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Abstract 
All life on earth, even non-living things, depends on water. It is well known that the availability of clean water is depleting daily 

and that the fast development of industry and technology has increased the amount of hazardous wastewater released into the environment. 
Before being released into the environment, wastewater from industries, farms, and communities shall be treated since it may contain 
dangerous contaminants such as heavy metal ions, inorganic compounds, organic dyes, and pharmaceutical waste. Heavy metals 
contamination in water resources significantly threatens human health and the environment. Several processes have been developed to 
eliminate heavy metals from water, among which membrane-based technologies have gained considerable attention due to their effectiveness, 
selectivity, and scalability. This review paper focuses on the application of inorganic membrane technology for the removal of heavy elements 
from wastewater. It provides a comprehensive overview of diverse categories of inorganic membranes utilized for heavy metal removal from 
water, highlighting their principles of operation, advantages, limitations, and recent advancements. 

Keywords:  Wastewater; Heavy metals; Water resources; Membrane-based technology; Inorganic membranes.

 
1. Introduction: 

Water is a precious natural resource that is abundant around the world. It is necessary for all living things, including 
plants and animals, to survive [1]. Even though water surrounds 70% of the earth, but just 2.5 percent is drinkable, with the 
other percent being saline. Approximately 1% of this fresh portion is available overall, providing for roughly 7.6 billion 
persons. Regrettably, industrial operations, wastewater treatment plants, and agricultural residues from pesticides and 
fertilizers pollute a portion of this water [2-4].  

Worldwide biodiversity and humankind are seriously threatened by contamination of the water. The release of 
industrial effluents into the environment affects the quality of the water, atmosphere, and soil. The most prevalent pollutants 
thrown into waterways such as water bodies, and streams include runoff from municipal, domestic, manufacturing, and 
agricultural residue, as well as sewage from wastewater treatment plants and rainfall [5]. The textiles, petrochemical 
manufacturing, medicinal products, refinery, and mineral extraction industries all directly release toxic substances into water 
bodies, which pollutes the water and has negative effects on aquatic life, plants, animals, and people. Wastewater contains an 
extensive number of microbes that are pathogenic and xenobiotic compounds that are directly disposed of, even though 
minimal physiochemical changes in contaminated water can have a serious negative impact on aquatic life and human health 
[6]. Every day, a massive amount of metal is thrown into the surroundings as wastewater, industrial effluent, and solid waste. 
Exhaust gas from automobiles, metal smelting factories such as copper and zinc, pesticide and insecticide industries that 
manufacture chemicals, the combustion of fossil fuels, paint industries, household product industries, cosmetic industries, and 
so on are all human-induced sources of heavy metals in the surrounding environment [7]. Pollutants from these sources are 
eventually released into the environment and either wash into water bodies or are released as wastewater. Numerous metals 
with economic significance and practical use in daily life can be found in the wastewater produced by homes and businesses. 
These metals can be classified as highly hazardous elements (Hg, Pb, Cd, Ag, Au, Pd, Bi, As, Pt, Se, Sn, Zn), macronutrients 
(Co, Fe), and micronutrients (Cu, Ni, Cr, Fe, Mn, Mo) [8]. Depending on the intrinsic characteristics, they may be beneficial 
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nutrients or cause chronic toxicity in living organisms due to their capacity to accumulate in biomass [9]. Heavy metals 
accumulate in organisms as one progresses up the food pyramid; hence, species at the top are more prone to face toxic effects 
than those at the bottom [10]. Humans are the ecosystem's top predators; thus, they are exposed to high levels of heavy metals 
through their diet. Metals are well recognized to attack important organs such as the kidneys, lungs, brain, liver, and skin, 
causing a variety of diseases such as organ failure, neuropathies, cancer, ulcers, and so on [11, 12].  

As a result, various government organizations place a strong premium on remediation and preventing further 
poisoning of the environment with these harmful metals. Water purification and wastewater treatment are two critical 
processes for improving water quality and removing the great majority of pollutants from wastewater and therefore, for 
alleviating water scarcity. The main scope of this review is to critically examine the current state and future prospects of 
inorganic membrane technology in the removal of heavy elements from wastewater, with a particular focus on its efficiency, 
challenges, and potential for addressing the growing global water contamination crisis. The results demonstrate that inorganic 
membrane technology offers a promising approach to addressing heavy metal pollution in water, aligning with sustainable 
practices within environmental engineering. 
 
2. Heavy Metals (HMs):  

The term "heavy metals" refers to metallic elements having a relatively high density. HMs can cause toxicity even at 
low exposure levels [13]. The atomic weight range for heavy metals is 63.5-200.6 Da, and their density is larger than 5 g/cm3 
[14-15]. Contrary to organic contaminants, which degrade over time, heavy metals do not, which means that after being 
released into the environment, they tend to accumulate in living organisms. When treating industrial wastewater, the 
following harmful heavy metals are primarily considered Fe, Cr, Cd, Hg, As, Ni, Cu, and Zn. Numerous studies have been 
conducted on their detrimental effects on both human and animal health. A reduction in memory and attention, hypertension, 
cardiovascular blockage, speech impairment, tiredness, sleep problems, altered behavior (aggression, irritability, mood 
swings, sadness), increased allergic reactions, and autoimmune illnesses are just a few of the symptoms [16]. Typically 
exchange and coordination are the mechanisms that cause poisoning. When heavy metals are ingested into the body, they mix 
with the proteins and enzymes already there to create stable bio-toxic chemicals [17]. Heavy metals like Mg, Fe, Cu, and Zn 
are necessary for the body, but their presence in large amounts is harmful [18-19].    
 
2.1. Sources of heavy metal pollution: [20-24] 

Heavy metal pollution in water resources stems from various anthropogenic activities. The primary sources include: 
1) Industrial activities: Industries such as mining, smelting, and manufacturing are major contributors to heavy metal 

pollution. The metal extraction processes can release significant quantities of lead, cadmium, and mercury into the 
environment, contaminating nearby soil and water sources. 

2) Agricultural practices: The use of fertilizers and pesticides can lead to the accumulation of heavy metals in 
agricultural soils. For example, phosphate fertilizers are often a source of cadmium contamination, which can 
subsequently enter the food chain. 

3) Urban runoff: Urban areas contribute to heavy metal pollution through stormwater runoff, which can carry metals 
from road surfaces, buildings, and industrial sites. The runoff in urbanized watersheds often contains elevated levels 
of zinc, copper, and lead. 

4) Waste disposal: Improper disposal of electronic waste and other materials can lead to significant heavy metal 
contamination. The e-waste recycling processes release harmful metals such as lead and mercury into the 
environment. 

5) Natural sources: While anthropogenic sources are predominant, natural processes such as volcanic eruptions and 
weathering of mineral deposits also contribute to the presence of heavy metals in the environment. Natural 
weathering can release metals like arsenic and chromium into surrounding ecosystems. 

 
2.2. Dangers of heavy metal pollution to human health: [25-26] 

Heavy metal pollution poses severe risks to human health due to their persistence in the environment and tendency 
to bioaccumulate. Some of the primary health effects include: 

1) Neurological disorders: Lead and mercury can cause cognitive impairment, developmental delays in children, and 
neurodegenerative diseases. 

2) Kidney damage: Cadmium and lead are known to cause renal dysfunction and chronic kidney disease. 
3) Cardiovascular problems: Arsenic exposure is linked to increased risk of hypertension and cardiovascular diseases. 
4) Respiratory issues: Inhalation of chromium and nickel can lead to respiratory tract cancers and other lung disorders. 
5) Reproductive problems: Many heavy metals, including lead and mercury, can cause reproductive issues and birth 

defects. 
6) Cancer: Several heavy metals, such as arsenic, chromium, and cadmium, are classified as carcinogens. 

Addressing heavy metal pollution is critical to protecting human health, necessitating stringent regulations and 
public awareness initiatives to mitigate exposure risks. 
 
2.3. Toxicity and regulatory limits: 

Heavy metals, including lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As), are toxic elements commonly 
found in industrial wastewater and pose significant risks to human health and the environment. Understanding their toxicity 
and regulatory standards is crucial for effective remediation strategies. The toxicity of some heavy metals and their regulatory 
limits are shown in Table (1) [27-28]. The toxicity of heavy metals like lead, cadmium, mercury, and arsenic highlights the 
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critical need for effective removal technologies. Regulatory standards established by the EPA serve as benchmarks for 
safeguarding public health and preventing environmental degradation from contaminated wastewater. 

 
Table (1): The toxicity of some heavy metals and their regulatory limits 

 

Metal Toxicity Maximum Contaminant 
Level (MCL) 

Standards for Wastewater 
Disposal 

Lead (Pb) 

Lead is a potent neurotoxin, particularly 
harmful to children, affecting cognitive 
development and leading to behavioral 

issues. Chronic exposure can cause 
hypertension, kidney damage, and 
reproductive problems in adults. 

The U.S. Environmental 
Protection Agency (EPA) 
sets the MCL for lead in 

drinking water at 0.015 mg/L 
(15 µg/L). 

The National Pollutant 
Discharge Elimination 

System (NPDES) establishes 
a limit of 0.1 mg/L (100 

µg/L) for lead in industrial 
wastewater discharges. 

Cadmium 
(Cd) 

 

Cadmium is highly toxic and is known to 
cause kidney damage, bone fragility, and 

has carcinogenic effects. It can also disrupt 
cellular metabolism and affect the 

endocrine system. 

The EPA has set the MCL 
for cadmium in drinking 
water at 0.005 mg/L (5 

µg/L). 

For cadmium, the allowable 
limit for wastewater 

discharge is typically 0.01 
mg/L (10 µg/L), according 

to federal standards. 

Mercury (Hg) 

Mercury is a potent neurotoxin that can 
lead to neurological and developmental 

damage. It affects the brain, kidneys, and 
immune system. Methylmercury, an 
organic form, bioaccumulates in fish, 
posing risks to wildlife and humans. 

The MCL for mercury in 
drinking water is set at 0.002 
mg/L (2 µg/L) by the EPA. 

The limit for mercury in 
wastewater discharges is 

0.05 mg/L (50 µg/L). 

Arsenic (As) 
 

Arsenic is a carcinogen linked to skin, 
bladder, and lung cancers. It can cause 
various health issues, including skin 
lesions, developmental effects, and 

cardiovascular disease. 
 

The EPA's MCL for arsenic 
in drinking water is 0.010 

mg/L (10 µg/L). 

In the context of wastewater 
treatment, the limit for 

arsenic generally ranges 
from 0.05 mg/L (50 µg/L) 

for certain industrial 
discharges. 

 
2.4. Factors affecting the removal of heavy metals: [29-32] 

The efficiency of heavy metal removal from wastewater is influenced by several factors: 
1) pH: The acidity or alkalinity of the solution affects the solubility and speciation of heavy metals, impacting their removal 

efficiency. 
2) Temperature: Higher temperatures generally increase the rate of adsorption and ion exchange processes. 
3) Initial metal concentration: The initial concentration of heavy metals in the wastewater affects the removal efficiency 

and the choice of treatment method. 
4) Contact time: Longer contact times between the wastewater and the treatment medium often result in higher removal 

efficiencies. 
5) Presence of other ions: Competing ions in the wastewater can interfere with the removal of target heavy metals. 
6) Particle size of adsorbents: Smaller particle sizes generally provide larger surface areas for adsorption, improving 

removal efficiency. 
7) Flow rate: In continuous flow systems, the flow rate affects the contact time and thus the removal efficiency. 
 
3. Strategies for Remediating Toxic Metals: 

Technical improvements have made it achievable to remove heavy metals using a combination of physical, 
chemical, and biological approaches, or by combining more than one treatment method. 
 
3.1. Techniques for eliminating toxic heavy metals: [33-38] 

The removal of heavy metals from contaminated environments is crucial for protecting human health and 
ecosystems. Various techniques have been developed, each with distinct mechanisms and efficiencies. This overview 
discusses the primary methods: physical, chemical, and biological.  
 
3.1.1. Physical methods: 
a) Adsorption: This technique involves the adhesion of metal ions onto the surface of solid adsorbents, such as activated 

carbon, clay minerals, and zeolites. The activated carbon can effectively remove heavy metals like lead and cadmium 
from aqueous solutions, achieving removal efficiencies greater than 90%, adsorption mechanism is shown in Figure (1) 
[39].  
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Fig. (1): Adsorption mechanism [39]

b) Membrane filtration: This method uses selective barriers to separate metals from solutions. Techniques such as 
microfiltration, ultrafiltration, and reverse osmosis can effectively remove dissolved metals from wastewater. The 
membrane bioreactors can achieve high removal rates for metals and pathogens, making them suitable for treating 
industrial effluents, membrane filtration process is shown at Figure (2) [40].  

c) Electrokinetic remediation: This technique employs an electric field to mobilize heavy metals within soils or sediments, 
facilitating their extraction. The effectiveness of electrokinetic processes in remediating contaminated sites by enhancing 
the transport of heavy metals toward collection electrodes. 

 

 
 

Fig. (2): Membrane filtration process [40] 
 
3.1.2. Chemical methods: 
a) Chemical precipitation: This widely used technique involves adding reagents that react with dissolved metals to form 

insoluble compounds, which can then be filtered out.  
b) Oxidation-reduction reactions: Chemical oxidation and reduction processes can convert toxic metal species into less 

harmful forms. For instance, the use of oxidizing agents like hydrogen peroxide can effectively oxidize certain metal 
ions, enhancing their removal. 

c) Complexation: This method involves adding ligands that bind to metal ions, forming stable complexes that can be 
removed from the solution. Researches indicated that using biodegradable chelating agents can significantly enhance the 
removal of heavy metals from contaminated water. 

 
3.1.3. Biological methods: 
a) Bioremediation: This approach utilizes microorganisms to degrade or accumulate heavy metals. Certain bacteria and 

fungi can bioaccumulate metals, effectively removing them from contaminated environments.  
b) Phytoremediation: This technique employs plants to absorb, accumulate, and detoxify heavy metals from soil and water. 

Plants such as mustard greens and sunflowers have shown potential for heavy metal uptake.  
c) Mycoremediation: This is a subset of bioremediation that uses fungi to degrade or sequester heavy metals. Fungi have 

unique metabolic pathways that can transform toxic metals into less harmful forms.  
 
3.1.4. Others: 
a) Ion exchange techniques: Utilize ion exchange resins that selectively attract and bind heavy metal ions from 

wastewater. For example, when wastewater containing cadmium ions is passed through a column filled with a cation 
exchange resin, cadmium ions are exchanged for sodium ions, effectively removing cadmium from the solution, ion 
exchange technique is shown in Figure (3) [41].  
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Fig. (3): Ion exchange [41] 
 

b) Electrochemical treatment: In electrochemical treatment, an electric current is passed through contaminated water, 
promoting the electrochemical reactions that lead to the precipitation of heavy metals at the electrodes. For example, 
electrocoagulation can be applied to treat wastewater containing arsenic. The application of an electric current results in 
the oxidation of aluminum anodes, forming aluminum hydroxide, which can scavenge arsenic ions, facilitating their 
removal from the water. 

 
Due to their remarkable selectivity, minimal space requirements, and high removal effectiveness membrane-based 

approaches have recently gained popularity in removing heavy metals from water sources [42]. In recent years, nanoparticles 
have been used to make efficient membranes for filtering contaminants [19]. Table (2) outlines the benefits and drawbacks of 
the various technologies employed for toxic metal rejection from wastewater [43-45]. 

The selection of an appropriate metal removal method depends on various factors, including the type of metal, 
concentration, and the specific environmental context. Combining these techniques can also enhance overall efficiency, 
leading to more effective remediation strategies. 

 
3.2. Efficiency of different removal techniques: [32-46] 

In recent years, the efficiency of different removal techniques has gained significant attention in environmental 
management and industrial applications. Studies have highlighted a range of methods, including chemical, biological, and 
physical techniques, each with unique advantages and limitations. For instance, the advanced oxidation processes such as 
photocatalysis can achieve removal efficiencies exceeding 90% for certain contaminants, making them highly effective for 
wastewater treatment. Conversely, bioremediation techniques demonstrate the potential for sustainable and cost-effective 
removal of heavy metals, although their efficiency can be influenced by environmental conditions. Additionally, physical 
methods like adsorption have shown versatility and rapid removal rates, particularly when utilizing novel materials such as 
activated carbon and biochar. Understanding these varied approaches allows for the optimization of removal strategies 
tailored to specific contaminants and contexts 

Various techniques have been developed for heavy metal removal from wastewater, each with different efficiencies: 
a) Chemical precipitation: Can achieve 90-99% removal efficiency for many metals but may produce large volumes 

of sludge [47].  
b) Ion exchange: Offers 90-99% removal for most metals with the advantage of metal recovery [48].  
c) Adsorption: Activated carbon can achieve 80-99% removal efficiency, while bio-adsorbents show variable 

efficiencies from 50-99% depending on the metal and biosorbent used [49].  
d) Membrane filtration: 

- Reverse Osmosis (RO): >99% removal efficiency for most heavy metals [50].  
- Nanofiltration (NF): 95-99% removal efficiency [51].  
- Ultrafiltration (UF): 90-99% when combined with complexation or other pretreatment methods [52]. 
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Table (2): Benefits and drawbacks of various methods of separating metals from wastewater [43-45] 
 

Approach Benefits Drawbacks 

Chemical 
precipitation 

• Low pH levels for operation and effective in 
removing copper. 

• Minimal time spent in custody. 
• Improved filtering properties are exhibited by 

carbonate sludge. 

• The process requires more than 
stoichiometric amounts of reagent. 

• Significant amount of sludge production. 
• Inefficient when the level of ionic 

substances is low. 

Ion exchange 
• Minimal expenses. 
• Not much energy is needed. 
• The cost of regenerating chemicals is low. 

• Adsorption of organic materials. 
• Contamination by bacteria. 
• The resin may have contaminated organic 

matter. 

Ion flotation 

• Promotes its wider application for industrial 
use. 

• A high level of selectivity without interference 
from complexing agents. 

• An extremely high initial capital expense. 
• Operating costs include energy. 

Phyto-extraction 
• Economically viable. 
• Excellent for extracting at low concentrations. 
• Effective in the soil. 

• Slow pace, extending over several months or 
years. 
Needs auxiliary technologies from the point 
of ultimate recovery. 

Bio-extraction 

• It is inexpensive. 
• Minimal carbon emissions. 
• Appropriate for applications related to mining 

as well. 

• The capacities of adsorption a topic of the 
chemical characteristics of water. 

• The development stage of cells impacts the 
results. 

Application of 
biochemistry – 

electrochemistry 

• A small energy consumption and energy 
efficiency. 

• Organic compounds can be treated in 
wastewater immediately. 

• Multiple uses and sustainable technology. 
• Metal deposited on the electrode after being 

obtained. 

• The use of technology in its early phases of 
development. 

• It isn't easy to scale up. 
• The reactor's initial and ongoing 

maintenance costs. 

Technology using 
membranes 

• Requires minimal space. 
• Minimal production of solid waste materials. 
• Despite high concentration levels, it remains 

straightforward, quick, and effective. 

• Small and medium-sized industries regularly 
face prohibitively expensive costs for 
investment. 

• Demands for high energy. 
• The flow rates are restricted. 

Adsorption 

• A large selection of targeted pollutants and a 
broad range of commercial adsorptive 
materials. 

• Because of the rapid kinetics, there is a need 
for less time. 

• They can be inexpensive and cost-effective 
sorbents. 

• The cost of regeneration can be high. 
• The need for multiple kinds of adsorbents. 

 
 
3.3. Cost comparison of membrane technique with other techniques: [53-56] 

Cost comparisons of membrane separation techniques versus other separation technologies (like distillation, 
adsorption, and extraction) can vary significantly based on the specific application, feed composition, scale of operation, and 
local economic conditions. Below is a summary of how membrane techniques generally compare with other methods. 
 
3.3.1. Membrane techniques: 

a) Advantages: 
- Lower Energy Costs: Membrane processes often require less energy compared to thermal methods like 

distillation. They operate at ambient temperatures and pressures. 
- Modularity: Membrane systems can be easily scaled up or down, making them versatile for different 

capacities. 
- Chemical Stability: Membranes can be resistant to fouling and chemical degradation depending on the material 

used. 
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- Capital Costs: Initial investment in membrane technology can be high due to the cost of membrane materials 
and module construction. 

- Fouling: Membranes can foul, leading to increased maintenance and replacement costs over time. 
 
3.3.2. Cost comparison with other techniques: 

a) Distillation: 
- Energy Intensive: Distillation is highly energy-intensive due to the need for heating and cooling. This can 

significantly raise operational costs. 
- Capital Costs: While distillation units can have lower capital costs than some membrane systems, the overall 

operational costs (energy + maintenance) can be higher. 
b) Adsorption: 

- Regeneration Costs: While adsorption can be cost-effective for specific applications, the cost of regenerating 
adsorbents can offset initial savings. 

- Capital Costs: Adsorption systems may require significant capital investment for large-scale operations, 
particularly for materials like activated carbon or zeolites. 

c) Liquid-Liquid Extraction: 
- Solvent Costs: The use of solvents can be expensive, and their recovery adds to operational complexity and 

cost. 
- Environmental Concerns: Disposal of solvents can lead to additional regulatory and cost implications. 

d) General Findings: 
- Membrane Technology vs. Distillation: In many cases, membrane technology offers lower operational costs, 

especially for large-scale separation processes where energy savings can be substantial. 
- Membrane Technology vs. Adsorption: While adsorption may be cheaper for small-scale or specific 

separations, membranes tend to be more cost-effective for continuous processes and large volumes. 
- Membrane Technology vs. Extraction: Membranes generally outperform extraction in terms of sustainability 

and operational simplicity, particularly when considering the costs associated with solvents. 
 

The choice of separation technology should consider both capital and operational costs, as well as the specific 
requirements of the application. Membrane technology can be a more economical and efficient solution in many cases, 
especially where energy costs are a major concern. 

While membrane techniques, especially RO and NF, have higher initial and operational costs, they offer superior 
removal efficiencies and can treat a wide range of contaminants simultaneously. The choice of treatment method depends on 
factors such as the specific heavy metals present, their concentrations, the volume of wastewater to be treated, and local 
regulations. 
 
3.4. Membrane science and technology: 
 
3.4.1. Definition and main principles of membrane separation: [57]  

Definition: Membrane separation is a technology that selectively separates materials via pores and/or minute gaps 
in the molecular arrangement of a continuous structure. The membrane acts as a selective barrier, allowing some components 
to pass through while retaining others based on properties such as size, shape, or chemical structure.  

Main Principle: The principle behind membrane separation lies in the differential transport of species through the 
membrane. Depending on the membrane's characteristics and the driving force, such as pressure, concentration gradient, or 
electrical potential, certain ions and molecules can permeate while others are rejected. The effectiveness of membrane 
separation depends on the membrane's pore size, structure, material properties, and the characteristics of the feed solution, as 
shown in Figure (4) [58].  

 

 
 

Fig. (4): The principle of membrane separation [58] 
 

The gradient of pressure, concentration, or electrical potential can create a transfer force that will cause permeation 
across the membrane [59]. In the past, synthetic membranes were used for filtering and separation processes and many other 
smaller-scale applications, including medical equipment, biosensors, controlled release mechanisms, and battery separators. A 
systematic approach to the processes controlling the efficiency of this significant variation of membrane materials, structural 

b) Disadvantages:
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features, and mechanisms is necessary because of the massive advancements in polymeric membranes and membrane-based 
technologies and devices in the 1960s and 1970s, which made it possible for the industrial implementation of a vast number of 
membrane processes [60]. Fast treatment is made possible by membrane technology; however, biofouling and high cost 
remain drawbacks.  
 
3.4.2. General classification of membrane processes: 

A membrane morphology, geometry, chemical composition, and separation regime are the most common 
classifications, as shown in Figure (5) [59].  

 
 

 
Fig. (5): Classification of membranes [59] 

 
Membrane processes can be classified based on various factors. Membrane processes can be broadly classified into 

two categories based on their operational conditions: [61] 
a) Pressure-driven processes: 

Membrane types according to Pressure-driven processes are shown in Figure (6) [51].  
- Microfiltration (MF): Removes particles and bacteria larger than 0.1 µm. Often used for pre-treatment. 
- Ultrafiltration (UF): Separates larger solutes and macromolecules (1-100 nm), often used for concentrating 

solutions and removing larger organic compounds. 
- Nanofiltration (NF): Targets smaller organic molecules and divalent ions (0.5-1 nm); effective for softening 

water and removing specific contaminants. 
- Reverse Osmosis (RO): Provides the highest level of purification, removing nearly all ions and small molecules 

(size < 0.5 nm). 

 
 

Fig. (6): The principle of membrane separation [51] 
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b) Diffusion-driven processes: 
Electrodialysis (ED): Uses an electric field to drive ions through selective cation and anion exchange membranes, 

effectively separating charged species. 
 
3.4.3. Classification of membrane processes according to membrane material: 

Membranes can be classified according to their material properties into the following categories: 
a) Organic (polymeric) membranes: Made from organic polymers, these are the most common membranes in 

wastewater treatment. They can be designed for various separation processes, such as ultrafiltration and 
nanofiltration. 

b) Inorganic membranes: Composed of materials such as ceramics or metals, these membranes are more resistant to 
high temperatures and aggressive chemicals. Inorganic membranes often exhibit higher flux rates and longer 
lifespans but are costlier and fragile. 

c) Composite (hybrid) membranes: These membranes are made of multiple layers of different materials designed to 
combine the advantages of both polymeric and inorganic membranes, providing enhanced performance and 
durability. 

 
3.4.4. Definition and types of inorganic membranes: 

Inorganic membranes are separation devices made from non-carbon-based materials. They can be classified into 
several types: 

a) Ceramic membranes: Made from materials like alumina, zirconia, or titania. 
b) Metallic membranes: Composed of metals like palladium or silver. 
c) Carbon membranes: Derived from the pyrolysis of organic precursors. 
d) Zeolite membranes: Made from crystalline aluminosilicates. 
e) Glass membranes: Composed of silica or other glass-forming materials. 

 
3.4.5. Definition and types of organic membranes: 

Definition: Organic membranes are composed of polymeric materials and are widely utilized due to their versatility, 
processability, and adequate separation performance. 

Types of Organic Membranes: 
i. Homogeneous membranes: These are made from a uniform polymer material and exhibit consistent properties 

throughout their thickness. 
ii. Heterogeneous membranes: These consist of different materials or phases, often being structured to achieve 

specific separation properties, such as surface modifications to enhance selectivity. 
iii. Thin-film composite membranes: These have a thin selective layer on a porous support, improving permeate 

quality while maintaining high flux. 
 
3.4.6. Principle and mechanism of heavy metal removal by membrane process: [37-38, 62-63] 

The removal of heavy metals through membrane processes is based on several mechanisms: 
1) Size exclusion: Heavier metal ions, such as lead (Pb²⁺) or cadmium (Cd²⁺), are larger than water molecules. In 

processes like microfiltration and ultrafiltration, the membrane's pore size can effectively block these larger ions, 
resulting in their retention while allowing water and smaller molecules to pass through. 

2) Charge interaction: Many metal ions exhibit positive charges in aqueous solutions. Hence, in ion-selective 
membranes like nanofiltration, negatively charged membranes can repel certain anions while attracting positively 
charged metal ions. This selective separation enhances overall removal efficiency.  

3) Diffusion: In reverse osmosis, heavy metal ions are driven through a semi-permeable membrane under high 
pressure. Smaller ions, such as arsenic, are unable to pass through because of the size of the membrane's pores, 
leading to their retention in the feed solution. 

4) Electrodialysis: The application of an electric current in the presence of selective ion exchange membranes allows 
for the separation of charged heavy metal ions from neutral or oppositely charged ions. Positively charged 
membranes (cation-exchange) facilitate the passage of cations while rejecting anions and vice versa for anion-
exchange membranes. 

5) Adsorption: Some inorganic membranes can adsorb metal ions onto their surface. 
6) Ion Exchange: Certain membranes can exchange ions with the metal ions in the solution. 

 
The efficiency of removal depends on factors such as membrane material, pore size, surface charge, pH of the 

solution, and the specific properties of the metal ions. In summary, membrane separation is an advanced method for removing 
toxic heavy metals from wastewater. By utilizing the properties of membranes and understanding the underlying principles of 
separation, effective solutions can be applied to achieve regulatory compliance and protect public health. The diverse types of 
membrane processes used for heavy metals removal are displayed in Table (3). 
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Table (3): Types of membrane processes for heavy metals removal 
 

Membrane process Characteristics Application References 

Ultrafiltration 

It involves forcing liquid through semi-permeable 
barriers.  High molecular-weight compounds and 
suspended matter stay on the retentate side of the 
barrier, while water and low molecular-weight 
substances flow to the permeate side. 

It was provided for the purification and 
recycling processes of industrial 
effluents and wastewater, and the 

elimination of macromolecules and 
particles. 

[64-67] 

Most chemical substances, viruses, and many different 
kinds of salts can all be removed by UF. It 
can eliminate 90–100% of pathogenic organisms, 
produce consistent water quality independent of the 
source of water, have a minimal physical footprint, and 
require none of the chemicals other than membrane 
maintenance that led to its increasing popularity. 
Pore diameters range from 0.1 to 0.01 μm, and 
"molecular weight cut-off" (MWCO) is now one of the 
best terminologies to describe them. It must be cleaned 
frequently to prevent fouling from solids, scaling, and 
microbial contaminants like bacteria and algae. 

Nano-filtration 

Between reverse osmosis and ultrafiltration, 
nanofiltration is a pressure-driven barrier technology 
that can reject all ionic and molecular contaminants. A 
common technique for eliminating organic debris, 
colour, odor, taste, residue disinfectant levels, and 
minimal herbicides from large water bodies is 
nanofiltration (NF) membrane technology. 

• Nanofiltration is gaining popularity 
in industrial sectors such as 
medicinal products, water 
purification, sewage treatment, the 
field of biotechnology, and brine 
water desalination.  

• The NF method is employed in 
industry to clean olive mill sewage, 
recover metals, and separate 
pigments in the waste from 
the textile industry. 

• In the oil and petroleum industries, 
NF has also been employed in 
the filtration method of effluents 
from pulp and paper manufacturing, 
greasy wastewater, coke wastewater, 
and mine water to remove acid 
sulfate. 

[68-71] Hardness, dyes, and heavy metals are separated from 
low molecular weight solutes such lactose, glucose, 
and salt using the characteristics of NF, which include 
a 1–5 nm pore size and an operating pressure from 7 to 
30 bar. Since NF runs at lower pressures of 8–30 bar 
than RO, it can obtain higher flux at lower process 
running costs. The Donnan phenomenon and the sieve 
mechanism are the two operational mechanisms that 
regulate transport across the NF membrane. 

The reverse osmosis 
method 

Reverse osmosis (RO) membranes are a low-cost 
option for water purification in wastewater treatment 
plants. RO membranes have been demonstrated to 
efficiently decrease the overall concentration of heavy 
metals, organic substances, pathogenic bacteria, 
viruses, and other dissolved pollutants. 

• The effluent produced by metal 
finishing and plating processes is 
treated and recycled by RO. 

• In circuit boards for electronic 
devices and semiconductors 
(recycling and treating rinse fluids 
utilized in electroplating procedures). 

• In the production of automobiles 
(cleaning and painting water 
treatment and recycling). 

• Food and drinks (reduction of 
biological before discharge and 
concentration of sewage for reuse). 

• Leachate from landfills and 
groundwater (which removes salts 
and heavy metals before being 
released). 

[72-74] 

The removal of dissolved solids and small particles is 
accomplished via pressure-driven RO, which only 
allows water molecules to flow through. For the water 
to overcome the osmotic pressure, a high enough 
pressure must be supplied to the RO. 
Compared to UF barriers, the membranes of RO 
systems have a much tighter pore structure that is less 
than 0.1 nm and can effectively remove all particles, 
germs, and organic molecules while additionally 
converting hard water to soft water. It needs only 
minimal maintenance. 

 
4. Case Studies for Membrane Techniques for the Elimination of Heavy Metals: 
 
4.1. Removal of Cr(VI): 

One of the heavy metals that harm the ecosystem is chromium. There are several different oxidation states of 
chromium, including Cr((III), (IV), (V), and (VI)). Trivalent and hexavalent chrome ions are the two chromium oxidation 
states that are the most stable. Due to its teratogenic and carcinogenic effects on humans and animals, Cr(VI) ions are 
considerably more harmful than Cr(III) ions. Edema, skin irritation, pulmonary congestion, and liver damage are side effects 
of prolonged exposure to Cr(VI) ions. Numerous sectors use chromium metal extensively, including leather, plating, 
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photographic, mineral extraction, paints manufacture, wood preserving, fabric dyeing, and chromate production. Effluents of 
these industries significantly contribute to water contamination. “The recommended level for drinking water is only 0.05 
mg/L, while the tolerance level for Cr(VI) ions for release into inland surface water is 0.1 mg/L, according to the 
Environmental Protection Agency (EPA) of the United States of America (USA)” [27]. Some of membranes that are used to 
remove hexavalent chrome ions from water are displayed in Table (4). 

 
Table (4): Membranes used to remove hexavalent chrome 

 

Membrane / 
Material Characteristics Modification Initial 

Concentration 
Removal 

Efficiency References 

Ball clay, feldspar, 
kaolin, pyrophyllite, 
quartz, and calcium 

carbonate 

- Tubular substrate porosity was 
53%. 

- Membrane pore size was 0.272 
μm. 

- Water permeability 4.43×10-7 
m3/m2s.kPa. 

Mordenite framework 
inverted (MFI) zeolite 

membrane 
1000 ppm 78% [75] 

Porous clay-alumina 
ceramic support tube 

- Pore size was 3 nm. 
- The permeability was 34.99 L/m2 

h bar. 

Hydroxyethyl 
cellulose and CuO 

nanoparticles 
Not reported 91.44% [76] 

Tubular clay-alumina 
ceramic support 

- Permeability to clean water of 
85.51 L/m2 h bar. 

Catharanthus Roseus 
leaf extract and CuO 

nanoparticles 
Not reported 88.08% [77] 

Clinoptilolite and a 
natural zeolite hollow 

fiber ceramic membrane 

- The water permeability was 
29.14 L/m2 h and mechanical 

strength was 50.92 MPa. 
--- 40 ppm 44% [78] 

Waste animal bones / bio-
ceramic hollow fiber 

membrane 
- The high flux of 88.3 L/m2 h. --- Not reported 100% [79] 

Clay and sawdust --- Impregnated with 
silver nanoparticles Not reported 57.3% [80] 

Natural zeolite support 

- Tubular microporous supports 
with pore diameter of 0.55 µm and 

porosity of 43.7%. 
- Modified membrane with pore 
diameters of 3 nm - 5 nm and a 

permeate flux of 59 L/m2 h. 

Smectite nanoparticles Not reported >89% [81] 

Clay and alumina ceramic 
microfiltration support 

- Tubular support with 1.6 µm 
pore size. 

Polyethyleneimine 
modified with 

ethylenediaminetetraac
etic acid 

Not reported 97.22% [82] 

α-Al2O3 ceramic 
membrane 

- The permeate flux for modified 
membrane was 85.6 L/m2 h. 

3-
aminopropyltriethoxys

ilane-modified 
mesoporous silica 

SBA 16 

Not reported 100% [83] 

Clay, perlite, and iron --- --- Not reported > 99% [84] 

Kaolin, nano-magnetite, 
magnesium carbonate, 
methocel, and starch 

--- Polyethersulfone 10 ppm 96.2% [85] 

Industrial rutile, fly ash, 
and graphite --- TiO2 nanofiber Not reported 97.09% [86] 

Ceramic microfiltration 
membrane 

- Having an average 
pore size of 1.6 µm. 
- Tubular membrane. 

Copper ions with the 
polyethyleneimine 

matrix 
Not reported > 95% [87] 

Kaolin, clay, and starch 

- The membrane had a water 
absorption rate, a compressive 

strength, and a pure water 
permeability of 27.27%, 31.05 

MPa, and 20.74 L/m2 h, 
respectively. 

- Chitosan coated ceramic 
membrane has pores that are 16.24 

nm in size. 

Chitosan with 
glutaraldehyde 

crosslinking 
Not reported 71.25% [88] 

 
4.2. Removal of Cd(II): 

Cadmium (Cd), one of the heavy metal contaminants, is present in the water body and is an environmental issue that 
harms the quality of water resources. The ceramic membrane used for groundwater treatment is printed in a gypsum cylinder 
mold with dimensions of 4 cm on the inside, 5 cm on the outside, 0.5 cm thick, and 20 cm in length. The ceramic filter is 
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made of clay, Andisol soil, and flour powder. The groundwater was processed using a ceramic membrane, activated carbon 
pellets, a carbon block, osmosis filters, and activated carbon powder as the final step. Measurement outcomes demonstrated 
that the ceramic filter was efficient in lowering cadmium ions concentration in water wells (98.9%) and reducing dissolved 
solids levels (94%) [89]. Some of membranes that are used to remove cadmium ions from water are displayed in Table (5). 

 
Table (5): Membranes used to remove cadmium 

 

Membrane / 
Material Characteristics Modification Initial 

Concentration 
Removal 
Efficiency References 

Waste animal bones / 
bio-ceramic hollow 

fiber membrane 

- The high flux of 
88.3 L/m2 h. --- Not reported 100% [79] 

Industrial rutile, fly 
ash, and graphite --- TiO2 nanofiber Not reported 96.38% [86] 

Ceramic 
microfiltration 

membrane 

- Having an average 
pore size of 1.6 µm. 

- Tubular 
membrane. 

Copper ions with the 
polyethyleneimine 

matrix 
Not reported > 95% [87] 

Palm oil fuel ash, 
Polyethersulfone, and 

metakaolin powder 
--- --- Not reported 96.4% [90] 

Alumina-carbon 
nanotube composite 

membrane 

-  Membrane 
porosity was 31%, 
and its strength was 

15.64 MPa. 

--- 1 ppm 93% [91] 

Carbon nanotubes, 
alumina, starch (as a 
pore-forming agent), 
and dispersion agents 

(sodium dodecyl 
sulfate, and gum 

Arabic) 

- Solid porous 
nanocomposite 
membrane has a 

pure water flux of 
37.8 L/m2 hr bar, 

compressive 
strength of 9.5 MP, 
and mean size of 
the pore of 0.14 

µm. 

--- Not reported 97% [92] 

Ceramic support tube 

- Pure water flux 
was 8.09 L/m2 h 

bar. 
- Positively charged 

nanofiltration 
membrane. 

Cu nanoparticles and 
Polytetrafluoroethylene Not reported 95.5% [93] 

Clay and activated 
carbon 

- The pore's 
diameter reduced 
from 35.5 nm (for 

the support) to 14.2 
nm (for the 
modified 

membrane) 

Zeolite Linde type A 
(LTA)-type Not reported 88.3% [94] 

 
4.3. Removal of Zn(II):  

Zinc is a trace element that is benign mainly to humans, but excessive amounts can induce stomach pains, 
irritability, vomiting, nausea, anemia, and even death [95]. Some of membranes that are used to remove zinc ions from water 
are displayed in Table (6). 
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Table (6): Membranes used to remove zinc 
 

Membrane / 
Material Characteristics Modification Initial 

Concentration 
Removal 

Efficiency References 

Waste animal bones / 
bio-ceramic hollow 

fiber membrane 

- The high flux of 88.3 
L/m2 h. --- Not reported 100% [79] 

Ceramic microfiltration 
membrane 

- Having an average 
pore size of 1.6 µm. 
- Tubular membrane. 

Copper ions with the 
polyethyleneimine matrix Not reported > 95% [87] 

Clay and activated 
carbon 

- The pore's diameter 
reduced from 35.5 nm 

(for the support) to 
14.2 nm (for the 

modified membrane) 

Zeolite Linde type A 
(LTA)-type Not reported 81.8% [94] 

Clay, iron powder, and 
rice husk 

- It has a 2.8 µm pore 
size and a surface area 

of 45.38 m2/g. 
--- Not reported 99.80% [96] 

Rice husk ash and 
Polyethersulfone 

- Green hollow fiber 
and high flux 
membrane. 

--- Not reported up to 99% [98] 

Mono-tubular ceramic 
membrane --- The anionic surfactant 

sodium dodecyl sulfate Not reported up to 99% [99] 

Ceramic substrate - Hollow fiber. 
- 1.06 µm in pore size. 

Graphene oxide grafted 
with ethylenediamine 

solution. 
A thin film of polyamide 

Not reported 93.33% [100] 

Iranian clay 
- The membrane 

porosity ranged from 
57 to 58% 

SnO2/Montmorillonite 
nanocomposite 5-50 ppm 76.79-92.23% [101] 

 
4.4. Removal of As:  

One of the most dangerous heavy metals considered to be arsenic, and the most common environmental toxin in the 
world, found in abundance in rocks, soils, and groundwater. It is categorized as a Group 1 human malignancy by the 
International Agency for Research on Cancer (IARC). In the Earth's crust, arsenic is the twenty-ninth most common element; 
in seawater, it is fourteenth, and in human tissue, it ranks twelve. There are two distinct forms of arsenic: ions of arsenite 
(As(III)) and arsenate (As(V)). In surface water streams and groundwater, arsenic is often present in trace concentrations 
[102]. Arsenic metal is a carcinogen and can impair the cardiovascular, dermatologic, neurological, hepatobiliary, renal, 
gastrointestinal, and respiratory systems [97]. Some of membranes that are used to remove arsenic ions from water are 
displayed in Table (7). 
 
Table (7): Membranes used to remove arsenic 

 

Membrane / 
Material Characteristics Modification Initial 

Concentration 
Removal 
Efficiency References 

Clay and alumina 
ceramic 

microfiltration 
support 

- Tubular support 
with 1.6 µm pore 

size. 

Polyethyleneimine 
modified with 

ethylenediaminetetraacetic 
acid 

Not reported 96.75% [82] 

Ceramic 
microfiltration 

membrane 

- Having an average 
pore size of 1.6 µm. 

- Tubular 
membrane. 

Copper ions with the 
polyethyleneimine matrix Not reported > 95% [87] 

Silica-based rice 
husk ash hollow 

fiber ceramic 
membranes 

- Hydrophobic 
membrane had 

fluxes of 50.4 kg 
/m2 h and 51.3 kg 

/m2 h for As(III) and 
As(V) ions. 

- With a 0.5 µm 
pore size 

The 1H,1H,2H,2H- 
perfluorodecyltriethoxysila

ne 
Not reported up to 99.6% [102] 

Iron, perlite, and 
montmorillonite --- --- Not reported 97% [103] 
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4.5. Removal of Ni(II)  
Chronic bronchitis, impaired lung function, and lung cancer are among the significant health impacts of nickel, 

which also causes allergic reactions in humans [97]. Some of membranes that are used to remove nickel ions from water are 
displayed in Table (8). 

Table (8): Membranes used to remove nickel 
 

Membrane / 
Material Characteristics Modification Initial 

Concentration 
Removal 

Efficiency References 

Ceramic microfiltration 
membrane 

- Having an average 
pore size of 1.6 µm. 
- Tubular membrane. 

Copper ions with 
the 

polyethyleneimine 
matrix 

Not reported > 95% [87] 

Rice husk ash and 
Polyethersulfone 

- Green hollow fiber and 
high flux membrane. --- Not reported up to 99% [98] 

Ceramic substrate - Hollow fiber. 
- 1.06 µm in pore size. 

Graphene oxide 
grafted with 

ethylenediamine 
solution. 

A thin film of 
polyamide 

Not reported 90.45% [100] 

Iranian clay 
- The membrane 

porosity ranged from 57 
to 58% 

SnO2/Montmorillon
ite nanocomposite 5-50 ppm 24.97-64.74% [101] 

Alumina particles, N-methyl-
2-pyrrolidone, polyether 
sulfone, and a surfactant 

- Hollow ceramic fiber. --- Not reported 63% [104] 

Sayong ball clay, 
methacrylamide, and N,N' –

methylenebisacrylamide 
--- --- Not reported 59% [105] 

 
4.6. Removal of Cu(II):  

Cu(II) ions are present in wastewater diffuse into the soil and water streams. It will eventually accumulate along 
with the food chain, endangering human health. Food pollutants like copper ions are typically found in mushrooms, liver, 
chocolate, almonds, and seafood. Consuming too much copper ions damages blood capillaries, irritates the intestinal tract, 
causes significant mucosal irritation, and causes necrotic changes in the liver and kidney. Conventional techniques typically 
include the reaction of copper ions with the compounds to produce insoluble precipitates that are separated through 
sedimentation or filtration [95]. Some of membranes that are used to remove cupper ions from water are displayed in Table 
(9).
Table (9): Membranes used to remove cupper 

 

Membrane / 

Material 
Characteristics Modification Initial Concentration Removal Efficiency References 

Waste animal bones / bio-ceramic 

hollow fiber membrane 

- The high flux of 88.3 L/m2 

h. 
--- Not reported 100% [79] 

Clay and alumina ceramic 

microfiltration support 

- Tubular support with 1.6 µm 

pore size. 

Polyethyleneimine modified 

with 

ethylenediaminetetraacetic 

acid 

Not reported 99.82% [82] 

Industrial rutile, fly ash, and graphite --- TiO2 nanofiber Not reported 90.15% [86] 

Ceramic substrate 
- Hollow fiber. 

- 1.06 µm in pore size. 

Graphene oxide grafted with 

ethylenediamine solution. 

A thin film of polyamide 

Not reported 92.73% [100] 

Iranian clay 
- The membrane porosity 

ranged from 57 to 58% 

SnO2/Montmorillonite 

nanocomposite 
5-50 ppm 97.88-99.26% [101] 

Sayong ball clay, methacrylamide, and 

N,N' –methylenebisacrylamide. 
--- --- Not reported 87% [105] 

Kaolin, silica, starch, graphite, and 

sodium silicate 
--- 

Combining the electrolysis 

procedure with the created 

ceramic membrane 

350 ppm 97% [106] 
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4.7. Removal of Pb(II): 
Lead impairs brain and nervous system development, which is especially hazardous to fetuses and young children. 

Lead harms to the kidneys, reproductive organs and neurological systems [97]. Some of membranes that are used to remove 
lead ions from water are displayed in Table (10). 

 
Table (10): Membranes used to remove lead 

 

Membrane / 
Material Characteristics Modification Initial 

Concentration 
Removal 
Efficiency References 

Porous clay-alumina 
ceramic support tube 

- Pore size was 3 
nm. 

- The permeability 
was 34.99 L/m2 h 

bar. 

Hydroxyethyl cellulose 
and CuO nanoparticles Not reported 97.14% [76] 

Ceramic 
microfiltration 

membrane 

- Having an 
average 

pore size of 1.6 
µm. 

- Tubular 
membrane. 

Copper ions with the 
polyethyleneimine 

matrix 
Not reported > 95% [87] 

Clay and activated 
carbon 

- The pore's 
diameter reduced 
from 35.5 nm (for 

the support) to 
14.2 nm (for the 

modified 
membrane) 

Zeolite Linde type A 
(LTA)-type Not reported 99.7% [94] 

Rice husk ash and 
Polyethersulfone 

- Green hollow 
fiber and high flux 

membrane. 
--- Not reported up to 99% [98] 

Ceramic substrate 
- Hollow fiber. 

- 1.06 µm in pore 
size. 

Graphene oxide grafted 
with ethylenediamine 

solution. 
A thin film of 

polyamide 

Not reported 88.35% [100] 

Clay-alumina ceramic 
substrate 

- The membrane 
nominal pore size 

was 2.8 nm 

Hydroxyapatite 
nanoparticles 5 ppm 99.6% [107] 

Activated zeolite 
powder and 

polyethylene glycol 
--- --- 200 ppm 87% [108] 

 
5. Limitations of Membrane Separation Processes: 
 
5.1. Limitations in inorganic membrane technology: [109-110] 

While membrane separation processes are increasingly recognized for their efficacy in removing heavy metals and 
other contaminants from wastewater, they face several challenges and limitations that can hinder their performance and 
applicability. This section explores these limitations in detail and discusses strategies for controlling fouling across different 
types of inorganic membranes. 

1) Fouling: 
- Definition: Fouling is the accumulation of unwanted materials on the membrane surface or within its pores, 

which leads to a decline in membrane performance, including reduced permeate flux and increased 
transmembrane pressure, different types of membrane fouling are shown in Figure (7) [51].  

- Types of Fouling: Fouling can primarily be classified into three categories: 
- Particulate fouling: Due to the deposition of suspended solids and colloids. 
- Organic fouling: Caused by the adsorption of macromolecules and organic substances onto the membrane 

surface. 
- Inorganic fouling (scaling): The deposition of minerals such as calcium carbonate and sulfate salts, usually 

resulting from supersaturation conditions in the feed solution. 
- Impact: The presence of fouling not only reduces the efficiency of the membrane but also necessitates frequent 

cleaning and maintenance, increasing the operational costs. 
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Fig. (7): Different types of membrane fouling [51] 
 

2) Membrane Material Limitations: Durability and Chemical Resistance: Although inorganic membranes, including 
those made of ceramics, typically demonstrate superior durability and chemical resistance compared to polymeric 
membranes, they can still be susceptible to specific solvents or extreme pH levels, limiting their applicability. 

3) Membrane Selectivity: Membrane processes may struggle to achieve effective separation if the feed solution 
contains a broad spectrum of contaminants, as the selectivity of the membrane may not discriminate well among 
similarly sized ions and molecules. This is particularly relevant when addressing mixtures of heavy metals at low 
concentrations. 

4) Reduced Flux Over Time: Over extended periods, the permeate flux through the membrane typically declines due 
to fouling, concentration polarization, and the membrane's aging or degradation. 

5) Limited Flow Rates: The design and size of certain inorganic membranes may limit their flow rates, impacting the 
overall operational efficiency for large-scale applications. 

6) Concentration Polarization: The build-up of rejected solutes near the membrane surface, reducing effective driving 
force. 

7) Mechanical Strength: Brittleness of some ceramic membranes can lead to cracking under high pressures. 
8) Cost Issues: Inorganic membranes are often more expensive than their polymeric counterparts, owing to their 

complex manufacturing processes and materials. This high initial cost can be a barrier for widespread adoption, 
especially in financially constrained applications. 

9) Scalability: Challenges in producing large-scale, defect-free inorganic membranes. 
 
5.2. Controlling fouling in inorganic membranes: [111-112] 

To mitigate fouling, a variety of strategies can be employed across the range of inorganic membranes, including 
ceramic membranes as shown in Table (11). 

Despite the considerable advantages of membrane separation processes in treating water contaminated by heavy 
metals, challenges such as fouling, material limitations, and suboptimal flux rates remain significant hurdles. Understanding 
and employing effective strategies for fouling control, along with optimizing operational conditions, will enhance the 
performance and longevity of inorganic membranes. Continued research and development in membrane technology hold 
promise for overcoming these limitations and facilitating the broader application of membrane systems in environmental 
remediation and industrial wastewater treatment. 
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Table (11): Different strategies for fouling control [111-112] 
 

Name of Strategy Details 

1. Pre-treatment of Feed Solutions 

a) Coagulation and 
Flocculation 

The addition of coagulants can enhance the agglomeration of suspended solids, 
leading to easier removal before the feedwater reaches the membrane. This method 

helps in minimizing particulate fouling. 

b) Microfiltration 
Using microfiltration as a pre-treatment step can effectively remove larger particles 

and colloids, thereby reducing the fouling load on downstream membranes like 
ultrafiltration or reverse osmosis. 

c) Filtration Systems Design Implementing appropriate sedimentation tanks or clarification systems prior to the 
membrane unit can significantly decrease the particulate load. 

2. Membrane Surface Modification 

a) Hydrophilization 
Modifying the membrane surface to increase its hydrophilicity can enhance its 

resistance to organic fouling by improving water flux and reducing the adsorption of 
organic substances. Techniques include graft polymerization and surface coatings. 

b) Functionalization 
Incorporating specific functional groups that repel certain foulants can also be 

effective. For instance, the introduction of charged groups can enhance the 
membrane’s selectivity toward certain ions. 

c) Antimicrobial modifications to prevent biofouling. 

3. Operational Adjustments 

a) Flux Management 
Adjusting the operational flux can significantly reduce fouling rates. Maintaining 
lower operating pressures and fluxes can minimize shear stress on the membrane 

surface, thereby reducing the likelihood of fouling. 

b) Backwashing Regular backwashing (reverse flow) of the membrane can dislodge foulants that have 
adhered to the membrane surface, restoring flux without major chemical cleaning. 

4. Chemical Cleaning 

a) Cleaning Protocols 

Routine chemical cleaning with appropriate cleaning agents (e.g., sodium 
hypochlorite, citric acid) can help remove fouling layers that have formed on the 
membrane surface. Establishing a comprehensive cleaning strategy based on the 

nature of fouling is crucial. 

b) Use of Antifouling Agents 
Adding antifouling agents to the feed solution can prevent the adhesion of foulants and 

facilitate easier maintenance. 
 

c) Acid cleaning for inorganic scaling 
d) Alkaline cleaning for organic fouling 
e) Enzymatic cleaning for specific foulants 

5. Hybrid Systems 

Combining membrane processes with other separation methods (such as adsorption, advanced oxidation processes, or 
biological treatments) can be beneficial in managing fouling. These hybrid systems allow for considerable overall removal of 

contaminants while lowering fouling potential. 
 

6. Conclusion and Suggestions for the Future Research Needs: 
One of the most pressing issues confronting the planet is the demand for safe drinking water. Since the majority is 

contaminated and salty, and only 2.5 percent are classified as clean water. The demand for safe and pure water is rising 
globally as a result of the world's rapid population growth, growing manufacturing, growing cities, and extensive agricultural 
practices. Numerous techniques are now being used to purify and disinfect the water. Furthermore, since heavy metals and 
some bacteria cannot be removed by traditional processes, it is important to treat wastewater using innovative techniques. The 
different forms of membrane technologies will become progressively more important to the industry's ability to handle 
wastewater and water. After a thorough assessment of the literature, it was discovered that ceramic membranes (CMs) 
outperformed traditional techniques in the elimination of heavy metals. To create more valuable and affordable membranes 
for eliminating hazardous heavy metals from effluents and solutions, a variety of materials have been employed, including 
waste materials, modified carbon materials, clay minerals, and modified clays. Lately, waste materials management in the 
production of ceramic membranes has been the focus of research. As a result, more investigation must be conducted in this 
area. Therefore, the implementation of membrane-based methods in sewage treatment seems highly promising and may have 
a bright future; nevertheless, scientific societies and government bodies must make an extensive and coordinated investment 
in this field. 
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By adding nanomaterials, the effectiveness of NF and RO in removing heavy metals might be improved. By using 
nanocomposite membranes, water flow, and heavy metal rejecting can both be enhanced. Carbon nanoparticles are thought to 
be the perfect technology needed for wastewater treatment in future processes involving membrane separation because of their 
many exceptional qualities. Carbon nanomaterials, with their huge surface areas, size, and unique optical, electrical, and 
catalytic features, have demonstrated considerable potential for developing more effective wastewater cleanup methods. 
Nonetheless, other obstacles related to toxic effects, fouling, and other issues persist, which clarifies the need for nanoparticle 
modifications or functionalization, primarily concerning carbon nanotubes (CNTs). Additionally, modified groups that aid in 
excellent dispersion in solutions and polymer matrix can be generated by the functionalization of CNTs and graphene oxide 
(GO) sheets. Membrane efficiency and characteristics have improved as a result of innovation. The most promising 
technologies for sewage treatment and many additional sectors will emerge from the exceptional efficacy and ongoing 
development of barriers based on enhanced or functionalized carbon nanoparticles. 

When producing carbon-based nanomaterials, accuracy and a deeper understanding of the surface shape and 
characteristics are necessary for functionalization. Although these carbon nanoparticles are thought to be cost-effective, 
creating an effective carbon nano-membrane is a labour-intensive procedure that calls for personnel with more qualifications 
in this area as well as competent employees. Scientists and investigators need to be informed on the long-term effects of CNM 
concentrations on our surroundings, as well as the hazards of specific CNMs. This raises the cost challenge as well. Therefore, 
additional research is required to successfully synthesize these nano-based materials and use them in membrane filtration 
techniques. Certainly, the use of CNMs in membrane separation for treating wastewater has shown to be beneficial and not 
economical; nevertheless, these applications are limited to smaller-scale, non-mass operations. To determine their 
effectiveness for large-scale uses, more investigation is required. 
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