value to the mining
process. This is because these metals exist concentration that are not sufficient to recover in large quantities. Against this background,
researchers have explored other alternative to recover metals. Lithium —ion spent batteries have emerged as another source for metals
such as Li,Ni and Cu [34]. Li, Co, Mn and Ni were recovered from used lithium ion batteries by employing nanofiltration membrane in a
crossflow mode. Metal rejection greater than 92 % was achieved for the metal ions with a permeate flux of 7.5 L/m? h. the system was.
Further coupled with crystallization to recover the metal ions, over 90 % recovery was achieved for Mn,Co and Ni while 89 % of Li was
recovered with 99 %purity when 4 M K2COs. This study underscored the ultization of other resources seen as waste for recovery of
metal ions [115].

Removal and recovery of rare earth elements (REE)from AMD

The demand for REEs has increased over the years due to their potential application in the modern fourth industrial revolution
characterized by digital high technology. REE are the 17 elements on the periodic table with similar physical and chemical properties
like malleable melting point and boiling including 15 lanthanides, yttrium and scandium [17]. REEs can generally be classified into
two groups based on their electron configuration; the light rare earth elements (La, Ce, Pr, Nd, Pm, Sm, Eu), and the heavy rare earth
elements (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y). Globally, china is the world’s highest exporter of REEs. REEs are abundant in the earth’s
crust. However, their rare character is due to their inability to exist in large quantities independently. Therefore, the recovery of such
elements from AMD can significantly help in meeting the increased demand of REEs especially in high technology industrials. Studies
have indicated higher concentration of REEs in AMD [113,116].

Despite the various techniques employed for the recovery of REEs such as chemical precipitation, ion-exchange, adsorption,
membrane filtration and ion flotation, individually these methods lack selectivity because of the characteristics of AMD. Though
adsorption and ion-exchange are the most preferred methods of recovery of REEs from AMD, these have their own limitations. In-
tegrated system of recovery were such methods are paired with membrane filtration are efficient as they not only recovery REEs but
also recover other useful resources such as water [117].

The role of membrane technology in recovery of REEs is to concentrate the REEs in aqueous solution for selective extraction using
selective adsorption. For this purpose membrane processes such as MD, FO and RO have been extensively employed (R. Kumar et al.,
2023).For example, a FO membrane was used to recover REEs (lanthanum, Dysprosium and cerium) from stimulated AMD. The pH,
temperature and membrane orientation played a critical role in the role in the recovery process. Higher water flux was reported when
the active layer(AL) faces the DS (AL-DS) in comparison to when the active layer was facing the feed solution(Al-FS). REEs rejection
using the Al-DS was 85 % while for Al-FS rejection was 91 %. Due to the internal concentration polarization which had a lower impact
on the osmatic pressure gradient, low REEs rejections were observed in Al-DS orientation. The molecular weight, shapes and crystal
structure of the REEs influenced their difference in rejection by the FO membrane. Higher rejections of REEs was noted when the FS
and DS temperature was 20 °C as a result of increased electrostatic repulsion between the REEs and the membrane molecules.
Additionally, the rejection of dysprosium was pH dependent. At varying pH, the rejection was different which would be attributed to
membrane surface charge and different forms of dysprosium. Nevertheless, the rejection efficiency of Lanthanum and cerium remained
steady [118].

An ion imprinted membrane have gained attention in recent research as they are able to selectively separate metals of interest from
their concentrate. A study by [119] used an ion-imprinted membrane modified with chitosan to selectively recover Neodymium(Nd)
and Yttrium(Y) from artificial coal fly ash extracts. The synthesized membrane showed higher retention of the two metals of 90.11 %
and 80.95 % respectively.

A mixed membrane modified with highly europium selective metal organic framework, Cr-MIL-PMIDA embedded in the sulfonated
poly (ether ketone) (SPEK) polymer membrane matrix to preferentially concentrate europium (Eu®* ions in the presence of other
competing cations. The activated membrane notably reduced ionic conductivity for Eu>* compared to other multivalent ions.
Membrane extraction experiments further confirmed the selective behaviour, demonstrating slower diffusion for Eu>" compared to
Mg>* and Zn®" cations. Especially, at pH 5, Mg® " and Zn? " recovery was greater than 30 %, whereas Eu® " recovery remained lower
than 4 % [120]. In a study by Kumar et al. [104] precious metals can be recovered through membrane system. Molybdenum, a precious
element used in photocatalytics, lithium batteries and electronics was recovered from industrial wastewater using a hybrid membrane
system consisting of UF and NF operated in recirculation. NF coupled with chemical precipitation when operated for 15.7 h at pH (1.7)
and temperature (62 °C), 98.7 % of the molybdenum was recovered as ammonium molybdate (NH4 /Mo).(Kumar et al., 2023).

MD is effective in concentrating metal ions for recovery of REEs from AMD. In a study by Fonseka et al. [121], a hybrid system of a
highly efficient adsorbent SBA15-NH-PMIDA adsorbent and direct contact membrane distillation (DCMD) was used to selectively
recover Europium(Eu) from real AMD. The authors successfully demonstrated a two-step process combining adsorption and MD for Eu
recovery. The adsorbent achieved an 80 % adsorption rate for the Eu when the pH was adjusted. Eu recovery exceeded 90 % for the
DCMD system. Operation of the DCMD for 11.8 h yielded water recovery of 80 %. Such system offers greater benefits especially in
addressing the adverse environmental impact of AMD.

Recent advancement made towards improvement of membranes
Recent advancement in membrane modification of membrane are centred on the philosophy of improving selectivity, and miti-
gating membrane fouling, the major drawback the utilization of membranes for mine wastewater treatment. Membrane fouling re-

duces the efficiency of the membrane and increase the operational costs, arises from the accumulation of solutes on the membrane
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surface causing the pores to constrict, and subsequently, reduction in water flux as well as the quality of the permeate [59]. To address
this challenge, various strategies have been employed including pre-treatment methods, optimization of operating conditions and
membrane modification approach. Herein, this section discusses in depth these some of these strategies

Fabrication techniques for modified membranes

The synthesis methods play a critical role in determining the physical properties of the membrane particularly the morphology,
which significantly impact the performance of the membrane especially in wastewater treatment. In comparison to other strategies,
membrane modification approaches are preferred as only small changes can be made to the membrane structure [59]. This sub-section
explores in detail different fabrication methods that have been used to produce modified membranes. As shown in Fig. 5, there are
different techniques that can be used to synthesize and modify membranes.

Lithography

Lithography is one of the methods used to synthesize membranes. In this process, the driving force for the use of this method is the
desire to produce membranes with small features but excellent resolution [122]. Lithography is grouped into two types: masked and
unmasked. In unmask lithography, patterns are inscribed directly onto the foundational material, whereas in masked lithography, the
patterns are transferred onto the material [123]. Photolithography and nanoimprint are examples of mask lithography. Photo
lithography can further be divided into Contact printing, proximity printing and projection printing, with the ability to produce
features in the range of 2;3 nm [124,125]. Unmasked lithography include the electron lithography which involves the use a hard mold
to imprint into a polymer film for nanoscale printing. [126] used lithography to produce isoporous polyvinylidene fluoride (PVDF)
membranes for industrial separation and purifications processes. The membrane exhibited high water flux and the pore size were 100
nm and 20 nm.

Sol-gel process
The sol-gel process is wet method utilized in the production of inorganic/ceramic materials like metal oxides/ polymers and
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Fig. 5. Synthesis and fabrication techniques for modified membranes.
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membranes through the transformation of liquid precursors to a sol-colloidal suspension [127]. There are four stages involved in the
process of sol-gel; first the homogeneous solution with salt or a metal must be prepared which is also the precursor (metal alkoxide).
During the second stage, the concentration of the homogeneous solution is increased. The third stage involves the formation of a gel by
condensation. Finally, depending on the application of the material the gel is dried. Structure with excellent optical, mechanical,
electrical and thermal properties can be obtained by using this method. The advantages of this methods that its cost-effective, uses
simple equipment, highly controllable synthesis and low temperature chemistry. In addition, modified sol-gel methods such as
ultra-sonication, precipitation and aerogel are equally used. These modified methods can improve the mechanical and porosity
properties of the membranes [122,128]. Cu(Il) ions was successfully selectively separated from an aqueous solution by using an
ion-imprinted silica nanotube membrane synthesized using the sol-gel method.

Chemical vapour deposition (CVD)

Chemical vapour deposition is a fabrication method used to produce thin film structures. It is used to synthesise carbon nano-
materials and is considered as a cost effective method because the process can be conducted at low temperatures. This technique
ensures control of both the morphology and the structure of the nanomaterial to be produced. The process involves the formation of a
solid heater resulting from a chemical reaction in the vapour phase. At higher temperature, the precursor decomposes and the resultant
gaseous atoms are absorbed and deposited on the substrate during the chemical vapour deposition process. Catalytic CVD was
employed in the production of a vertically aligned CNT composite, with spaces between them filled by fluorocarbon polymer films. The
produced membrane exhibited uniform distribution. Furthermore, the deposition of the fluorocarbon film polymer on the surface of
the walls of the MWCNTs did not affect the alignment of the membranes. Defect—free deposition of the polymer was achieved without
distracting the carbon nanotube alignment [129]. Therefore, CVD can be used to fabricate nanomembranes that can be used for the
treatment of mine effluents.

Layer-by-layer

In this method, membranes are produced by the adsorption of molecules with different charges. Initially, the substrate, for instance,
is submerged in a cationic polyelectrolyte solution. The polyelectrolyte is adsorbed in a single monomolecular sheet with a thickness of
approximately 1 nm [123]. New ion exchange membranes have been synthetized using a layer-by-layer coating method through
chemical crosslinking. The interactions between the layers involve various types of bonds, such as hydrogen, ionic, and covalent bonds
[130]. By utilizing glutaraldehyde as a crosslinking reagent, a cationic membrane was assembled layer by layer. This approach
improved the adhesion between the layers. In comparison to the pristine PVC membrane, the prepared membrane showed a smoother
and more hydrophilic surface, which helped the fouled membrane regenerate effectively with ultrasonic waves. The electrodialysis
tests also showed that the prepared membrane was capable of effectively removing heavy metal ions, such as copper, nickel, and lead.
On the surface of ion exchange membranes, hydrogels can be used as modifying agents to enhance ionic interactions and regulate ion
transport [131].

Electrospinning

Electrospinning is an electro hydrodynamic fabrication method used to manufacture ultrathin nanofibers membranes from the
spinning of the polymeric dope using electric field and is considered to be one of the best methods for creating continuous nano-
materials with diverse biological, chemical and physical properties. With this method, it is possible to synthesize membrane with
diameter from 2 nm to several nanometres. This method depends solely on the viscoelastic qualities of a high voltage solution to
generate and grow a single jet on a collector [132,133]. Different types of polymers are used in the electrospinning process such as
natural and synthetic polymers as well as co-polymers. Natural polymers such as chitosan while synthetic polymers include PVA,
polyamide, polyoctide, polyglycolide, polystyrene, polyethylene have been explored in the synthesis. Furthermore, co-polymers such
as a combination of the natural and synthetic polymers such as gelatine/poluethyleneoxide blend, polycaprolactone-poly-l-lactic acid
blend and chitosan-polyethylene oxide [134]. One of the major advantages of this fabrication method is the formation of membranes
that can operate at low pressure or gravitational force, hereby, use less energy. Furthermore, electrospun membranes are characterised
by the formation of nanofiber membranes that are uniformed and have controllable morphologies. Different parameters that affect the
electrospinning process such as the voltage and the flow rate. The effects of parameters such as voltage and flow rate on electrospinning
of nanofibers are well investigated by [135]. The authors noted that with an increase in the voltage applied, the diameter of the of the
electrospun nanofibers increased while increasing the flow rate decreased the diameter of the fibre electrospun. In a review by [134]
parameters such as polymer concentration, molecular weight of the polymer, feed rate and the temperature were identified as
important for the morphology of the electrospun nanofiber.

Atomic layer deposition

ALD is a fabrication method used to synthesize highly precise uniform thin film membranes or coating on the substrate layer with
atomic level control. This technique is compactable with a broad range of substrates and produces a homogeneous coating over the
uneven support that not only keeps the original pore structure but also reaches the complete coverage. The process of ALD is a self-
limiting reaction happens when the precursor (polymer) reacts with a substrate to form a monolayer and the reaction stops once
the substrate has been used up [136,137].
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Membrane technology based on polymer nanocomposites for treating mine effluent

In comparison to their traditional counterparts, polymeric nanocomposite membranes have improved mechanical, thermal,
chemical properties, antifouling properties and improved surface properties. Subsequently, leading to improved rejection of metal ions
sand water flux [138].Polymer nanocomposite membranes are formed when nanomaterials such as nanoparticles, nanotubes, and
nanosheets are incorporated into the porous polymer intermediate/substrate or support of the membrane. Polymeric nanocomposite
membranes can be classified as thin film nanocomposite and blended or mix matrix membrane [139]. Polymeric nanocomposite
membranes utilizes the benefits of nanomaterials and polymers to enhance the functions of membranes [140]. Hence, can be used in
several environmental applications such as the treatment of mine effluents to remove metal ions [141].

Ahmed et al. [142] observed an increased adsorption of heavy metals to the chitosan when CS/PVA blended graphene oxide with
gum resin and silver nanoparticles for the removal of heavy metals. Metal rejection above 95 % for all investigated heavy metals was
reported. Ghaemi, (2015) examined the removal of copper ions using a polymeric PES embedded with y-alumina nanoparticles at
varying concentrations of 0.1,0.01 and 1 wt.%. Increasing the y-alumina nanoparticles concentration from 0.01to 0.1 wt%, increased
the Cu?'rejection. This enhancement was attributed to the smaller size nanoparticle which facilitated a larger surface area for
adsorption of Cu?*.Furthermore, incorporation of these nanoparticles increased the hydrophilicity of the membrane leading to a
higher water flux. This study underscored the play that surface area as well as the size of the nanoparticles incorporated play in the
effective removal of metal ions from wastewater even in nanocomposite membranes.

Polymeric membranes have been used in the treatment of wastewater from various industries. However, one of the drawbacks has
been the accumulation of the bacteria on the surface of the membrane resulting into a biofilm which reduces the selectivity and
permeability of the membrane. In reducing such inefficiency, nanomaterials such as silver, titanium dioxide, zinc oxide and carbon
nanotubes have been explored as nanofillers in this area [143]. A silver nanocomposite polymer inclusion membrane was used in
removing cadmium, cobalt, nickel and copper from both synthetic and real wastewaters near a mine tailings dam by varying the
concentrations of the Ag nanoparticles. The authors observed that the increase in silver concentration improved the hydrophilicity of
the membrane and an increase in the anti-fouling properties of the membrane. Furthermore, the rejection of the metal ions was in the
order Cd?">Cu?">Ni?*>Co?* despite the ions ionic radii been nearly the same. This trend is attributed to the membrane affinity
towards Cd?*because this ion can easily shed off the hydration shell to remain with a hydrophobic shell. Owing to its lower hydration
energy than the other ions [144]. In another study, silver nanocomposite membranes were synthesized by modification of PVDF and
PES with silver nanoparticles by physical vapour deposition. After 1200 min filtration time, the PVDF showed a smooth flux reduction
slope and better bio-fouling slope than the unmodified membrane. Silver nanoparticles proved their ability to increase the
anti-bacterial activities in wastewater [145].

The ZnO nanoparticles have been reported in literature to have enhancing hydrophilicity properties, porosity, and high perme-
ability of the membranes modified with ZnO due to their anti-bacterial, anti-fungal and anti-corrosive properties [146]. The
anti-fouling ability of the PVF ultrafiltration membrane enhanced when Fan and the group modified it with Poly(vinyl) Chloride. The
hydrophilicity of the membrane was increased resulting into an increase in the anti-fouling abilities [83].

Among the available nanoparticles, Titanium dioxide (TiO3) has attracted the attention due to its chemical stability, low cost,
availability and non-toxicity especially in water [84]. Furthermore, under UV radiation TiO5 becomes photocatalytic producing free
radicals that exhibit anti-bacterial and anti-viral properties against many microorganisms such as Gram negative and positive bacteria
[147]. This is because of the large band gap, making it able to absorb UV radiation [148]. Because of these properties, the introduction
of TiO, NPs in the membrane enhances the anti-biofouling the membrane leading to an increased water flux of the membrane
especially in wastewater treatment [149].

In membrane separation, TiO5 has been utilized because of its ability to withstand high temperatures as well as work at room
temperature. In addition, the physicochemical properties can be altered to a greater extent when the size of the NPs reduces.TiO5 has
been reported as an effective photo catalyst in removing heavy metals from wastewater through the reduction of the heavy metals to
lower oxidative states [150]. This degradation lies in the absorption of energies higher than the semi-conductor band gap resulting in
the excitation of the electrons from the valence band to the conduction band.

Wanjale et al. [151] fabricated a polyester incorporated TiO5 composite nanofiber membranes for the removal of Cu?* from water.
It was observed that the removal of Cu?* increased and this was attributed to the effective adsorption nature of TiO, causing a deep
wettability modification of the membrane. Hereby, increasing the rejection of the Cu?* ions from the water. Ultrafiltration membranes
synthesised from polysulfone with TiO nanocomposites fibres exhibited higher water flux than the unmodified without TiO5 [152].
The authors attributed this to the increase in hydrophilicity and wettability of the membrane due to the increase in the concentration of
the TiO2 nanoparticles.

An adsorptive membrane prepared by the modification of Polyether sulfone (PES) with TiO3 as an adsorbent and Polyaniline
(PANi) as a modifier was used in the removal of Cu(Il) ions. The authors observed an increase in the pure water flux from 50 kg/mz.h.
bar with the pure PES to 60.5 kg/m%h. bar for the modified PES/PANi-TiO,. Furthermore, because of the high adsorption capacity of
the PANi-TiO rejection of the Cu(Il) increased from 54.5 to 94 % when the adsorbent loading was increased from 3 to 5 wt.%.
Nevertheless, at 7 wt.% TiO, loading, membrane agglomeration occurred reducing the rejection capacity of the Cu(Il) ions to 71 %
[153]. Thus, the amount of the adsorbent loaded in the membrane plays a critical role in the efficiency of the membrane especially in
removal of heavy metal ions. Table 4 below summarises the use of different polymer nanocomposite membrane in the elimination of
metal ions from wastewater. Polymer nanocomposite membrane exhibit stronger rejection capacity of metal ions than pristine
membranes.
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Table 4

Recent studies of polymer nanocomposite membranes in removal of metal ions.
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Nanocomposite /
nanoparticles

Polymer

Membrane processes

Target metals ions

Key findings

Fabrication
method

Reference

Ethylenediamine
eGO

Carboxylated-GO

Alpha-zirconium
nanoparticles

Graphene Oxide
(GO)
Zinc Oxide
Nanoparticles

Al,O3 & ZrO,

CoFe304/Cu0
nanoparticles

PES /Chitosan

PA

PPSU

PVDF

PSF

Polyamide 6(PA6)

PES

PA

Hollow fibre ceramic

Zn2+ Cu2+ Ni2+
Pb2+

As,Cd, Pb, and Zn

Cu2+, Pb2+, Ni2+
an + ,Cd 2+

Pb2+,Cu2+,Cd2+,
Fe2+

A]3+’F63+

sz‘,Niz’,Cuz‘

MI;2+’Fe2+Mg2+and
Ca*"

15

-Excellent removal
capacity of the target
heavy membranes
(Zn*"=93.33 %,
Cu*"=92.73 %,
Ni?"=90.45 %, and
Pb?"=88.35 %

-High permeate flux of
12. 96 Lm=h" in the
30 h test for the
stimulated mining
wastewater

-Enhanced volumetric
flux of 27 + 3 L.m2h!
-Increased heavy metal
rejection > 98 %, high
hydrophility,
Negatively charged
membrane

-Enhanced removal of
metal ions, (Cd%"=42
%, Cu®*=93.1 %,
Ni?"=44.4 %,
Pb?"=91.2 %, and
Zn*"=44.2 %)
-Mechanical and
thermal stability
-Improved anti-fouling
properties

-GO improved the
mechanical properties
-Permeate flux=1.65
mL min™

-ZnO enhanced
hydrophility, pore size
and permeate flux
-Highest adsorption
was recorded for Pb at
279.68 mg g .
-Al,03 and ZrO, were
charged

-Increased the
adsorption capacity
(A1=98.6 % &99.3 %)
-Selective removal of
metal ions

-Reduced surface
roughness from 45 nm
to 24 nm

-Higher rejection that
88 % for all metal ions
(Pb2": 88 %, Ni**: 92
%, Cu*t=98 %)
-Improved anti-fouling
and improved water
flux capacity
-Positively charge
membrane

Cation rejection (90.4,
88.3, 89.3 and 75.7 %
for Mn?*, Fe?* Mg>*
and Ca®")

—0.75 wt.% CS
increased the rejection
of cations more than
anions

-Improved flux from

Interfacial
polymerization

Phase inversion

Phase inversion

Phase inversion

Electrospinning

Phase inversion

Phase inversion

[154]

[155]

[156]

[157]

[158]

[159]

[160]

(continued on next page)
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Table 4 (continued)

Nanocomposite /
nanoparticles

Polymer

Membrane processes

Target metals ions

Key findings

Fabrication
method

Reference

Ethylenediamine
(ED)/MWCNTs

MWCNTs /PEI

PANI

ZnAL-LDHs(ZnAl-
layered double
hydroxides)

PES

PAN

polyphenylsulfone
(PPSF)
Polyphenylsulfone
(PPSF)

Polyvinyl butyral
(PVB) and
polyacrylonitrile
(PAN)

nann
Nanofiltration

nan Nanofiber membrane

Nanofiber membrane

Nanofiltration

adadadadadadAdsorptive
membranes

ZZn, Cd, Mg, Pb
Ni,Cu and Ca

Pb2+ Cu2+

Cd?*,pb%*

Cd**,pb?*

56 to 93 L/m>h for 1
wt.%

-Excellent rejection for
heavy metal Zn >90 %
-Enhanced Water flux
of 80.5 L/m>h
-Positively charged
membrane

-enhanced surface
chemistry
(hydrophilicity, small
surface roughness)
-Enhanced adsorption
time

Improved removal
capacity Pb?", Ccd*,
-Adsorption increased
with

increased dosage of the
nanocomposite
-Improved hydrophilic
-Enhanced surface
properties (CA<52)
-Improved thermal and
mechanical properties
-Higher water
permeability of 1.8 L/
h.m?/bar

-Improved high
rejections of 99 % and
95 % toward Pb>* and
cd2t

-Improved metal ion
rejection capacity
(Pb*"=97.76 %),
(Cd**=87.68 %)
-Improved surface

Self-assembly

Electrospinning

Blending
&Phase
inversion

Phase inversion

[161]

[162]

[89]

[163]

properties
(hydrophilicity,
roughness)

Pre-treatment methods

Pre-treatment of the effluents stands as a key strategy in mitigating membrane fouling and energy consumption. According to a
review by Ezugbe and Rathilal [37] pre-treating the feed solution before membrane filtration preconditions the wastewater by
changing the physical, biological and chemical properties, thereby enhancing its suitability for membrane filtration [37]. Mine ef-
fluents are often times laden with metals ions,suspended solids and other reagents which increases the conductivity as well as the
fouling in membrane. Because of the high suspended solids and dissolved ions, viscocity tends to be high which results in a high
concentration polarization. Consequently, reducing the rejection rate for solute. Furthermore, pretreatments helps in the removal of
micrbes like bacteria, algae etc. which would cause organic fouling, limiting the eficiency of membrane systems. Hence, it is imperative
that wastewater is pre-treated before membrane filtration with either a low pressure membrane or other conventional methods such as
adorption [164].

In the treatment of mine wastewater from an Austrialian mine, Mohsen et al. [165] studied the efficiency of RO as a post treatment
method after the pretreatment of the feed water by flocculation, coagulation and sedimentation. The results obtained from the period
of 2015 to 2018 showed an improved reduction in the turbidity, Zn, Ni, As and Fe of more than 50 % in the permeate. The efficiencyof
the RO system is dependent on the feed quality after pretreatment.

Although these methods prove effective, in contrast, adsorption stands out as the most efficient pretreatment method for membrane
filtration due to its removal capacity, cost effectiveness, and environmentally friendliness. Matebese and Moutloali [166] used a
system comprised of a flocculation, activated carbon adsorption and finally ultrafiltration. Flocculation played a crucial role in the
removal of colour, turbidity while the activated facilitated the adsorption of the metals ions. the overall system showed an increased
removal of metals of between 80 and 99.9 %. Many adsorption methods have been used such as batch continuous, mixed tank, packed
and fluidized bed absorbers. Among these, the packed and fluidized bed reactors have emerged as potent methods for the removal of
metal ions from mine wastewater [167] (Fig. 6).
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Hybrid membrane system

Hybrid membrane system(HMS) represents one of the most efficient way to curbing membrane fouling. This system integrates
membrane with other existing membranes process or with other bio-physicochemical methods such as coagulation, ion-exchange,
adsorption and bioreactors [168]. HMS enhances the removal of organic and inorganic pollutants such as heavy metals, making it
potentially suitable for the treatment of mine wastewater. However, the efficiency of this system is dependent on the type of materials
used, the dose of the material and the membrane process. As the limitation of one system is offset by the benefits of the alternative
method.

Osmotically- driven membrane like forward osmosis is one of the emerging membranes process based on the movement of water
molecules from a low feed solution to a more concentrated draw solution. This process uses osmotic pressure without the use of
hydraulic pressure for water purification [54]. In mine wastewater treatment, FO has shown potential for the recovery of water and the
selective extraction of heavy metals as well as the recovery of heavy metals and REEs due to its low energy consumption, high flux and
low fouling [17]. Mine wastewater has been seen as economically valuable resource Despite the many advantages of this system, FO is
limited as it does not directly remove heavy metals from AMD; instead just leads to the dilution of the DS and the concentration of the
feed solution Carmona and Abejon[125]. Therefore, FO system must be combined with other treatment system to achieve greater
metal rejection. The selection and design of the membrane and the draw solution plays a critical role in FO system. Therefore, for
efficiency a FO hybrid membrane system have been utilized especially in mine wastewater treatment. The recovery of heavy metals
from AMD using a hybrid FO membrane was analysed by [169]. A volume retarded osmosis and Low pressure membrane hybrid
process used to recover Mn, Fe, Cu, Zn, As, Cd and Pd from AMD. Poly (sodium 4-styrenesulfonate, PSS-Na) and ethyl- enediamine-
tetraacetic acid tetrasodium salt (EDTA-4Na) were used as the DS for the system. Results demonstrated that both PSS-Na and
EDTA-4Na were suitable DS in the recovery of metals from AMD because of their negative polarity chelating ligands facilitating an
increase in metal adsorption towards them. Complete rejection was observed for Mn, As, Cd and Pd while Zn, Cu and Fe reported 80-85
% rejection. The difference in metal rejection was attributed to the difference in ionization energy and the atomic radius among the
metals. The higher the ionization energy of a metal the less likely to form cation or a chelate with the DS. Osmotic pressure of 8.9
showed to be ideal pressure for both volume retarded osmosis —low pressure osmosis (VRL-LPO) and the single FO system for higher
water flux and metal rejection [169].

HMS demonstrates high efficiency in water recovery and effective reagent reclamation. Kumar et.al [109] investigated a hybrid
FO—NF membrane system for treating coke oven wastewater. Various draw solutions (DS) including calcium chloride (CaCly),
magnesium sulphate(MgSO4) and sodium chloride(NaCl) were examined for their water flux performance at varying concentration.
Results indicated that increasing the DS concentration led to an increment in volumetric flux, with NaCl as an ideal DS, achieving flux
of 46 Lm™ h at concentration of 1.5 M Furthermore, coupling the system with NF allowed for 99 % of the DS, making this system highly
suitable for the DS regeneration, thereby reducing operational cost. Economically, it was estimated that about $1.5/year sufficient to
recover about 1000 L of reusable water from this system underscoring this system’s cost effectiveness Kumar et.al [109].

Hybrid membrane-adsorption have been explored for their efficiency in wastewater treatment. Loganathan et al. [170] identified
three configuration for the adsorption /membrane hybrid system; adsorption followed by membrane filtration, membrane filtration
followed by adsorption and finally, were both membrane and adsorption are integrated together. Furthermore, activated carbon is
noted for its efficiency, cost effective and availability. Its negative surface charge and highly hydrophobic nature makes it a potent
adsorbent in adsorption-membrane hybrid system [171]. Herein, these hybrid system is discussed with a focus on fluidized bed re-
actors (Fig. 7).

Peristaltic pump Suction pump Peristaltic pump Suction pump

®

— O == <
| Gl |- —
[Wastewater| ecs y. /S‘evttlin\g :\ﬂ;: FWastewaten © /\/— > Q
X . uent :
— Gy - e SLttrlﬂ(mg 31293
Air pump Packing material Packing material
a) Fliudized bed reactor system b) Packed bed reactor system

Fig. 6. Fluidized bed reactor and a packed bed reactor. Modified and adopted from [167].
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Adsorption-membrane hybrid system- fluidized bed membrane reactor

Many adsorption methods have been used such as batch continuous, mixed tank, packed and fluidized bed absorbers. Among these,
the packed and fluidized bed reactors have emerged as potent methods for the removal of metal ions from mine wastewater. FBR offer a
superior heat and mass transfer compared to their counterparts packed bed in chemical treatment and mineral separation [172]. FBR
system operation are affected by the upward air flow, which suspends the particles forming a fluidized layer with pseudo-fluid
characteristics. The performance of such system is dependent upon the pH, the dosage of the adsorbent, initial concentration, tem-
perature and contact time. With such benefits, FBR has been used as together with membrane filtration in a separate system or as a
submerged system.

A study by Lv et al. [173] investigated the hydrodynamic and adsorption performance of a fluidized bed containing granular active
carbon for removing copper ions from wastewater. The results obtained show that carbon derived from nutshell showed a robust
adsorption capacity for copper, facilitated by electrostatic adsorption properties of the oxygen-containing groups within nutshell. The
high-frequency contact between the nutshell and the copper ion in the wastewater extended the external diffusion rate, resulting in an
enhanced adsorption efficiency of 96 % compared to the 76 % achieved by the packed bed. This investigation highlighted the
effectiveness of cost-effective materials such as nutshell in removing metal ions from wastewater and emphasised the potential of such
system to be integrated as a pre-treatment method in membrane separation process.

Chang et al. [174] investigated the membrane performance and contaminant removal by a fluidized bed reactor in which a ceramic
membrane was submerged and GAC was used as a scouring agent. It was observed that removal of heavy metal ions from real metal
plating wastewater is pH dependent. At a pH of 7, 80.7 %, 59.4 %, 48.4 % and 98.3 % were the rejection rates for Ni, Cr, Cu and Zn,
respectively. In addition, the fluidized GAC played a crucial role in the reduction of membrane fouling by creating a larger surface area
for the adsorption of metal ions prior filtration. 10 % increment of the dosage of GAC resulted in 90 % removal of COD. Furthermore,
air bubbles generated by aeration reduce the deposition of solute materials from the wastewater onto the surface of the membrane
through air scouring effect of the fluidized GAC.

In another study the effect of adsorbent size was studied, Wu et al. [175] noted that increasing the size of the GAC in the fluidized
bed membrane reactor resulted in a reduction membrane fouling. The adsorption capacity of the Granular Activated Carbon (GAC) was
saturated within 1hr of the experiment and afterwards the GAC acted as a scouring agent more than an adsorbent. The ratio of hollow
fibre spacing to fluidized particle size, dosage of the GAC and the size of the GAC contributed to the reduction of the cake layer.
However, it did not reduce the irreversible fouling of the membrane. Johir et al. [176] observed that using GAC size of 300-600 pm
increased the membrane resistance to fouling. In their review Devaisy et al. [168] highlighted that hybrid fluidized membrane systems
are effective in reducing membrane fouling especially biofouling reduction by usage of minimum energy in comparison to using a
single membrane filtration process. However, the limitation of such submerged membrane systems is the formation of a cake layer on
the membrane’s surface stemming from the dissociation of the adsorbent, which tend to mix with the water. Furthermore, a significant
number of membranes employed, particularly in fluidised bed reactor, are pristine, thus not all contaminants are effectively captured
within this system. This limitation has been a substantial hindering factor to its widespread application especially in mine wastewater
treatment which has elevated concentrations of both organic and inorganic species.

To facilitate a widespread adsorption of the fluidized membrane bed reactor, it is imperative that ideas and concepts from the
advancement of nanotechnology are incorporated to ensure effective and high water quality. Modification of the membrane with
adsorbents present as a feasible way to not only enhance the hydrophilicity of the membrane but also turn the membrane into an
adsorptive membrane. Adsorptive membrane offers more advantages such as increased adsorption.
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Fig. 7. Hybrid membrane adsorption process with Microfiltration coupled with GAC and NF. Redrawn and adopted from (Loganathan et al., 2023).
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Challenges and conclusion

Mine operation produce large amounts of wastewater in form of tailings, AMD, and process water. The adverse negative impacts of
such wastewater on the environment can be overemphasised. Propelled by global water scarcity and high demand for finished metal
products, it is important to treat this wastewater to recycle and remove toxic metals. Membrane technology plays a pivotal role in this
goal. The reviewed literature has highlighted the superior benefits of membranes in mine wastewater treatment including achieving
higher removal of metals from the effluents and high water. However, the challenge with these membrane system is extensive energy
consumption which increases the operational cost for the membrane which may not be beneficial for the mining industry. Hence, slow
adoption in the mining sector.

Studies have shown NF membrane as efficient membranes in mine wastewater treatment because of the efficient energy con-
sumption and high metal removal up to greater than 95 % and water recovery greater than 90 %. However, this technology comes with
its own challenges including fouling and energy consumption.

Exhaustive research has been conducted to improve membrane performance and offset the challenges of membrane fouling such as
membrane functionalization by using of nanomaterials such as nanoparticles of metal oxides, metal nanoparticles, hybrid membrane
systems and pre -treatment methods. All these research has aimed at water recovery and resource recovery.

In a circular economy era, mine wastewater is considered to be a secondary source of resources which can be reprocessed for value
addition. The role of membrane processes such as RO, NF, MD and ED is to recover water and to concentrate solute brines for extraction
of resources. membrane systems coupled with other chemical methods such as adsorption, ion exchange and solvent extraction can
significantly contribute to the sustainable mine wastewater management and improve the quality of the water discharged and recovery
of rare earth elements and toxic metals. Literature studies show that high purity of REEs can be recovered from mine effluents such as
AMD.

However, further research must focus on studies using real mine effluents to assess the long term effects of mine effluents on
functionalized membranes. Literature studies show that the majority of the studies conducted on mine effluents were done with
synthetic mine effluents. Furthermore, future research should focus on studies to achieve a zero liquid discharge to avoid the negative
impacts of heavy metals on the environment. Membrane technology looks very promising in mine effluents treatment and can have a
wide application especially in concentrating brine for recovery. However, a low cost efficient, durable and highly selective membrane
should be developed to allow for the longevity and application in the mining industry.

CRediT authorship contribution statement

Eunice Zulu: Writing - original draft, Writing — review & editing, Formal analysis, Software, Data curation. Subbaiya Ramasamy:
Writing — original draft, Writing — review & editing, Software, Supervision. Keneiloe Khoabane Sikhwivhilu: Writing — original draft,
Writing — review & editing, Resources, Methodology, Visualization, Supervision. Stephen Syampungani: Writing — original draft,
Writing — review & editing, Resources, Formal analysis, Supervision, Visualization.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement

Authors acknowledge the Oliver R. Tambo Africa Research Chair Initiative (ORTARChI) for funding. ORTARCHhI is an initiative of
South Africa’s National Research Foundation (NRF) and the Department of Science and Innovation (DSI), in partnership with the
Oliver & Adelaide Tambo Foundation (OATF), Canada’s International Development Research Centre (IDRC), and National Science and
Technology Council, Zambia.

References

[1] S.Meng, S. Wen, G. Han, X. Wang, Q. Feng, Wastewater treatment in mineral processing of non-ferrous metal resources: a review, Water (Switzerland) (2022)
14, https://doi.org/10.3390/w14050726.

[2] E.R.Jones, M.T.H. Van Vliet, M. Qadir, M.F.P. Bierkens, Country-level and gridded estimates of wastewater production, collection, treatment and reuse, Earth
Syst. Sci. Data 13 (2021) 237-254, https://doi.org/10.5194/essd-13-237-2021.

[3] M. Zahid, K.A. Abd-Elsalam, Applications of Nanomaterials in Water remediation: A note from the Editors, Elsevier Inc., 2020, https://doi.org/10.1016/B978-
0-12-821141-0.00021-5.

[4] W. Umar, M. Zia Ur Rehman, M. Umair, M.A. Ayub, A. Naeem, M. Rizwan, H. Zia, R.R. Karri, Use of Nanotechnology For Wastewater treatment: Potential

applications, advantages, and Limitations, 1st Edit, Elsevier Ltd., 2022, https://doi.org/10.1016/B978-0-12-824547-7.00002-3.

K. Staszak, K. Wieszczycka, Recovery of metals from wastewater—state-of-the-art solutions with the support of membrane technology, Membranes (Basel) 13

(2023) 114, https://doi.org/10.3390/membranes13010114.

[6] S. Santoro, H. Estay, A.H. Avci, L. Pugliese, R. Ruby-Figueroa, A. Garcia, M. Aquino, S. Nasirov, S. Straface, E. Curcio, Membrane technology for a sustainable

copper mining industry: the Chilean paradigm, Clean. Eng. Technol. 2 (2021), https://doi.org/10.1016/j.clet.2021.100091.

B. Lottermoser, Chapter 1. Mine Wastes. Characterization, Treatment and Environmental Impacts, 3rd Edit, Springer Berlin Heidelberg, London New york,

2010.

[5

=

[7

—

19


https://doi.org/10.3390/w14050726
https://doi.org/10.5194/essd-13-237-2021
https://doi.org/10.1016/B978-0-12-821141-0.00021-5
https://doi.org/10.1016/B978-0-12-821141-0.00021-5
https://doi.org/10.1016/B978-0-12-824547-7.00002-3
https://doi.org/10.3390/membranes13010114
https://doi.org/10.1016/j.clet.2021.100091
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0007
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0007

E. Zulu et al. Scientific African 27 (2025) 02510

[81

[91
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]

[26]
[27]

[28]

[29]
[30]

[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]

[47]

T. Yu, J. Zhou, F. Liu, B.M. Xu, Y. Pan, Recent progress of adsorptive ultrafiltration membranes in water treatment—a mini review, Membranes (Basel) 12
(2022) 1-10, https://doi.org/10.3390/membranes12050519.

M. El Batouti, N.F. Al-Harby, M.M. Elewa, A review on promising membrane technology approaches for heavy metal removal from water and wastewater to
solve water crisis, Water (Switzerland) (2021) 13, https://doi.org/10.3390/w13223241.

E.I. Epelle, P.U. Okoye, S. Roddy, B. Gunes, J.A. Okolie, Advances in the applications of nanomaterials for wastewater treatment, Environ. - MDPI 9 (2022)
141, https://doi.org/10.3390/environments9110141.

B. Verma, C. Balomajumder, M. Sabapathy, S.P. Gumfekar, Pressure-driven membrane process: a review of advanced technique for heavy metals remediation,
Processes 9 (2021) 1-15, https://doi.org/10.3390/pr9050752.

M.A. Tahoon, S.M. Siddeeg, N.S. Alsaiari, W. Mnif, F.B. Rebah, Effective heavy metals removal from water using nanomaterials: a review, Processes 8 (2020)
1-24, https://doi.org/10.3390/PR8060645.

P.B. Tchounwou, C.G. Yedjou, A.K. Patlolla, D.J. Sutton, Heavy metals toxicity and the environment, Mol. Clin. Environ. Toxicol. 101 (2012) 133-164, https://
doi.org/10.1007/978-3-7643-8340-4.

S. Soudjrari, Y. Boutillara, S. Tazibet, A.A. Boumrar, I. Korchi, M. Derradji, Preparation of cellulose/activated carbon cells: application to the adsorption of
cobalt from stagnant waters, Int. J. Mater. Res. 115 (2024) 479-486, https://doi.org/10.1515/ijmr-2023-0293.

A. Roy, Nanotechnology in industrial wastewater treatment, 2014. https://doi.org/10.2166,/9781780406886.

M. Khraisheh, S. Elhenawy, F. Almomani, M. Al-Ghouti, M.K. Hassan, B.H. Hameed, Recent progress on nanomaterial-based membranes for water treatment,
Membranes (Basel) 11 (2021) 995, https://doi.org/10.3390/membranes11120995.

E. Elbashier, A. Mussa, M.A. Hafiz, A.H. Hawari, Recovery of rare earth elements from waste streams using membrane processes: an overview,
Hydrometallurgy 204 (2021) 105706, https://doi.org/10.1016/j.hydromet.2021.105706.

G. Crini, E. Lichtfouse, Advantages and disadvantages of techniques used for wastewater treatment, Environ. Chem. Lett. 17 (2019) 145-155, https://doi.org/
10.1007/s10311-018-0785-9.

C. Fonseka, S. Ryu, S. Devaisy, J. Kandasamy, L. McLod, H. Ratnaweera, S. Vigneswaran, Application of low-pressure nanofiltration membranes NF90 and
NTR-729HF for treating diverse wastewater streams for irrigation use, Water (Switzerland) (2024) 16, https://doi.org/10.3390/w16141971.

J. Lopez, O. Gibert, J.L. Cortina, Integration of membrane technologies to enhance the sustainability in the treatment of metal-containing acidic liquid wastes.
An overview, Sep. Purif. Technol. (2021) 265, https://doi.org/10.1016/j.seppur.2021.118485.

G.S. Simate, S. Ndlovu, Acid mine drainage: challenges and opportunities, J. Environ. Chem. Eng. 2 (2014) 1785-1803, https://doi.org/10.1016/j.
jece.2014.07.021.

K. Ambiado, C. Bustos, A. Schwarz, R. Bérquez, Membrane technology applied to acid mine drainage from copper mining, Water Sci. Technol. 75 (2017)
705-715, https://doi.org/10.2166/wst.2016.556.

K. Menzel, L. Barros, A. Garcia, H. Estay, E.T. Codelco, Metal sulfide precipitation coupled with membrane filtration process for recovering copper from acid
mine drainage, 270 (2021) 1-13. https://doi.org/10.1016/j.seppur.2021.118721.

M. Panayotova, V. Panayotov, Application of membrane processes in mining and mineral, 08016 (2021).

Z. Samavati, A. Samavati, P.S. Goh, A. Fauzi Ismail, M. Sohaimi Abdullah, A comprehensive review of recent advances in nanofiltration membranes for heavy
metal removal from wastewater, Chem. Eng. Res. Des. 189 (2023) 530-571, https://doi.org/10.1016/j.cherd.2022.11.042.

A. Kumar, A. Gayakwad, B. Nagale, A review : nano membrane and application, Int. J. Innov. Res. Sci. Eng. Technol. 3 (2014) 8373-8381.

S. Xia, Z. Song, X. Zhao, J. Li, Review of the recent advances in the prevention, treatment, and resource recovery of acid mine wastewater discharged in coal
mines, J. Water Process Eng. 52 (2023) 103555, https://doi.org/10.1016/j.jwpe.2023.103555.

L. Pino, E. Beltran, A. Schwarz, M.C. Ruiz, R. Borquez, Optimization of nanofiltration for treatment of acid mine drainage and copper recovery by solvent
extraction, Hydrometallurgy 195 (2020) 105361, https://doi.org/10.1016/j.hydromet.2020.105361.

0. Agboola, The role of membrane technology in acid mine water treatment : a review, 36 (2019) 1389-1400. https://doi.org/10.1007/s11814-019-0302-2.
C. Li, W. Sun, Z. Lu, X. Ao, C. Yang, S. Li, Systematic evaluation of TiO2-GO-modified ceramic membranes for water treatment: retention properties and fouling
mechanisms, Chem. Eng. J. 378 (2019) 122138, https://doi.org/10.1016/j.cej.2019.122138.

AM. Adam, H.A. Saad, A.A. Atta, M. Alsawat, M.S. Hegab, T.A. Altalhi, M.S. Refat, Pb (1), Cd (II) and Sn (II) heavy metals from wastewater using novel metal —
carbon-based composites, Crystals 11 (2021) 882.

C. Venkatesh, R. Kumar, P. Chakrabortty, B. Karmakar, A critical science mapping approach on removal mechanism and pathways of per- and poly-fluoroalkyl
substances (PFAS) in water and wastewater : a comprehensive review, Chem. Eng. J. 492 (2024) 152272, https://doi.org/10.1016/j.cej.2024.152272.

R. Kumar, A. Basu, B. Bishayee, R.P. Chatterjee, M. Behera, W.L. Ang, P. Pal, M. Shah, S.K. Tripathy, S. Ambika, V.A. Janani, S. Chakrabortty, J. Nayak, B.
H. Jeon, Management of tannery waste effluents towards the reclamation of clean water using an integrated membrane system: a state-of-the-art review,
Environ. Res. 229 (2023) 115881, https://doi.org/10.1016/j.envres.2023.115881.

R. Kumar, S. Chakrabortty, P. Chakrabortty, J. Nayak, C. Liu, M. Ali Khan, G.S. Ha, K. Ho Kim, M. Son, H.S. Roh, S.K. Tripathy, B.H. Jeon, Sustainable recovery
of high-valued resources from spent lithium-ion batteries: a review of the membrane-integrated hybrid approach, Chem. Eng. J. 470 (2023) 144169, https://
doi.org/10.1016/j.cej.2023.144169.

N.S. Suhalim, N. Kasim, E. Mahmoudi, I.J. Shamsudin, A.-W. Mohammad, F.M. Zuki, N.L.A. Jamari, Rejection mechanism of ionic solute removal by
nanofiltration membranes: an overview, Nanomaterials 12 (2022), https://doi.org/10.3390/nano12030437.

Z. Jaksi¢, O. Jaksi¢, Biomimetic nanomembranes: an overview, Biomimetics 5 (2020), https://doi.org/10.3390/BIOMIMETICS5020024.

E.O. Ezugbe, S. Rathilal, Membrane technologies in wastewater treatment: a review, Membranes (Basel) (2020) 10, https://doi.org/10.3390/
membranes10050089.

AX. Fard, G. Mckay, A. Buekenhoudt, H. Al Sulaiti, F. Motmans, M. Khraisheh, M. Atieh, Inorganic membranes : preparation and application for water
treatment and desalination, Materials (Basel) (2018) 11, https://doi.org/10.3390/mal1010074.

Z.F. Cui, Y. Jiang, R.W. Field, Fundamentals of pressure-driven membrane separation processes, (2010) 1-18. https://doi.org/10.1016/B978-1-85617-632-3.
00001-X.

A. Sagle, B. Freeman, Fundamentals of membranes for water treatment, Futur. Desalin. Texas (2004) 1-17. http://www.twdb.state.tx.us/publications/reports/
numbered_reports/doc/R363/C6.pdf.

S. Manikandan, R. Subbaiya, M. Saravanan, M. Ponraj, M. Selvam, A. Pugazhendhi, A critical review of advanced nanotechnology and hybrid membrane based
water recycling, reuse, and wastewater treatment processes, Chemosphere (2022) 289, https://doi.org/10.1016/j.chemosphere.2021.132867.

D.B. Tripathy, A. Gupta, Nanomembranes-affiliated water remediation: chronology, properties, classification, challenges and future prospects, Membranes
(Basel) (2023) 13, https://doi.org/10.3390/membranes13080713.

M.M. Pendergast, E.M.V. Hoek, A review of water treatment membrane nanotechnologies, Energy Environ. Sci. 4 (2011) 1946-1971, https://doi.org/10.1039/
c0ee00541j.

J. Naskar, M.A. Boatemaa, N.P. Rumyjit, G. Thomas, P.J. George, C.W. Lai, S.M. Mousavi, Y.H. Wong, Recent advances of nanotechnology in mitigating
emerging pollutants in water and wastewater: status, challenges, and opportunities, Water Air Soil Pol. 233 (2022), https://doi.org/10.1007/s11270-022-
05611-y.

S. Manikandan, R. Subbaiya, M. Saravanan, M. Ponraj, M. Selvam, A. Pugazhendhi, A critical review of advanced nanotechnology and hybrid membrane based
water recycling, reuse, and wastewater treatment processes, Chemosphere 289 (2022) 132867, https://doi.org/10.1016/j.chemosphere.2021.132867.

J. Lépez, M. Reig, X. Vecino, O. Gibert, J.L. Cortina, Comparison of acid-resistant ceramic and polymeric nanofiltration membranes for acid mine waters
treatment, Chem. Eng. J. 382 (2020) 122786, https://doi.org/10.1016/j.cej.2019.122786.

S.K. Ramokgopa, K. Sikhwivhilu, R.M. Moutloali, K. Moothi, Process optimisation through response surface methodology for treatment of acid mine drainage
using carbon nanotubes-infused thin film nanocomposite membranes, Phys. Chem. Earth 124 (2021) 103008, https://doi.org/10.1016/j.pce.2021.103008.

20


https://doi.org/10.3390/membranes12050519
https://doi.org/10.3390/w13223241
https://doi.org/10.3390/environments9110141
https://doi.org/10.3390/pr9050752
https://doi.org/10.3390/PR8060645
https://doi.org/10.1007/978-3-7643-8340-4
https://doi.org/10.1007/978-3-7643-8340-4
https://doi.org/10.1515/ijmr-2023-0293
http://doi.org/10.2166/9781780406886
https://doi.org/10.3390/membranes11120995
https://doi.org/10.1016/j.hydromet.2021.105706
https://doi.org/10.1007/s10311-018-0785-9
https://doi.org/10.1007/s10311-018-0785-9
https://doi.org/10.3390/w16141971
https://doi.org/10.1016/j.seppur.2021.118485
https://doi.org/10.1016/j.jece.2014.07.021
https://doi.org/10.1016/j.jece.2014.07.021
https://doi.org/10.2166/wst.2016.556
http://doi.org/10.1016/j.seppur.2021.118721
https://doi.org/10.1016/j.cherd.2022.11.042
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0026
https://doi.org/10.1016/j.jwpe.2023.103555
https://doi.org/10.1016/j.hydromet.2020.105361
http://doi.org/10.1007/s11814-019-0302-2
https://doi.org/10.1016/j.cej.2019.122138
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0031
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0031
https://doi.org/10.1016/j.cej.2024.152272
https://doi.org/10.1016/j.envres.2023.115881
https://doi.org/10.1016/j.cej.2023.144169
https://doi.org/10.1016/j.cej.2023.144169
https://doi.org/10.3390/nano12030437
https://doi.org/10.3390/BIOMIMETICS5020024
https://doi.org/10.3390/membranes10050089
https://doi.org/10.3390/membranes10050089
https://doi.org/10.3390/ma11010074
http://doi.org/10.1016/B978-1-85617-632-3.00001-X
http://doi.org/10.1016/B978-1-85617-632-3.00001-X
http://www.twdb.state.tx.us/publications/reports/numbered_reports/doc/R363/C6.pdf
http://www.twdb.state.tx.us/publications/reports/numbered_reports/doc/R363/C6.pdf
https://doi.org/10.1016/j.chemosphere.2021.132867
https://doi.org/10.3390/membranes13080713
https://doi.org/10.1039/c0ee00541j
https://doi.org/10.1039/c0ee00541j
https://doi.org/10.1007/s11270-022-05611-y
https://doi.org/10.1007/s11270-022-05611-y
https://doi.org/10.1016/j.chemosphere.2021.132867
https://doi.org/10.1016/j.cej.2019.122786
https://doi.org/10.1016/j.pce.2021.103008

E. Zulu et al. Scientific African 27 (2025) 02510

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]

[58]
[59]

[60]
[61]
[62]
[63]

[64]

[65]

[66]
[67]

[68]
[69]
[70]
[71]

[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

A.A. Zinatizadeh, F. Oulad, S. Moradi, P. Mohammadi, S. Azizi, L. Sibali, M. Abdulgader, Acid mine drainage (AMD) treatment using a novel tannic acid
functionalized boehmite/polyether sulfone nanofiltration membrane, J. Water Process Eng. 56 (2023) 104373, https://doi.org/10.1016/j.jwpe.2023.104373.
F.H. Al-Ani, Q.F. Alsalhy, R.S. Raheem, K.T. Rashid, A. Figoli, Experimental investigation of the effect of implanting tio2-nps on pvc for long-term uf membrane
performance to treat refinery wastewater, Membranes (Basel) 10 (2020) 1-22, https://doi.org/10.3390/membranes10040077.

Y. Yildirim, A.K. Topaloglu, M. Ince, M.N. Kajama, The use of NF and RO membrane system for reclamation and recycling of wastewaters generated from a
hard coal mining, Niger. J. Technol. 38 (2019) 1048, https://doi.org/10.4314/njt.v38i4.30.

Z.Yan, Y. Jiang, L. Liu, Z. Li, X. Chen, M. Xia, G. Fan, A. Ding, Membrane distillation for wastewater treatment: a mini Review, Water (Switzerland) (2021) 13,
https://doi.org/10.3390/w13243480.

C. Gherasim, J. Kr, Investigation of batch electrodialysis process for removal of lead ions from aqueous solutions ive, 256 (2014) 324-334. https://doi.org/10.
1016/j.cej.2014.06.094.

O.T. lorhemen, R.A. Hamza, J.H. Tay, Membrane bioreactor (Mbr) technology for wastewater treatment and reclamation: membrane fouling, Membranes
(Basel) 6 (2016) 13-16, https://doi.org/10.3390/membranes6020033.

B.M. Ibraheem, S. Al Aani, A.A. Alsarayreh, Q.F. Alsalhy, I.K. Salih, Forward osmosis membrane : review of fabrication, modification, challenges and potential,
Membranes (Basel) (2023) 1-54.

R. Thiruvenkatachari, M. Francis, M. Cunnington, S. Su, Application of integrated forward and reverse osmosis for coal mine wastewater desalination, Sep.
Purif. Technol. 163 (2016) 181-188, https://doi.org/10.1016/j.seppur.2016.02.034.

X. Zhao, X. Cheng, J. Sun, J. Liu, Z. Liu, Y. Wang, J. Pan, Zero liquid discharge and resource treatment of low-salinity mineralized wastewater based on
combing selectrodialysis with bipolar membrane electrodialysis, Separations 10 (2023), https://doi.org/10.3390/separations10040269.

C. Algieri, S. Chakraborty, S. Candamano, A way to membrane-based environmental remediation for heavy metal removal, Environ. - MDPI 8 (2021), https://
doi.org/10.3390/environments8060052.

M.V. Oy, Removal of hardness from groundwater with nanofiltration, 2016.

S.F. Ahmed, F. Mehejabin, A. Momtahin, N. Tasannum, N.T. Faria, M. Mofijur, A.T. Hoang, D.V.N. Vo, T.M.I. Mahlia, Strategies to improve membrane
performance in wastewater treatment, Chemosphere 306 (2022) 135527, https://doi.org/10.1016/j.chemosphere.2022.135527.

C. Wang, Y. Wang, H. Qin, H. Lin, K. Chhuon, Application of microfiltration membrane technology in water treatment, IOP Conf. Ser. Earth Environ. Sci.
(2020) 571, https://doi.org/10.1088/1755-1315/571/1/012158.

H.K. Shon, S. Phuntsho, D.S. Chaudhary, S. Vigneswaran, J. Cho, Nanofiltration for water and wastewater treatment - a mini review, Drink. Water Eng. Sci. 6
(2013) 47-53, https://doi.org/10.5194/dwes-6-47-2013.

H. Xiang, X. Min, C.J. Tang, M. Sillanpaa, F. Zhao, Recent advances in membrane filtration for heavy metal removal from wastewater: a mini review, J. Water
Process Eng. 49 (2022), https://doi.org/10.1016/j.jwpe.2022.103023.

A. Rieger, P. Steinberger, W. Pelz, R. Haseneder, G. Hértel, Mine water treatment by membrane filtration processes - experimental investigations on
applicability, Desalin. Water Treat. 6 (2009) 54-60, https://doi.org/10.5004/dwt.2009.644.

H.K. Shon, S. Phuntsho, D.S. Chaudhary, S. Vigneswaran, J. Cho, Nanofiltration for water and wastewater treatment earth system science data nanofiltration
for water and wastewater treatment-a mini review nanofiltration for water and wastewater treatment, Drink. Water Eng. Sci. Discuss 6 (2013) 59-77, https://
doi.org/10.5194/dwesd-6-59-2013.

N. Abdullah, N. Yusof, W.J. Lau, J. Jaafar, A.F. Ismail, Recent trends of heavy metal removal from water/wastewater by membrane technologies, J. Ind. Eng.
Chem. 76 (2019) 17-38, https://doi.org/10.1016/j.jiec.2019.03.029.

A.E. Yaroshchuk, Dielectric exclusion of ions from membranes, Adv. Coll. Interf. Sci. 85 (2000) 193-230, https://doi.org/10.1016/50001-8686(99)00021-4.
D.L. Oatley, L. Llenas, N.H.M. Aljohani, P.M. Williams, X. Martinez-Lladd, M. Rovira, J. de Pablo, Investigation of the dielectric properties of nanofiltration
membranes, Desalination 315 (2013) 100-106, https://doi.org/10.1016/j.desal.2012.09.013.

N. Abdullah, N. Yusof, W.J. Lau, J. Jaafar, A.F. Ismail, Recent trends of heavy metal removal from water/wastewater by membrane technologies, J. Ind. Eng.
Chem. 76 (2019) 17-38, https://doi.org/10.1016/j.jiec.2019.03.029.

M. Mullett, R. Fornarelli, D. Ralph, Nanofiltration of mine water: impact of feed pH and membrane charge on resource recovery and water discharge,
Membranes (Basel) 4 (2014) 163-180, https://doi.org/10.3390/membranes4020163.

Y. Zhu, H. Zhu, G. Li, Z. Mai, Y. Gu, The effect of dielectric exclusion on the rejection performance of in homogeneously charged polyamide nanofiltration
membranes, J. Nanoparticle Res. 21 (2019), https://doi.org/10.1007/s11051-019-4665-4.

L.A. Thompson, A.J. Linington, Potential applications of nanofiltration membranes in copper — cobalt processing, in: 8th South. African Base Met. Conf., 2015,
pp. 353-363. http://www.saimm.co.za/Conferences/BM2015/353-Thompson.pdf.

T. Hicks, L.A. Turnberg, The influence of secretin on ion transport in the human jejunum, Gut 14 (1973) 485-490, https://doi.org/10.1136/gut.14.6.485.
0. Agboola, E.R. Sadiku, T. Mokrani, Nanomembrane materials based on polymer blends, Elsevier Inc., 2016. https://doi.org/10.1016/B978-0-323-39408-6.
00006-6.

G.E. Dévora-Isiordia, C.A. Casares-De la Torre, D.P. Morales-Mendivil, R. Montoya-Pizeno, N. Veldzquez-Limén, J.A. Aguilar-Jiménez, J. Rios-Arriola,
Evaluation of concentration polarization due to the effect of feed water temperature change on reverse osmosis membranes, Membranes (Basel) (2023) 13,
https://doi.org/10.3390/membranes13010003.

R.H. Harharah, G.M.T. Abdalla, A. Elkhaleefa, I. Shigidi, H.N. Harharah, A study of copper (II) ions removal by reverse osmosis under various operating
conditions, Separations 9 (2022), https://doi.org/10.3390/separations9060155.

A.H. Algureiri, Y.R. Abdulmajeed, Removal of heavy metals from industrial wastewater by using RO membrane, Iraq. J. Chem. Pet. Eng. 17 (2016) 125-136.
www.iasj.net.

V. Kocanova, J. Cuhorka, L. Dusek, P. Mikulasek, Application of nanofiltration for removal of zinc from industrial wastewater, Desalin. Water Treat. 75 (2017)
342-347, https://doi.org/10.5004/dwt.2017.20453.

L. Pino, C. Vargas, A. Schwarz, R. Borquez, Influence of operating conditions on the removal of metals and sulfate from copper acid mine drainage by
nanofiltration, Chem. Eng. J. 345 (2018) 114-125, https://doi.org/10.1016/j.cej.2018.03.070.

M. Bodzek, M. Rajca, M. Tytta, K. Konieczny, B. Tomaszewska, Nanofiltration enhancing the mine water treatment, Desalin. Water Treat. 128 (2018) 372-382,
https://doi.org/10.5004/dwt.2018.22982.

C.K. Diawara, S.N. Diop, M.A. Diallo, M. Farcy, A. Deratani, Performance of nanofiltration (NF) and low pressure reverse osmosis (LPRO) membranes in the
removal of fluorine and salinity from brackish drinking water, (2015). https://doi.org/10.4236/jwarp.2011.312101.

1. Hegoburu, K.L. Zedda, S. Velizarov, Treatment of electroplating wastewater using NF ph-stable membranes: characterization and application, Membranes
(Basel) 10 (2020) 1-27, https://doi.org/10.3390/membranes10120399.

N. Ghaemi, A new approach to copper ion removal from water by polymeric nanocomposite membrane embedded with alumina nanoparticles, Appl. Surf. Sci.
(2015) 12, https://doi.org/10.1016/j.apsusc.2015.12.109.

X. Fan, Y. Su, X. Zhao, Y. Li, R. Zhang, Fabrication of polyvinyl chloride ultra filtration membranes with stable antifouling property by exploring the pore
formation and surface modification capabilities of polyvinyl formal, J. Memb. Sci. 464 (2014) 100-109, https://doi.org/10.1016/j.memsci.2014.04.005.
A. Sotto, A. Boromand, R. Zhang, P. Luis, J.M. Arsuaga, J. Kim, B. Van der Bruggen, Effect of nanoparticle aggregation at low concentrations of TiO2 on the
hydrophilicity, morphology, and fouling resistance of PES-TiO2 membranes, J. Coll. Interf. Sci. 363 (2011) 540-550, https://doi.org/10.1016/j.
jcis.2011.07.089.

D. Rana, T. Matsuura, Surface modifications for antifouling membranes, Chem. Rev. 110 (2010) 2448-2471, https://doi.org/10.1021/cr800208y.

A.E.D. Mahmoud, E. Mostafa, Nanofiltration membranes for the removal of heavy metals from aqueous solutions: preparations and applications, Membranes
(Basel) 13 (2023) 789, https://doi.org/10.3390/membranes13090789.

21


https://doi.org/10.1016/j.jwpe.2023.104373
https://doi.org/10.3390/membranes10040077
https://doi.org/10.4314/njt.v38i4.30
https://doi.org/10.3390/w13243480
http://doi.org/10.1016/j.cej.2014.06.094
http://doi.org/10.1016/j.cej.2014.06.094
https://doi.org/10.3390/membranes6020033
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0054
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0054
https://doi.org/10.1016/j.seppur.2016.02.034
https://doi.org/10.3390/separations10040269
https://doi.org/10.3390/environments8060052
https://doi.org/10.3390/environments8060052
https://doi.org/10.1016/j.chemosphere.2022.135527
https://doi.org/10.1088/1755-1315/571/1/012158
https://doi.org/10.5194/dwes-6-47-2013
https://doi.org/10.1016/j.jwpe.2022.103023
https://doi.org/10.5004/dwt.2009.644
https://doi.org/10.5194/dwesd-6-59-2013
https://doi.org/10.5194/dwesd-6-59-2013
https://doi.org/10.1016/j.jiec.2019.03.029
https://doi.org/10.1016/S0001-8686(99)00021-4
https://doi.org/10.1016/j.desal.2012.09.013
https://doi.org/10.1016/j.jiec.2019.03.029
https://doi.org/10.3390/membranes4020163
https://doi.org/10.1007/s11051-019-4665-4
http://www.saimm.co.za/Conferences/BM2015/353-Thompson.pdf
https://doi.org/10.1136/gut.14.6.485
http://doi.org/10.1016/B978-0-323-39408-6.00006-6
http://doi.org/10.1016/B978-0-323-39408-6.00006-6
https://doi.org/10.3390/membranes13010003
https://doi.org/10.3390/separations9060155
http://www.iasj.net
https://doi.org/10.5004/dwt.2017.20453
https://doi.org/10.1016/j.cej.2018.03.070
https://doi.org/10.5004/dwt.2018.22982
http://doi.org/10.4236/jwarp.2011.312101
https://doi.org/10.3390/membranes10120399
https://doi.org/10.1016/j.apsusc.2015.12.109
https://doi.org/10.1016/j.memsci.2014.04.005
https://doi.org/10.1016/j.jcis.2011.07.089
https://doi.org/10.1016/j.jcis.2011.07.089
https://doi.org/10.1021/cr800208y
https://doi.org/10.3390/membranes13090789

E. Zulu et al. Scientific African 27 (2025) 02510

[87]

[88]
[89]

[90]
[91]

[92]

[93]
[94]

[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]

[107]
[108]

[109]

[110]
[111]
[112]
[113]
[114]

[115]

[116]
[117]

[118]

[119]
[120]

[121]
[122]

[123]
[124]

[125]

V. Lumami Kapepula, M. Garcia Alvarez, V. Sang Sefidi, E. Buleng Njoyim Tamungang, T. Ndikumana, D.D. Musibono, B. Van Der Bruggen, P. Luis, Evaluation
of commercial reverse osmosis and nanofiltration membranes for the removal of heavy metals from surface water in the democratic republic of Congo, Clean
Technol. 4 (2022) 1300-1316, https://doi.org/10.3390/cleantechnol4040080.

A.F. Al-Alawy, M.H. Salih, Comparative study between nanofiltration and reverse osmosis membranes for the removal of heavy metals from electroplating
wastewater, J. Eng. 23 (2017) 1-21, https://doi.org/10.31026/j.eng.2017.04.01.

M. Alhoshan, J. Alam, A.K. Shukla, A.A. Hamid, Polyphenylsulfone membrane blended with polyaniline for nanofiltration promising for removing heavy
metals (Cd2+/Pb2+) from wastewater, J. Mater. Res. Technol. 24 (2023) 6034-6047, https://doi.org/10.1016/j.jmrt.2023.04.200.

C. Wolkersdorfer, E. Mugova, Effects of Mining on Surface Water, 2nd ed., Elsevier Inc., 2022 https://doi.org/10.1016/B978-0-12-819166-8.00036-0.

F. Fu, Q. Wang, Removal of heavy metal ions from wastewaters : a review, J. Environ. Manage. 92 (2011) 407-418, https://doi.org/10.1016/].
jenvman.2010.11.011.

S. Singh, S.K. Paswan, P. Kumar, R.K. Singh, L. Kumar, Heavy metal water pollution: an overview about remediation, removal and recovery of metals from
contaminated water, INC (2023), https://doi.org/10.1016/b978-0-323-95919-3.00018-5.

H. Al-zoubi, Nanofiltration of acid mine drainage nanofiltration of acid mine drainage, (2010). https://doi.org/10.5004/dwt.2010.1316.

E. Cséfalvay, V. Pauer, P. Mizsey, Recovery of copper from process waters by nanofiltration and reverse osmosis, Desalination 240 (2009) 132-142, https://
doi.org/10.1016/j.desal.2007.11.070.

S.S. Wadekar, R.D. Vidic, Comparison of ceramic and polymeric nano filtration membranes for treatment of abandoned coal mine drainage, Desalination
(2018) 0-1, https://doi.org/10.1016/j.desal.2018.01.008.

D. Qadir, H.B. Mukhtar, L.K. Keong, Rejection of divalent ions in commercial tubular membranes: effect of feed concentration and anion type, Sustain. Environ.
Res. 27 (2017) 103-106, https://doi.org/10.1016/j.serj.2016.12.002.

J. Lopez, M. Reig, O. Gibert, C. Valderrama, J.L. Cortina, Evaluation of NF membranes as treatment technology of acid mine drainage: metals and sulfate
removal, Desalination 440 (2018) 122-134, https://doi.org/10.1016/j.desal.2018.03.030.

T. Yun, J.W. Chung, S.Y. Kwak, Recovery of sulfuric acid aqueous solution from copper-refining sulfuric acid wastewater using nanofiltration membrane
process, J. Environ. Manage. 223 (2018) 652-657, https://doi.org/10.1016/j.jenvman.2018.05.069.

B.A.M. Al-Rashdi, D.J. Johnson, N. Hilal, Removal of heavy metal ions by nanofiltration, Desalination 315 (2013) 2-17, https://doi.org/10.1016/j.
desal.2012.05.022.

J. Lopez, M. Reig, O. Gibert, J.L. Cortina, Recovery of sulphuric acid and added value metals (Zn, Cu and rare earths) from acidic mine waters using
nanofiltration membranes, Sep. Purif. Technol. (2018), https://doi.org/10.1016/j.seppur.2018.11.02.2.

G. Basaran, D. Kavak, N. Dizge, Y. Asci, M. Solener, B. Ozbey, Comparative study of the removal of nickel(II) and chromium(VI) heavy metals from metal
plating wastewater by two nanofiltration membranes, Desalin. Water Treat. 57 (2016) 21870-21880, https://doi.org/10.1080/19443994.2015.1127778.

B. Thabo, B.J. Okoli, S.J. Modise, S. Nelana, Rejection capacity of nanofiltration membranes for nickel, copper, silver and palladium at various oxidation states,
Membranes (Basel) 11 (2021) 1-14, https://doi.org/10.3390/membranes11090653.

Y.W. Siew, K.L. Zedda, S. Velizarov, Nanofiltration of simulated acid mine drainage: effect of pH and membrane charge, Appl. Sci. (2020) 10, https://doi.org/
10.3390/app10010400.

J. Yuan, Z. Ding, Y. Bi, J. Li, S. Wen, S. Bai, Resource utilization of acid mine drainage (AMD): a review, Water (Switzerland) 14 (2022) 1-15, https://doi.org/
10.3390/w14152385.

S. Ryu, G. Naidu, M.A. Hasan Johir, Y. Choi, S. Jeong, S. Vigneswaran, Acid mine drainage treatment by integrated submerged membrane distillation-sorption
system, Chemosphere 218 (2019) 955-965, https://doi.org/10.1016/j.chemosphere.2018.11.153.

E. Varennes, D. Blanc, A. Azais, J.M. Choubert, Upgrading wastewater treatment plants to urban mines: are metals worth it? Resour. Conserv. Recycl. 189
(2023) 106738 https://doi.org/10.1016/j.resconrec.2022.106738.

E. MacIngova, A. Luptakova, Recovery of metals from acid mine drainage, Chem. Eng. Trans. 28 (2012) 109-114, https://doi.org/10.3303/CET1228019.
M. Hermassi, M. Granados, C. Valderrama, C. Ayora, J.L. Cortina, Recovery of rare earth elements from acidic mine waters: an unknown secondary resource,
Sci. Total Environ. 810 (2022) 152258, https://doi.org/10.1016/j.scitotenv.2021.152258.

R. Kumar, C. Liu, G.S. Ha, K.H. Kim, S. Chakrabortty, S.K. Tripathy, Y.K. Park, M.A. Khan, K.K. Yadav, M.M.S. Cabral-Pinto, B.H. Jeon, A novel membrane-
integrated sustainable technology for downstream recovery of molybdenum from industrial wastewater, Resour. Conserv. Recycl. 196 (2023) 107035, https://
doi.org/10.1016/j.resconrec.2023.107035.

A.B. Botelho Junior, J.A.S. Tendrio, D.C.R. Espinosa, Separation of critical metals by membrane technology under a circular economy framework: a review of
the state-of-the-art, Processes 11 (2023), https://doi.org/10.3390/pr11041256.

C. Fonseka, S. Ryu, G. Naidu, J. Kandasamy, S. Vigneswaran, Recovery of water and valuable metals using low pressure nanofiltration and sequential
adsorption from acid mine drainage, Environ. Technol. Innov. 28 (2022) 102753, https://doi.org/10.1016/j.eti.2022.102753.

G. Naidu, S. Jeong, Y. Choi, E. Jang, T.M. Hwang, S. Vigneswaran, Application of vacuum membrane distillation for small scale drinking water production,
Desalination 354 (2014) 53-61, https://doi.org/10.1016/j.desal.2014.09.026.

G. Naidu, S. Ryu, R. Thiruvenkatachari, Y. Choi, S. Jeong, S. Vigneswaran, A critical review on remediation, reuse, and resource recovery from, Environ. Pollut.
247 (2019) 1110-1124, https://doi.org/10.1016/j.envpol.2019.01.085.

E. Le6n-Venegas, L.F. Vilches-Arenas, C. Fernandez-Baco, F. Arroyo-Torralvo, Potential for water and metal recovery from acid mine drainage by combining
hybrid membrane processes with selective metal precipitation, Resour. Conserv. Recycl. (2023) 188, https://doi.org/10.1016/j.resconrec.2022.106629.

R. Kumar, C. Liu, G.S. Ha, Y.K. Park, M. Ali Khan, M. Jang, S.H. Kim, M.A. Amin, A. Gacem, B.H. Jeon, Downstream recovery of Li and value-added metals (Ni,
Co, and Mn) from leach liquor of spent lithium-ion batteries using a membrane-integrated hybrid system, Chem. Eng. J. 447 (2022) 137507, https://doi.org/
10.1016/j.cej.2022.137507.

S.V.S.H. Pathapati, M.L. Free, P.K. Sarswat, A comparative study on recent developments for individual rare earth elements separation, Processes 11 (2023),
https://doi.org/10.3390/pr11072070.

B. Mwewa, M. Tadie, S. Ndlovu, G.S. Simate, E. Matinde, Recovery of rare earth elements from acid mine drainage: a review of the extraction methods,

J. Environ. Chem. Eng. 10 (2022) 107704, https://doi.org/10.1016/j.jece.2022.107704.

B.K. Pramanik, L. Shu, J. Jegatheesan, K. Shah, N. Haque, M.A. Bhuiyan, Rejection of rare earth elements from a simulated acid mine drainage using forward
osmosis: the role of membrane orientation, solution pH, and temperature variation, Process Saf. Environ. Prot. 126 (2019) 53-59, https://doi.org/10.1016/].
psep.2019.04.004.

A. Rybak, A. Rybak, S. Boncel, A. Kolanowska, A. Jakébik-Kolon, J. Bok-Badura, W. Kaszuwara, Modern rare earth imprinted membranes for the recovery of
rare earth metal ions from coal fly ash extracts, Materials (Basel) 17 (2024) 1-20, https://doi.org/10.3390/mal7133087.

D.M. Martin, L.D. Jalaff, M.A. Garcia, M. Faccini, Selective recovery of europium and yttrium ions with cyanex 272-polyacrylonitrile nanofibers,
Nanomaterials 9 (2019) 1-15, https://doi.org/10.3390/nan09121648.

C. Fonseka, Selective recovery of rare earth elements and valuable metals from mining wastewater by membrane, /, Adsorp. Hybrid (2023).

U. Cigané, A. Palevicius, G. Janusas, Review of nanomembranes: materials, fabrications and applications in tissue engineering (bone and skin) and drug
delivery systems, J. Mater. Sci. 56 (2021) 13479-13498, https://doi.org/10.1007/510853-021-06164-x.

S.R. Haque, Preparation, characterization, applications and future challenges of Nanomembrane-a review, Hybrid Adv. 3 (2023) 100027, https://doi.org/
10.1016/j.hybadv.2023.100027.

A. Pimpin, W. Srituravanich, Reviews on micro- and nanolithography techniques and their applications, Eng. J. 16 (2012) 37-55, https://doi.org/10.4186/
€j.2012.16.1.37.

P. Singh, D. Kaur, R. Prasad, J. Singh, Green synthesis of titanium dioxide nanoparticles : development and applications, J. Agric. Food Res. 10 (2022) 100361,
https://doi.org/10.1016/j.jafr.2022.100361.

22


https://doi.org/10.3390/cleantechnol4040080
https://doi.org/10.31026/j.eng.2017.04.01
https://doi.org/10.1016/j.jmrt.2023.04.200
https://doi.org/10.1016/B978-0-12-819166-8.00036-0
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/b978-0-323-95919-3.00018-5
http://doi.org/10.5004/dwt.2010.1316
https://doi.org/10.1016/j.desal.2007.11.070
https://doi.org/10.1016/j.desal.2007.11.070
https://doi.org/10.1016/j.desal.2018.01.008
https://doi.org/10.1016/j.serj.2016.12.002
https://doi.org/10.1016/j.desal.2018.03.030
https://doi.org/10.1016/j.jenvman.2018.05.069
https://doi.org/10.1016/j.desal.2012.05.022
https://doi.org/10.1016/j.desal.2012.05.022
https://doi.org/10.1016/j.seppur.2018.11.022
https://doi.org/10.1080/19443994.2015.1127778
https://doi.org/10.3390/membranes11090653
https://doi.org/10.3390/app10010400
https://doi.org/10.3390/app10010400
https://doi.org/10.3390/w14152385
https://doi.org/10.3390/w14152385
https://doi.org/10.1016/j.chemosphere.2018.11.153
https://doi.org/10.1016/j.resconrec.2022.106738
https://doi.org/10.3303/CET1228019
https://doi.org/10.1016/j.scitotenv.2021.152258
https://doi.org/10.1016/j.resconrec.2023.107035
https://doi.org/10.1016/j.resconrec.2023.107035
https://doi.org/10.3390/pr11041256
https://doi.org/10.1016/j.eti.2022.102753
https://doi.org/10.1016/j.desal.2014.09.026
https://doi.org/10.1016/j.envpol.2019.01.085
https://doi.org/10.1016/j.resconrec.2022.106629
https://doi.org/10.1016/j.cej.2022.137507
https://doi.org/10.1016/j.cej.2022.137507
https://doi.org/10.3390/pr11072070
https://doi.org/10.1016/j.jece.2022.107704
https://doi.org/10.1016/j.psep.2019.04.004
https://doi.org/10.1016/j.psep.2019.04.004
https://doi.org/10.3390/ma17133087
https://doi.org/10.3390/nano9121648
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0121
https://doi.org/10.1007/s10853-021-06164-x
https://doi.org/10.1016/j.hybadv.2023.100027
https://doi.org/10.1016/j.hybadv.2023.100027
https://doi.org/10.4186/ej.2012.16.1.37
https://doi.org/10.4186/ej.2012.16.1.37
https://doi.org/10.1016/j.jafr.2022.100361

E. Zulu et al.

[126]

[127]
[128]

[129]

[130]

[131]
[132]
[133]
[134]
[135]

[136]

[137]
[138]
[139]

[140]

[141]

[142]

[143]

[144]
[145]

[146]
[147]

[148]
[149]

[150]
[151]
[152]
[153]
[154]

[155]

[156]

[157]
[158]
[159]
[160]
[161]
[162]

[163]

Scientific African 27 (2025) 02510

A. Rojjanapinun, S.A. Pagsuyoin, J. Perman, H. Sun, Low-cost nanofabrication of isoporous nanomembranes using hybrid lithography, Polym. Test. 102 (2021)
107316, https://doi.org/10.1016/j.polymertesting.2021.107316.

N. Mao, M. Du, Sol-gel-based treatments of textiles for water repellence, Elsevier Ltd., 2018. https://doi.org/10.1016/B978-0-08-101212-3.00009-5.

D. Bokov, A. Turki Jalil, S. Chupradit, W. Suksatan, M. Javed Ansari, I.H. Shewael, G.H. Valiev, E. Kianfar, Nanomaterial by sol-gel method: synthesis and
application, Adv. Mater. Sci. Eng. (2021) 2021, https://doi.org/10.1155/2021/5102014.

M. Mohammad, M.B. Khan, T.A. Sherazi, J. Anguita, D. Adikaari, Fabrication of vertically aligned CNT composite for membrane applications using chemical
vapor deposition through in situ polymerization, J. Nanomater. 2013 (2013) 1-6, https://doi.org/10.1155/2013/713583.

B. Carmona, R. Abejon, Innovative membrane technologies for the treatment of wastewater polluted with heavy metals: perspective of the potential of
electrodialysis, membrane distillation, and forward osmosis from a bibliometric analysis, Membranes (Basel) (2023) 13, https://doi.org/10.3390/
membranes13040385.

S.M. Hosseini, H. Alibakhshi, E. Jashni, F. Parvizian, J.N. Shen, M. Taheri, M. Ebrahimi, N. Rafiei, A novel layer-by-layer heterogeneous cation exchange
membrane for heavy metal ions removal from water, J. Hazard. Mater. (2020) 381, https://doi.org/10.1016/j.jhazmat.2019.120884.

B.A. Chinnappan, M. Krishnaswamy, H. Xu, M.E. Hoque, Electrospinning of biomedical nanofibers/nanomembranes: effects of process parameters, Polymers
(Basel) 14 (2022) 1-20, https://doi.org/10.3390/polym14183719.

C.I. Covaliu-Mierla, E. Matei, O. Stoian, L. Covaliu, A.C. Constandache, H. Iovu, G. Paraschiv, TiO2-based nanofibrous membranes for environmental
protection, Membranes (Basel) 12 (2022) 1-22, https://doi.org/10.3390/membranes12020236.

A. Al-Abduljabbar, I. Farooq, Electrospun polymer nanofibers: processing, properties, and applications, Polymers (Basel) (2023) 15, https://doi.org/10.3390/
polym15010065.

S.S.S. Bakar, K.C. Fong, A. Eleyas, M.F.M. Nazeri, Effect of voltage and flow rate electrospinning parameters on polyacrylonitrile electrospun fibers, IOP Conf.
Ser. Mater. Sci. Eng. (2018) 318, https://doi.org/10.1088/1757-899X/318/1/012076.

P. Juholin, M.L. Kééaridinen, M. Riihimaki, R. Sliz, J.L. Aguirre, M. Pirila, T. Fabritius, D. Cameron, R.L. Keiski, Comparison of ALD coated nanofiltration
membranes to unmodified commercial membranes in mine wastewater treatment, Sep. Purif. Technol. 192 (2018) 69-77, https://doi.org/10.1016/j.
seppur.2017.09.005.

J. Lee, 1.S. Kim, M.H. Hwang, K.J. Chae, Atomic layer deposition and electrospinning as membrane surface engineering methods for water treatment: a short
review, Environ. Sci. Water Res. Technol. 6 (2020) 1765-1785, https://doi.org/10.1039/c9ew01134;j.

N.A.A.M. Amin, M.A. Mokhter, N. Salamun, M.F. bin Mohamad, W.M.A.W. Mahmood, Anti-fouling electrospun organic and inorganic nanofiber membranes
for wastewater treatment, South Afr. J. Chem. Eng. 44 (2023) 302-317, https://doi.org/10.1016/j.sajce.2023.02.002.

A. Sahu, R. Dosi, C. Kwiatkowski, S. Schmal, J.C. Poler, Advanced polymeric nanocomposite membranes for water and wastewater treatment: a comprehensive
review, Polymers (Basel) 15 (2023) 1-49, https://doi.org/10.3390/polym15030540.

0. Agboola, O.S.I. Fayomi, A. Ayodeji, A.O. Ayeni, E.E. Alagbe, S.E. Sanni, E.E. Okoro, L. Moropeng, R. Sadiku, K.W. Kupolati, B.A. Oni, A review on polymer
nanocomposites and their effective applications in membranes and adsorbents for water treatment and gas separation, Membranes (Basel) 11 (2021) 1-33,
https://doi.org/10.3390/membranes11020139.

W.P. Zhu, S.P. Sun, J. Gao, F.J. Fu, T.S. Chung, Dual-layer polybenzimidazole/polyethersulfone (PBI/PES) nanofiltration (NF) hollow fiber membranes for
heavy metals removal from wastewater, J. Memb. Sci. 456 (2014) 117-127, https://doi.org/10.1016/j.memsci.2014.01.001.

E.M. Ahmed, H. Isawi, M. Morsy, M.H. Hemida, H. Moustafa, Effective nanomembranes from chitosan /PVA blend decorated graphene oxide with gum rosin
and silver nanoparticles for removal of heavy metals and microbes from water resources, Surf. Interf. 39 (2023) 102980, https://doi.org/10.1016/j.
surfin.2023.102980.

A. Agrawal, A. Sharma, K.K. Awasthi, A. Awasthi, Metal oxides nanocomposite membrane for biofouling mitigation in wastewater treatment, Mater. Today
Chem. 21 (2021) 100532, https://doi.org/10.1016/j.mtchem.2021.100532.

K. Maiphetlho, Evaluation of metal nanocomposite polymer inclusion membranes (PIMs) for trace heavy metal extraction in natural waters, (2019).

M. Amouamouha, G.B. Gholikandi, Characterization and antibiofouling performance investigation of hydrophobic silver nanocomposite membranes: a
comparative study, Membranes (Basel) (2017) 7, https://doi.org/10.3390/membranes7040064.

T. Ahmad, C. Guria, Progress in the modification of polyvinyl chloride (PVC) membranes: a performance review for wastewater treatment, J. Water Process
Eng. 45 (2022) 102466, https://doi.org/10.1016/j.jwpe.2021.102466.

P.S. Goh, Z. Samavati, A.F. Ismail, B.C. Ng, M.S. Abdullah, Modification of liquid separation membranes using multidimensional nanomaterials : revealing the
roles of dimension based on classical titanium dioxide, Nanomaterials 13 (2023).

Z.P. Amini, A. Babapoor, Using nanomembrane to heavy metal removal from wastewater: a mini-review, 3 (2022) 2022. https://doi.org/10.47277/AANBT/3.
T.H.A. Ngo, D.T. Nguyen, K.D. Do, T.T. Minh Nguyen, S. Mori, D.T. Tran, Surface modification of polyamide thin film composite membrane by coating of
titanium dioxide nanoparticles, J. Sci. Adv. Mater. Devices 1 (2016) 468-475, https://doi.org/10.1016/j.jsamd.2016.10.002.

S. Sagadevan, L. Fatimah, T.C. Egbosiub, S.F. Alshahateet, J.A. Lett, G.K. Weldegebrieal, M.V. Le, M.R. Johan, Photocatalytic efficiency of titanium dioxide for
dyes and heavy metals removal from wastewater, Bull. Chem. React. Eng. Catal. 17 (2022) 430-450, https://doi.org/10.9767/BCREC.17.2.13948.430-450.
S. Wanjale, M. Birajdar, J. Jog, R. Neppalli, V. Causin, J. Karger-Kocsis, J. Lee, P. Panzade, Surface tailored PS/TiO2 composite nanofiber membrane for copper
removal from water, J. Coll. Interf. Sci. 469 (2016) 31-37, https://doi.org/10.1016/j.jcis.2016.01.054.

S.H. Salim, R.H. Al-anbari, A.J. Haider, G. Works, Polysulfone /TiO 2 thin film nanocomposite for commercial ultrafiltration membranes, J. Appl. Sci.
Nanotechnol. 2 (2022) 80-89, https://doi.org/10.53293/jasn.2022.4528.1121.

A. Pakdel Mojdehi, M. Pourafshari Chenar, M. Namvar-Mahboub, M. Eftekhari, Development of PES/polyaniline-modified TiO2 adsorptive membrane for
copper removal, Coll. Surf. A Physicochem. Eng. Asp. (2019) 583, https://doi.org/10.1016/j.colsurfa.2019.123931.

P.Li, Y.X. Li, Y.Z. Wu, Z.L. Xu, H.Z. Zhang, P. Gao, S.J. Xu, Thin-film nanocomposite NF membrane with GO on macroporous hollow fiber ceramic substrate for
efficient heavy metals removal, Environ. Res. 197 (2021) 111040, https://doi.org/10.1016/j.envres.2021.111040.

AX. Shukla, J. Alam, M. Alhoshan, L. Arockiasamy Dass, F.A.A. Ali, M.R. Muthumareeswaran, U. Mishra, M.A. Ansari, Removal of heavy metal ions using a
carboxylated graphene oxide-incorporated polyphenylsulfone nanofiltration membrane, Environ. Sci. Water Res. Technol. 4 (2018) 438-448, https://doi.org/
10.1039/¢c7ew00506g.

E. Abdulkarem, Y. Ibrahim, M. Kumar, H.A. Arafat, V. Naddeo, F. Banat, S.W. Hasan, Polyvinylidene fluoride (PVDF)-a-zirconium phosphate («-ZrP)
nanoparticles based mixed matrix membranes for removal of heavy metal ions, Chemosphere 267 (2021) 128896, https://doi.org/10.1016/j.
chemosphere.2020.128896.

S. Mondal, S.K. Majumder, Fabrication of the polysulfone-based composite ultrafiltration membranes for the adsorptive removal of heavy metal ions from their
contaminated aqueous solutions, Chem. Eng. J. 401 (2020) 126036, https://doi.org/10.1016/j.cej.2020.126036.

A. Mosayebi, H. Esfahani, M. Hoor, Influence of zeta potential of ZrO2 and Al203 nanoparticles on removal of metal ions by hybrid electrospun polyamide 6
membrane: kinetics of adsorption and fouling mechanisms, Can. J. Chem. Eng. 99 (2021) S654-S667, https://doi.org/10.1002/cjce.23981.

F. Zareei, S.M. Hosseini, A new type of polyethersulfone based composite nanofiltration membrane decorated by cobalt ferrite-copper oxide nanoparticles with
enhanced performance and antifouling property, Sep. Purif. Technol. 226 (2019) 48-58, https://doi.org/10.1016/j.seppur.2019.05.077.

M.J. Machodi, M.O. Daramola, Synthesis and performance evaluation of PES/chitosan membranes coated with polyamide for acid mine drainage treatment,
Sci. Rep. 9 (2019) 1-14, https://doi.org/10.1038/541598-019-53512-8.

M. Peydayesh, T. Mohammadi, S.K. Nikouzad, A positively charged composite loose nanofiltration membrane for water purification from heavy metals,

J. Memb. Sci. 611 (2020) 118205, https://doi.org/10.1016/j.memsci.2020.118205.

S. Deng, X. Liu, J. Liao, H. Lin, F. Liu, PEI modified multiwalled carbon nanotube as a novel additive in PAN nanofiber membrane for enhanced removal of
heavy metal ions, Chem. Eng. J. 375 (2019) 122086, https://doi.org/10.1016/j.cej.2019.122086.

H. Azad, M. Mohsennia, /j.memsci.2020.118487omposite membrane for enhanced heavy metal removal from wastewater, J. Memb. Sci. 615 (2020) 118487,
https://doi.org/10.1016/j.memsci.2020.118487.

23


https://doi.org/10.1016/j.polymertesting.2021.107316
http://doi.org/10.1016/B978-0-08-101212-3.00009-5
https://doi.org/10.1155/2021/5102014
https://doi.org/10.1155/2013/713583
https://doi.org/10.3390/membranes13040385
https://doi.org/10.3390/membranes13040385
https://doi.org/10.1016/j.jhazmat.2019.120884
https://doi.org/10.3390/polym14183719
https://doi.org/10.3390/membranes12020236
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.1088/1757-899X/318/1/012076
https://doi.org/10.1016/j.seppur.2017.09.005
https://doi.org/10.1016/j.seppur.2017.09.005
https://doi.org/10.1039/c9ew01134j
https://doi.org/10.1016/j.sajce.2023.02.002
https://doi.org/10.3390/polym15030540
https://doi.org/10.3390/membranes11020139
https://doi.org/10.1016/j.memsci.2014.01.001
https://doi.org/10.1016/j.surfin.2023.102980
https://doi.org/10.1016/j.surfin.2023.102980
https://doi.org/10.1016/j.mtchem.2021.100532
https://doi.org/10.3390/membranes7040064
https://doi.org/10.1016/j.jwpe.2021.102466
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0147
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0147
http://doi.org/10.47277/AANBT/3
https://doi.org/10.1016/j.jsamd.2016.10.002
https://doi.org/10.9767/BCREC.17.2.13948.430-450
https://doi.org/10.1016/j.jcis.2016.01.054
https://doi.org/10.53293/jasn.2022.4528.1121
https://doi.org/10.1016/j.colsurfa.2019.123931
https://doi.org/10.1016/j.envres.2021.111040
https://doi.org/10.1039/c7ew00506g
https://doi.org/10.1039/c7ew00506g
https://doi.org/10.1016/j.chemosphere.2020.128896
https://doi.org/10.1016/j.chemosphere.2020.128896
https://doi.org/10.1016/j.cej.2020.126036
https://doi.org/10.1002/cjce.23981
https://doi.org/10.1016/j.seppur.2019.05.077
https://doi.org/10.1038/s41598-019-53512-8
https://doi.org/10.1016/j.memsci.2020.118205
https://doi.org/10.1016/j.cej.2019.122086
https://doi.org/10.1016/j.memsci.2020.118487

E. Zulu et al.

[164]

[165]

[166]
[167]
[168]
[169]
[170]
[171]
[172]
[173]
[174]
[175]

[176]

Scientific African 27 (2025) 02510

P. Pal, R. Kumar, Treatment of coke wastewater: a critical review for developing sustainable management strategies, Sep. Purif. Rev. 43 (2014) 89-123,
https://doi.org/10.1080/15422119.2012.717161.

S. Mohsen, S. Gato-trinidad, A. Altaee, Journal of water process engineering performance evaluation of reverse osmosis process in the post-treatment of mining
wastewaters : case study of Coster field mining operations, Victoria, Australia, J. Water Process Eng. 34 (2020) 101116, https://doi.org/10.1016/j.
jwpe.2019.101116.

F. Matebese, R.M. Moutloali, Integrating ultrafiltration membranes with flocculation and activated carbon pretreatment processes for membrane fouling
mitigation and metal ion removal from wastewater, ACS Omega 8 (2023), https://doi.org/10.1021/acsomega.2c03524.

W.S. Low, A. Nouri, S.F. Chua, E. Mahmoudi, A.W. Mohammad, W.L. Ang, Immobilization of graphene oxide into microbead for fluidized-bed adsorption of
methylene blue, Desalin. Water Treat. 317 (2024) 100135, https://doi.org/10.1016/j.dwt.2024.100135.

S. Devaisy, J. Kandasamy, T.V. Nguyen, H. Ratnaweera, S. Vigneswaran, Membranes in water reclamation: treatment, reuse and concentrate management,
Membranes (Basel) (2023) 13, https://doi.org/10.3390/membranes13060605.

J. Choi, S.J. Im, A. Jang, Application of volume retarded osmosis — Low pressure membrane hybrid process for recovery of heavy metals in acid mine drainage,
Chemosphere 232 (2019) 264-272, https://doi.org/10.1016/j.chemosphere.2019.05.209.

P. Loganathan, J. Kandasamy, H. Ratnaweera, S. Vigneswaran, Submerged membrane /adsorption hybrid process in water reclamation and concentrate
management — a mini review, Environ. Sci. Pollut. Res. (2023) 42738-42752, https://doi.org/10.1007/s11356-022-23229-9.

N.D. Hasdi, Reviewing methods to prepare activated carbon from various sources, Nanoscale Res. Lett. 14 (2020) 1-17.

S. Devaisy, Membrane hybrid system in high quality water reuse, University of Technology Sydney, 2015.

B. Lv, Z. Zhao, X. Deng, C. Fang, B. Xing, B. Dong, Hydrodynamics and adsorption performance of liquid—solid fluidized bed with granular activated carbon for
removal of copper ions from wastewater, J. Clean. Prod. 328 (2021) 129627, https://doi.org/10.1016/J.JCLEPRO.2021.129627.

S. Chang, R. Ahmad, D. eun Kwon, J. Kim, Hybrid ceramic membrane reactor combined with fluidized adsorbents and scouring agents for hazardous metal-
plating wastewater treatment, J. Hazard. Mater. 388 (2020) 121777, https://doi.org/10.1016/j.jhazmat.2019.121777.

B. Wu, Y. Wang, W. Lim, J.W. Chew, A.G. Fane, Y. Liu, Enhanced performance of submerged hollow fibre microfiltration by fluidized granular activated
carbon, J. Memb. Sci. 499 (2016) 47-55, https://doi.org/10.1016/j.memsci.2015.10.050.

M.A. Johir, S. Shanmuganathan, S. Vigneswaran, J. Kandasamy, Performance of submerged membrane bioreactor (SMBR) with and without the addition of the
different particle sizes of GAC as suspended medium, Bioresour. Technol. 141 (2013) 13-18, https://doi.org/10.1016/j.biortech.2013.03.032.

24


https://doi.org/10.1080/15422119.2012.717161
https://doi.org/10.1016/j.jwpe.2019.101116
https://doi.org/10.1016/j.jwpe.2019.101116
https://doi.org/10.1021/acsomega.2c03524
https://doi.org/10.1016/j.dwt.2024.100135
https://doi.org/10.3390/membranes13060605
https://doi.org/10.1016/j.chemosphere.2019.05.209
https://doi.org/10.1007/s11356-022-23229-9
http://refhub.elsevier.com/S2468-2276(24)00452-6/sbref0171
https://doi.org/10.1016/J.JCLEPRO.2021.129627
https://doi.org/10.1016/j.jhazmat.2019.121777
https://doi.org/10.1016/j.memsci.2015.10.050
https://doi.org/10.1016/j.biortech.2013.03.032

	A comprehensive review of recent advances in membrane innovations for efficient heavy metal removal from mine effluents
	Introduction
	Fundamentals of membrane technology in wastewater treatment
	Classification of membranes
	Structure
	Material
	Driving force

	The mechanism and principle of separation in membrane
	Factors affecting membrane performance
	Operating conditions
	Membrane characteristics
	Feed characteristics


	Utilising membrane technology for mining wastewater management for the removal of heavy metals
	Recovery of heavy metals and rare earth metals from AMD
	Recovery of water and valuable metal from AMD
	Removal and recovery of rare earth elements (REE)from AMD


	Recent advancement made towards improvement of membranes
	Fabrication techniques for modified membranes
	Lithography
	Sol-gel process
	Chemical vapour deposition (CVD)
	Layer-by-layer
	Electrospinning
	Atomic layer deposition

	Membrane technology based on polymer nanocomposites for treating mine effluent
	Pre-treatment methods

	Hybrid membrane system
	Adsorption-membrane hybrid system- fluidized bed membrane reactor


	Challenges and conclusion
	CRediT authorship contribution statement
	Declaration of interests
	Acknowledgement
	References


