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Abstract: Various industrial activities release heavy metal ions into the environment, which repre- 14 

sent one of the major toxic pollutants owing to their severe effects on the environment, humans, and 15 

all living species. Despite several technological advances and breakthroughs, wastewater treatment 16 

remains a critical global issue. Traditional techniques are dedicated to extracting heavy metal ions 17 

from diverse wastewater origins, encompassing coagulation/flocculation, precipitation, flotation, 18 

and ion exchange. Their cost, side toxicity, or ineffectiveness often limit their large-scale use. Due to 19 

their adaptable design, simple operation, and reasonable cost, membrane filtration and adsorption 20 

have proven their efficiency in removing metals from wastewater. Recently, adsorption-based filters 21 

have appeared promising in treating water. Within this range, filters incorporating natural or hybrid 22 

adsorbents present an appealing alternative to conventional approaches. This review aims to list 23 

and describe the conventional and advanced wastewater treatment methods by comparing their 24 

efficiency, cost, and environmental impact. Adsorption-based filters were highlighted due to the 25 

significant advantages they can provide. 26 
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 28 

1. Introduction 29 

Over time, environmental pollution has witnessed a persistent rise, impacting both 30 

human existence and the broader ecosystem. Water pollution is growing mainly due to 31 

wastewater from various industries dealing with paper and pulp, textiles, chemicals, etc 32 

[1]. As of July 2022, a report jointly published by the World Health Organization and the 33 

United Nations International Children's Emergency Fund (UNICEF) revealed that ap- 34 

proximately 2.2 billion individuals remain without access to clean and safe drinking water 35 

[2]. Additionally, around 653 million people lack hand-washing facilities in their homes. 36 

The makeup of pollutants found in water effluents is contingent upon the industries in 37 

the vicinity responsible for generating the wastewater [3]. These effluents often contain 38 

harmful substances such as pesticides, dyes, aromatic hydrocarbons, oils, heavy metals, 39 

and more, which, when released into the environment, pose detrimental consequences for 40 

both humans and wildlife [4–6]. In addition, the continuous industrialization in develop- 41 

ing countries significantly increased water demand [7]. Among several alternatives to pre- 42 

serve water resources, developing efficient and sustainable wastewater treatment technol- 43 

ogies can provide a convenient way to reuse it [1]. 44 
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Efficient wastewater treatment, encompassing the removal of heavy metals and their 45 

responsible utilization, plays a vital role in attaining the United Nations Sustainable De- 46 

velopment Goal 6 (SDG6) of universal access to drinking water, sanitation, and hygiene 47 

by 2030 [8]. Wastewater treatment practices vary from one nation to another, exhibiting 48 

significant distinctions, particularly between developed and developing countries. While 49 

advanced countries mainly use centralized treatment, many developing countries use de- 50 

centralized or no wastewater treatment. Although centralized treatment has some ad- 51 

vantages, it may not be sustainable in the long term because of its high environmental 52 

impact related to resource consumption. In contrast, built-up treatment plants can be a 53 

sustainable solution for all countries, regardless of their development level. Most im- 54 

portantly, constructed washes may be a sustainable wastewater treatment for developed 55 

and emerging countries [9]. 56 

The pollutants generated in the water effluents are usually classified as organic and 57 

inorganic contaminants, depending on the types of molecules and their toxicity levels. 58 

Heavy metals are highly toxic inorganic pollutants, non-biodegradable, and their accu- 59 

mulation in wastewater yields a weighty environmental burden [10]. These heavy metals 60 

come from multiple industrial activities such as tannery and battery manufacturers, elec- 61 

troplating, mining, pesticides, and paint industries [11]. Hence, they stand out as the most 62 

enduring contaminants within wastewater, and their elevated toxicity can potentially im- 63 

pact critical bodily functions, including blood composition, brain activity, respiratory sys- 64 

tem, kidneys, liver, and other vital organs [12]. As a result, extended exposure may lead 65 

to the gradual onset of physical, muscular, and neurological degenerative conditions that 66 

exhibit similarities to diseases such as Alzheimer's, Parkinson's, muscular dystrophy, and 67 

multiple sclerosis [9,10]. As a result, heavy metals significantly harm human health, 68 

aquatic ecosystems, and the surrounding environment. Thus, it is becoming crucial to 69 

simultaneously reduce these numerous pollution sources, develop effective techniques for 70 

eliminating such dangerous pollutants from wastewater, and recycle them for other uses. 71 

Several conventional methods, including coagulation, osmosis, ion exchange, and 72 

precipitation, are employed to decrease the elevated concentration of various metal ions 73 

in wastewater to meet the required regulatory levels [13]. However, many factors often 74 

limit these methods, such as cost and toxic environmental side effects [14]. Other relatively 75 

advanced techniques, such as adsorption and membrane filtration, have become excellent 76 

alternative treatments with improved removal effectiveness and reduced costs and envi- 77 

ronmental impact [15]. Indeed, the effective removal of heavy metal ions from wastewater 78 

necessitates the consideration of several critical factors, including their concentration, spe- 79 

cific metal types, pH levels, chemical additives, removal efficiency, environmental conse- 80 

quences, and cost implications. In industrial settings, adsorption is widely acknowledged 81 

as one of the most efficient methods for wastewater treatment, effectively reducing the 82 

presence of harmful inorganic and organic pollutants in the treated wastewater released 83 

as effluents [16]. Heavy metal ions' adsorption results from physicochemical interactions, 84 

primarily involving ion exchange or the formation of complexes between the metal ions 85 

and the functional groups found on the surface of the adsorbent. Furthermore, cost-effec- 86 

tive adsorbents derived from natural biomass materials, industrial solid waste, agricul- 87 

tural byproducts, and biosorbents as source materials emerge as promising alternatives 88 

[16,17]. They exhibit enhanced adsorption capabilities after subjecting raw biomass adsor- 89 

bents to various physical or chemical treatments [18-20]. Nevertheless, natural, synthetic, 90 

and hybrid filters (a mix of natural and synthetic) show high adsorption capacity as they 91 

efficiently adsorb heavy metals and dye pollutants in aqueous solutions. 92 

In this review, we have compiled and compared examples of the most common con- 93 

ventional and relatively advanced wastewater treatment methods used to remove heavy 94 

metals. We have described the most relevant features of the removal methods and dis- 95 

cussed their performance with respect to the cost, environmental impact, and removal 96 

efficiency. In addition, we have focused on advanced techniques, especially membrane 97 
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filtration and adsorption, and highlighted the advantages of the different filter types and 98 

applications. 99 

2. Heavy metals: sources and toxicity 100 

Heavy metals in surface water systems can have natural origins or result from human 101 

activities. Geological or natural sources encompass volcanic eruptions, the weathering of 102 

rocks containing metals, sea salt spray, wildfires, and natural weathering processes that 103 

can initiate the release of metals into different environments. Heavy metals can take vari- 104 

ous forms, including hydroxides, oxides, sulfides, sulfates, phosphates, silicates, and or- 105 

ganic compounds [21,22]. Furthermore, various industrial manufacturing processes dis- 106 

charge heavy metals, including Cr, Cd, Ni, Cu, Zn, As, and Pb, at varying toxicity levels. 107 

These metals exhibit high water solubility and can be absorbed by aquatic organisms, 108 

leading to their accumulation in the human body via the food chain. Exceeding the re- 109 

quired concentrations of heavy metals when ingested can result in various health disor- 110 

ders [23]. Heavy metal contamination poses environmental risks due to its carcinogenic, 111 

teratogenic, and endocrine-disrupting effects, which can significantly impact children's 112 

behavior [24].  113 

Table 1 summarizes the major sources and effects of common heavy metals, exclud- 114 

ing cadmium, copper, and lead. These latter particular metals are discussed in detail in 115 

the following due to their prevalence in water contamination and the significant attention 116 

they have received over the decades.  117 

Cadmium (Cd), a profoundly toxic metal, is primarily produced as a byproduct of 118 

zinc manufacturing. It becomes stored in plants and subsequently ingested by microor- 119 

ganisms and humans. Exceeding the threshold level (7µg/L) of cadmium can lead to harm- 120 

ful effects. The metal shows a high transfer rate from soil to plants, resulting in elevated 121 

cadmium levels in fruits and vegetables. As a non-essential toxic metal, it significantly 122 

disrupts cellular enzymatic systems, leading to oxidative stress and nutrient deficiencies 123 

in plants. Additionally, cadmium is associated with hepatotoxicity, causing liver disease, 124 

by binding to cysteine-rich proteins like metallothionein. Furthermore, cadmium has an 125 

affinity for binding with ligands like glutamate, histamine, and aspartate, potentially 126 

causing iron deficiency [25]. 127 

Copper (Cu) exists in the environment due to natural and human activities. Anthro- 128 

pogenic sources of copper include mining, metal and electric production, fungicide use, 129 

leather processing, and vehicle brake pads. Also, natural copper contamination sources 130 

can arise from forest fires, volcanic eruptions, and windblown dust [26]. Copper is in- 131 

volved in many enzymatic systems in the organism but becomes toxic at high intake lev- 132 

els, exceeding 2000 µg/L [27]. Copper is crucial for nutrition and plays a vital role in brain 133 

function, but its presence is also associated with the development of Alzheimer's disease. 134 

Even small concentrations of copper in drinking water can notably impact individuals' 135 

learning and memory [28]. Moreover, prolonged exposure to copper primarily affects the 136 

liver, the first site where copper accumulates upon entering the bloodstream. Copper tox- 137 

icity typically manifests as the development of cirrhosis, accompanied by episodes of he- 138 

molysis and damage to renal tubules, as well as affecting the brain and other organs. Pro- 139 

longed and excessive exposure to copper can lead to hepatic necrosis, vascular collapse, 140 

coma, and ultimately, fatality [29]. 141 

Lead (Pb) primarily enters the environment through various sources such as lead 142 

paint, house dust, food, air, soil, pottery, solder, porcelain, and tin. It accumulates in the 143 

body and can lead to disruptions in the number of red blood cells and kidney and brain 144 

diseases. It poses a significant hazard to young children and pregnant women, affecting 145 

physical development and normal mental growth in adults. Drinking water contaminated 146 

with lead (threshold of Pb: 25µg/L) harms human health, especially for children consum- 147 

ing fruit juice and foods prepared with water containing lead [30-32]. 148 

 149 

 150 
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Table 1. Common heavy metal ions in wastewater: sources and effects. 151 

Heavy metal Major source(s) Common effects  Reference 

Arsenic (As) 

Insecticides and pesticides, 

treated wooden pulps, and 

smelting metals. 

Cancer, skin color changes, 

Blackfoot disease, diabetes, 

and others. 

 [31,32] 

Zinc (Zn) 

Plating, galvanizing, other metal 

finishing processes, paper and 

pulp industries, battery industry. 

Kidney failure, lung fibrosis 

and cancer, anemia, vomiting, 

and others. 

 [33] 

Chromium (Cr) 
Electroplating, leather tanning, 

and textile industries. 

Dermatitis, kidney and gastric 

damage, lung cancer, 

respiratory tract and eyes 

irritation, and others. 

 [34,35] 

Mercury (Hg) 

Oil refinery processes, pesticides, 

and burning coal for power 

generation 

Brain, central nervous system, 

heart, alimentary tract, 

kidney, and liver significant 

damages. 

 [36] 

Nickel (Ni) 

Electroplating, printing and 

dyeing, and pharmaceutical and 

metallurgical industries 

Skin irritation, asthma, 

conjunctivitis, and cancer 

 [37,38] 

Bismuth (Bi) 
Chemical and pharmaceutical 

industries 

Hypotension, insanity, and 

renal failure 

 [39] 

3. Elimination of heavy metals from wastewater: conventional methods 152 

A variety of traditional methods are employed for the extraction of heavy metals 153 

from wastewater. These techniques include coagulation and flocculation, chemical precip- 154 

itation, ion exchange, flotation, electrochemical separation, and evaporation [40]. In the 155 

following, we describe the most common and significant conventional practices for 156 

wastewater treatment, along with their advantages and disadvantages. 157 

3.1. Coagulation and flocculation 158 

Coagulation refers to destabilizing colloids by neutralizing their repulsive forces, 159 

while flocculation involves aggregating unstable particles [41]. Traditional coagulants 160 

such as aluminum, ferrous sulfate, and ferric chloride are employed to counteract ionic 161 

charges. On the other hand, flocculation entails the amalgamation of particles to form 162 

larger coagulates. These larger coagulates can be generated using materials like polyalu- 163 

minum chloride, polyferric sulfate, polyacrylamide, and various polymer flocculants [42]. 164 

The coagulation-flocculation process demonstrated both effective performance and 165 

straightforwardness in removing heavy metals from wastewater [43]. According to previ- 166 

ous works, polyethylene-glycol is one of the most practical flocculants [44]. This approach 167 

can efficiently eliminate a range of heavy metals, including Cu, Pb, Ni, As, Se, Cr, Sb, and 168 

Ag [45]. The removal efficiency for the mentioned heavy metal ions varied between 95% 169 



5 of 30 
 

 

and 99%. However, there are several drawbacks associated with the application of floccu- 170 

lation that can be pinpointed. These include the health hazards posed by inorganic coag- 171 

ulants, the generation of significant amounts of sludge, limited selectivity for specific met- 172 

als and inefficiency in addressing emerging pollutants, the potential for increased sewage 173 

colors, lower effectiveness when employing natural coagulants, and challenges in scaling 174 

up the process [46]. 175 

3.2. Precipitation 176 

The chemical precipitation method, also known as coagulation precipitation, is ex- 177 

tensively utilized in various industries and is regarded as one of the most efficient and 178 

well-established techniques. This method involves transforming dissolved metal ions into 179 

solid particles, facilitating precipitation (Fig. 1). The coagulant precipitates metal ions in 180 

many ways, such as changing pH, electro-oxidation potential, or co-precipitation, fol- 181 

lowed by removing deposits.  182 

 183 

Figure 1. The precipitation technique for extracting heavy metals from wastewater. 184 

Hydroxide precipitation is commonly utilized due to its cost-effectiveness, simplic- 185 

ity, and the ability to adjust pH as needed [46]. This is achieved by adding hydroxide to 186 

the agitated wastewater, forming insoluble metal hydroxide precipitates. For example, 187 

metal ions can react with calcium hydroxide (lime), producing metal hydroxide precipi- 188 

tates and calcium ions, as illustrated in Eq. 1. 189 

Mn+ + Ca(OH)2  ⇆  M(OH)n (s) + Ca2+       (1) 190 

In addition, sulfides are widely used to precipitate the metals polluting the 191 

wastewater (Eq. 2). 192 

Mn+ +  S2− ⇆  Mn S(s)          (2) 193 

Despite its relatively high efficiency, about 95-99%, for most heavy metals present in 194 

wastewater, the precipitation method suffers various drawbacks [47]. High pH depend- 195 

ence and difficulty in removing large sludge volumes from the water are among the most 196 

critical limitations [48]. 197 

3.3. Ion exchange 198 

The reversible chemical response used to transform unwanted metallic ions into less 199 

environmentally harmful ones makes the ion exchange treatment an alternative to the pre- 200 

viously described methods [49]. A heavy metallic ion is eliminated from the wastewater 201 

by bonding to a motionless solid particle as an alternative to the solid particle cation. The 202 

ion-alternate technique can put off-target (a few or all) heavy metallic ions, including Pb2+, 203 
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Hg2+, Cd2+, Ni2+, V4+, V5+, Cr3+, Cr4+, Cu2+, and Zn2+ from wastewater. The ion exchange oc- 204 

curs when the alternate cation of the ion exchanger exchanges the wastewater pollutant 205 

cation, as shown in Eq. 3, where M˗EC+ stays for the ion exchanger, EC+ the exchange cat- 206 

ion, WC+ the wastewater cation, and M˗ the stable ion. Na+ and H+ are usually used as 207 

alternate cations [50]. 208 

M−EC+ +  WC+  ⇆  M−WC+ + EC+         (3) 209 

Various types of resins were investigated for cation removal and described in the lit- 210 

erature, such as Amberlite IRC86 chelating exchange resin [51] and Diaion weak cationic 211 

resin CR11 [52]. Both examined resins demonstrated an efficiency of approximately 90% 212 

in the removal of trivalent chromium from aqueous solutions [52]. In addition, zeolite ex- 213 

hibits an outstanding ion exchange capacity of up to 98% due to its inherent negative 214 

charge. This negative charge arises from Si4+ in the center of the tetrahedron, which un- 215 

dergoes isomorphous replacement with Al3+ cations. Furthermore, metal-organic frame- 216 

works (MOFs) have been extensively studied and proposed as highly promising materials 217 

for the ion exchange removal process [53]. Some reported MOFs were used for Cd2+, Pb2+, 218 

and Hg2+ removal with a capacity of 97%, 95%, and 93%, respectively [54], ZIF-8 elimi- 219 

nated 95% of Cu2+[55], and ZIF-67 eliminated 98% of Cr6+ [56]. Although the ion exchange 220 

method has shown promising results, further research is needed to investigate its stability 221 

and reusability [44]. 222 

3.4. Flotation 223 

Flotation is a gravity separation typically implemented to separate minerals, such as 224 

sulfides. This procedure holds substantial importance in the economies of all developed 225 

nations [57,58]. Nowadays, it is used extensively for metal ion recovery from industrial 226 

wastewater and is applied to a wide range of heavy metal waste streams [59,60]. Several 227 

types of flotation separation were discussed in the literature, such as dissolved-air flota- 228 

tion and ion flotation, which are considered the most significant [61]. 229 

The dissolved air flotation consists of applying gas bubbles to the body of 230 

wastewater, which will selectively transfer the metal ions to the water's surface, forming 231 

a slug that can be easily eliminated. This process helped remove heavy metals, such as Cu, 232 

Cd, Fe, Ni, Mo, Mn, and As, from wastewater with good efficiencies [61].  233 

On the other hand, ion flotation was implemented to eliminate Cr3+, Pb2+, and Cu2+ 234 

from wastewater in the presence of different surfactants. Removal effectiveness was 235 

achieved at 95% for the mentioned metal ions [62].  236 

Despite the simplicity, high selectivity, and high removal efficiencies obtained in flo- 237 

tation, the process is constrained by the removal rate and ineffectiveness when applied to 238 

large dosage amounts of metals in water. In addition, if biosurfactants are not used, the 239 

process is constrained by high toxicity [62]. 240 

3.5. Electrochemical separation 241 

Electrochemical techniques have recently gained substantial attention and recogni- 242 

tion as a dependable method for treating industrial wastewater. In contrast to alternative 243 

systems, electrochemical systems offer numerous advantages, such as operation under 244 

ambient pressure and temperature conditions, dependable performance, and the ability 245 

to accommodate fluctuations in influent flow rate and composition. This process is known 246 

for its ability to degrade various contaminants, including heavy metals. The fundamental 247 

aspect of the electrochemical reaction involves the flow of electric current through an 248 

aqueous solution containing metals, a cathode plate, and an insoluble anode (Fig. 2) [63]. 249 

Heavy metals are managed through precipitation as hydroxides in electrolytes with 250 

a neutral or slightly acidic pH. In this way, the choice of electrode material plays a signif- 251 

icant part in increasing the capabilities for various types of pollutants. Additionally, the 252 

number of ions created by the electrical current will determine the quality of the treated 253 
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effluent. Therefore, any factor impacting the charge in the process will also affect the pro- 254 

cess' overall efficiency [63]. 255 

Many metal ions, such as Hg2+, Cd2+, Pb2+, and Cu2+, were successfully removed with 256 

excellent efficiency using this process. To make this type of treatment viable for industrial 257 

applications, it is crucial to address the issue of energy consumption [64]. 258 

 259 

Figure 2. Electrochemical separation technique for wastewater treatment. 260 

4. Elimination of heavy metals from wastewater: Advanced methods 261 

Over time, the adoption of advanced technologies for removing heavy metals from 262 

wastewater has seen substantial growth. In the subsequent sections, we outline and ex- 263 

plore some of the more prevalent advanced techniques, such as membrane filtration and 264 

adsorption, which include filtration systems. These methods exhibit numerous notable 265 

advantages in comparison to traditional approaches. 266 

4.1. Membrane filtration 267 

Among the array of wastewater treatment methodologies, membrane filtration is fre- 268 

quently employed as a separation technique within water purification systems. Mem- 269 

brane filters can prevent the formation and spread of bacteria and viruses but also remove 270 

particles like total suspended solids, turbidity, and sediment from water. 271 

The attractive nature of membrane filtration to industry and central municipal 272 

wastewater recycling lies in its capability to remove suspended solids, organic com- 273 

pounds, and inorganic contaminants, including heavy metals. The pressure-driven mem- 274 

brane filtration process is primarily governed by the pressure difference between the feed 275 

and permeate sides (Fig. 3) [65]. Various membrane filtration methods can be applied for 276 

the extraction of heavy metals from wastewater, depending on the desired particle size 277 

retention [15], as illustrated in the filtration spectrum adapted from [66] (Fig. 4). 278 
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 279 

Figure 3. The generic membrane separation procedure. 280 

 281 

Figure 4. Filtration spectrum (Source: adapted from [66]). 282 

Reverse osmosis (RO) is a separation process driven by pressure, employing a semi- 283 

permeable membrane with a pore size of 0.5-1.5 nm. This membrane explicitly allows the 284 

passage of molecules smaller than the size of its pores (Fig 5 (a)). The RO process works 285 

by exerting pressure values (ranging from 20 to 70 bar) higher than the feed solution's 286 

osmotic pressure. This effectively reverses the typical osmotic process. The solute mole- 287 

cules within the solution generally have a molecular size ranging from 0.25 to 3 nm [67]. 288 

The filtration yield was estimated at 95-99 % inorganic salts and charged organic matter 289 

removal. In the RO separation process, heavy metal ions present in electroplating 290 

wastewater, such as Ni2+, Cr6+, and Cu2+, are effectively removed with an efficiency surpas- 291 

sing 98.75% [68]. In recent times, the method has been utilized for the purification of in- 292 

dustrial wastewater derived from mining activities in coaster-field, Victoria-Australia, 293 

with averaged extraction efficiency values dependent on the extracted metal: Fe3+ (10 %), 294 

Zn2+ (48 %), As3+ (66 %), Ni2+ (82 %), and Sb3+ (95 %) [44]. RO is a compact method with a 295 

high removal rate. Nonetheless, the exerted pressure can result in membrane fouling and 296 

deterioration as contaminants accumulate on the surface of the membrane [69]. 297 

Conversely, the forward osmosis (FO) procedure entails employing a semi-permea- 298 

ble membrane to partition the feed solution from the draw solution (Fig. 5 (b)). This ap- 299 

proach balances selectivity and the flow rate of permeate water [70]. Typically, the draw 300 

solution has a higher osmotic pressure than the feed solution. This difference in osmotic 301 

pressure induces water movement from the feed solution to the draw solution, leaving 302 

behind undesired solutes in the feed solution while treating the water in the draw solution 303 

[71]. This method is eco-friendly and efficient, as it does not necessitate hydraulic pressure 304 

for the FO process. The devices based on FO are easy to clean, have a low fouling rate, and 305 

are widely used in wastewater treatment [63,64], with extraction efficiency reports for Pb, 306 

Cr, As, Cd, and Cu as high as 99.5%. In other studies, 98-99.96% removal efficiency was 307 
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achieved in removing Co2+, Cu2+, and Zn2+ from acid mine drainage [72,73]. Despite its 308 

relatively effective removal capabilities, FO technology has its limitations. The choices for 309 

FO membranes are restricted [74], and the desired solute often needs to be regenerated 310 

through methods like membrane distillation [75,76], which can also entail increased en- 311 

ergy consumption [72].  312 

 313 

Figure 5. Reverse osmosis (a) and Forward osmosis (b) membrane separation methodologies. 314 

In contrast, in ultrafiltration (UF), both water and low molecular weight solutes per- 315 

meate through the membrane, while larger macromolecules exceeding the membrane's 316 

pore size are retained. UF typically possesses a pore size range of 0.001-0.1 µm, offering 317 

effective removal capabilities for wastewater treatment. Conversely, microfiltration (MF) 318 

normally operates with pore sizes that are up to an order of magnitude larger. While 319 

wastewater treatment often employs relatively open MF membranes with a pore size of 320 

0.1-1.0 µm, the current trend in water treatment favors using moderately tight MF mem- 321 

branes with pore sizes ranging from approximately 0.09 to 0.1 µm [65]. The membrane 322 

filtration techniques applied to industrial wastewater can give effluent for disposal or 323 

feedstock for reusing [65]. UF membrane technology has been successfully used to elimi- 324 

nate heavy metals, such as iron, copper, and chromium, with a capacity ranging from 96 325 

to 99% [77]. MF is usually used in municipal water treatment applications due to its re- 326 

moval capacity of viruses and, to some extent, its depth filter function. It also provides a 327 

barrier against bacterial and protozoan parasites [65]. 328 

Various other membrane types have been documented in the literature, including 329 

membranes composed of synthesized metal oxide/polyethersulfone (PES), Al2O3/PES, and 330 

ZrO2/PES. These membranes were employed for the removal of metals from wastewater. 331 

They were crafted by incorporating PES, Al2O3, and ZrO2 nanoparticles, with particle sizes 332 

ranging from 40-50 nm and surface areas measuring between 20-34 m2/g. The membrane 333 

fabrication process involved the utilization of the phase inversion method. To prepare the 334 

5% w/w metal oxides/PES membranes, the metal oxide nanoparticles were dispersed in a 335 

solution of N-methyl pyrrolidone. The effectiveness of these membranes in removing Cr 336 

and Pb from both synthetic and natural wastewater was tested. The results showed that 337 

the membranes achieved approximately 99% removal for Pb and 88% for Cr [70]. 338 

Electrodialysis (ED) is a membrane-based technology widely utilized for seawater 339 

desalination. It involves the arrangement of numerous anion exchange membranes (AEM) 340 

and cation exchange membranes (CEM) placed alternately between two electrodes (Fig. 341 
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6). The electrolyte solution flows through the electrode compartment, while the feed so- 342 

lution traverses the adjacent compartment. When a voltage is applied, a reduction reaction 343 

occurs at the cathode, during which hydroxide ions are formed. Similarly, within the an- 344 

ode compartment, an oxidation process occurs, leading to the production of protons. 345 

There are slight variations in selectivity for different ions among various membranes used 346 

in ED, and the accumulation of divalent ions often leads to membrane fouling. Further- 347 

more, these membranes tend to be expensive. Additionally, ion-exchange nanofibrous 348 

membranes are frequently regarded as a means to enhance the flow and permeability of 349 

membranes that selectively filter monovalent and divalent ions [78–80]. 350 

Furthermore, ED was used to separate Ni2+ and Pb2+ from synthetic solutions by a 351 

novel heterogeneous ED-CEM (consisting of 2-acrylamido-2-methylpropanesulfonic acid 352 

hydrogel and PVC) with extraction efficiencies of 96.9% and 99% for Ni2+and Pb2+, respec- 353 

tively. A pilot-scale ED system was employed to extract Cu2+, Ni2+, and small amounts of 354 

Cd2+, Fe3+, Cr6+, and Zn2+ with elimination efficiencies exceeding 90%. ED removes As3+ and 355 

As5+ in metallurgical wastewater, and the removal efficiency reaches 91.38% [81]. 356 

 357 

Figure 6. Electrodialysis membrane separation technique. 358 

Although membrane filtration has significantly progressed in laboratory-scale stud- 359 

ies, no pilot-scale or large-scale practical applications have been reported. In addition, its 360 

main disadvantage is the sludge generation [15]. In contrast, membrane filtration operated 361 

through direct pressure can facilitate wastewater treatment with reduced energy con- 362 

sumption and carbon dioxide emissions. In summary, membrane filtration-based 363 

wastewater treatment systems hold the potential to attain net energy gains and additional 364 

economic benefits, paving the way for self-sustaining municipal wastewater treatment 365 

[65]. 366 

4.2. Adsorption 367 

Adsorption is a good weapon in fighting against toxic metals threatening our envi- 368 

ronment. It is an interfacial physicochemical phenomenon accumulating solute molecules 369 

on a solid-liquid or solid-gas interface [82]. On the molecular scale, adsorption can be cat- 370 

egorized into chemical and physical, contingent on the underlying interactions guiding 371 



11 of 30 
 

 

the adsorption mechanism. The physical process assumes greater significance when it 372 

comes to the removal of heavy metals from wastewater. 373 

In the case of physical adsorption, the Van der Walls molecular attractive forces that 374 

retain the adsorbent on the surface are generally dominant, and the phenomenon is re- 375 

versible. The energy involved in the interaction between the adsorbate and the adsorbent 376 

shares a similar order of magnitude with the interaction energy between the two. Never- 377 

theless, it typically exceeds the energy associated with the condensation of the adsorbate 378 

(Fig. 7). Chemical adsorption, often referred to as activated adsorption, arises from a 379 

chemical bonding or interaction occurring between the solid substrate and the adsorbed 380 

substance.  381 

 382 

Figure 7. Physical and chemical adsorption. 383 

The growing ability of adsorption to remove hazardous substances without compro- 384 

mising water quality or generating harmful degradation products has led to its increased 385 

utilization over electrochemical, biochemical, or photochemical degradation processes. 386 

Additionally, adsorption provides a valuable alternative treatment choice, particularly 387 

when the adsorbent is cost-effective and readily obtainable [83]. Various adsorbents have 388 

been explored and detailed in existing literature, with these materials being obtainable 389 

from biological, organic, or mineral sources. 390 

The significant costs tied to the creation and regeneration of activated carbon inspire 391 

researchers to explore alternative avenues. Furthermore, due to low metal adsorption ca- 392 

pacity, synthetic materials like (E)-2-[(1H-imidazole-4-yl)methylidene]-Hydrazinecar- 393 

bothioamide ligand (EIMH) often do not provide greater than 80% removal efficiency for 394 

heavy metals in wastewater treatment [84]. In recent years, novel adsorbent materials, 395 

particularly nanostructured substances like carbon nanotubes, graphene, fullerenes, and 396 

similar materials, have emerged. These materials are currently used to effectively adsorb 397 

90% of heavy metals in wastewater because of their high specific surface area (500-1500 398 

m2/g), large pore volume, and different intermolecular interactions [85]. Moreover, they 399 

exhibit non-corrosive properties and possess outstanding mechanical strength, thermal 400 

stability, and electrical conductivity. The adsorption performance of these nanostructured 401 

materials is generally better than that of classic synthetic adsorbents, such as iron oxide, 402 

titanium dioxide, activated carbon, etc. However, their limitations make scientific research 403 

challenging regarding functionality and durability, which are essential in environmental 404 

applications [86]. The adsorption efficiency can be improved by enhancing the carbon sur- 405 

face charge by adding surface functional groups such as carboxyl, phenyl, and lactone 406 

[87]. Surface modification typically reduces the surface area while increasing the concen- 407 

tration of surface functional groups. Conversely, increasing the surface area of the adsor- 408 

bent, dosage of the adsorbent, initial concentration of metal ions, and contact duration 409 
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tend to enhance adsorption. Multiwalled carbon nanotubes have received significant at- 410 

tention for effectively removing heavy metals [88]. Their high hydrophobicity and the 411 

presence of strong Van der Waals forces have generated considerable interest in their abil- 412 

ity to swiftly accumulate in aqueous solutions, thus enhancing their adsorption capacity. 413 

The complex preparation process of carbon-based adsorbents contributes to their high 414 

cost and limits their widespread industrial use. Therefore, it is necessary to continue ex- 415 

ploring innovative, affordable, and environmentally friendly surface modification tech- 416 

nologies [88]. 417 

Chemical adsorbents encompass metal salt accelerators, activated silica, synthetic 418 

polymers, and natural accelerators. Among these, metal salt adsorbents are widely em- 419 

ployed in sewage treatment plants due to their effectiveness in removing diverse pollu- 420 

tants like heavy metals and turbidity. The notable advantage of metal salt adsorbents over 421 

other types lies in their efficiency in tackling various pollutants. Metal salt adsorbents are 422 

readily accessible in the market and can deactivate bacteria. This affordability and availa- 423 

bility make them popular among users, especially compared to other chemical adsorbents 424 

[89]. The metal salt adsorbents commonly utilized are those based on aluminum and iron 425 

[90,91]. They show good efficiency (90-99%) for removal of heavy metals like copper, lead, 426 

and nickel. In addition, they have the advantage of being less expensive and having a 427 

wider pH range. Adsorption has several disadvantages, including the high cost of adsor- 428 

bent, separation of the adsorbent from metals, and low surface area [90,91]. 429 

4.2.1. Filters: classification and applications 430 

The treatment of industrial and domestic wastewater commonly utilizes adsorption- 431 

based filters due to their advantages over other methods, such as cost reduction and lower 432 

energy consumption. However, several factors need to be considered and optimized for 433 

optimal performance of these filters. The primary factors include the choice of adsorbent 434 

material, which significantly impacts heavy metal removal efficiency. Adsorbent proper- 435 

ties such as specific surface area, pore size distribution, and functional groups play a cru- 436 

cial role [92]. Additionally, the characteristics of the heavy metals themselves, including 437 

their concentration and the presence of competing ions, must be taken into account [93]. 438 

Operating conditions, such as pH, temperature, and contact time, are also critical to ad- 439 

sorption [94]. Furthermore, the design and configuration of the filters, encompassing pa- 440 

rameters like porosity, depth, flow rate, and material leakage into the water effluents, re- 441 

quire careful consideration and improvement [95]. Specific factors such as the regenera- 442 

tion and reusability of the adsorbents [96], the particle size distribution [97], and the po- 443 

tential for chemical modifications to enhance adsorption capacity are equally important 444 

[98]. The subsequent sections of this review delineate three categories of filters: synthetic, 445 

natural, and hybrid, each with unique properties and applications. 446 

4.2.1.1. Synthetic filters 447 

Among the many synthetic filters designed and studied in the literature, polymer- 448 

enhanced filters perform relatively well in removing heavy metals from water. They con- 449 

sist of deploying water-soluble polymeric ligands able to bind metal ions selectively, pro- 450 

ducing metals-free effluents. Fig. 8 (a) presents a schematic depiction of a synthetic filter's 451 

distinct constituents. To illustrate the different metals that such filters can remove and 452 

their filtration efficiency, Table 2 summarizes various important examples of synthetic 453 

filters described in the literature.  454 

  455 
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 456 

Table 2. Metal ions elimination by synthetic filters. 457 

Synthetic filter Targeted metals Metal ions removal (%) Reference 

PEI 

Pb2+ 80 

[99] Cu2+ 94 

Cd2+ 99 

PAN Cu2+ 96 [100] 

Synthetic Zeolites 

Pb2+ 95 

[101] Cd2+ 90 

Ni2+ 85 

Dithiocarbamate resins 

Pb2+ 45 

[102] 

Cu2+ 78 

Hg2+ 80 

As3+ 55 

Cr3+ 76 

Metal Oxides  

(e.g., MnO₂, Fe₃O₄) 

As3+ 80 

[103] 
Pb2+ 85 

Cd2+ 65 

Cr3+ 55 

MWCNTs Cd2+ 96 [104] 

 458 

A filter layer may comprise a semi-interpenetrating polymer network composed of 459 

cross-linked polyvinyl alcohol (PVA) as the matrix, with the effective utilization of PEI for 460 

the removal of heavy metal ions, including Pb2+, Cd2+, and Cu2+ from aqueous solutions. 461 

The PVA chains of the complexing polymer are entrapped in a cross-linked polymeric 462 

matrix. The latter is fabricated through exposure to gaseous 1,2-dibromoethane. The ad- 463 

sorption reactions followed pseudo-first-order kinetics with similar rate constants for the 464 

three cations, and the obtained equilibrium constants show the following affinity order: 465 

Pb > Cu > Cd [99].  466 

In addition, PAN demonstrates a remarkable ability to effectively adsorb diverse 467 

metal ions, rendering it highly appealing for purification purposes. Notably, it is consid- 468 

ered one of the most cost-effective polymers due to its abundant cyano groups at the ends, 469 

which provide ample opportunity for further modification [105,106]. PAN fibers are pro- 470 

duced through free radical bulk polymerization, utilizing benzoyl peroxide as an initiator. 471 

To achieve a bead-free and consistent morphology, a series of experiments were carried 472 

out at different potential differences and flow rates. The electrospinning process was op- 473 

timized at a potential difference of 3 kV cm-1 and a flow rate of 2 mL h-1. At room temper- 474 

ature, the nitrile groups on the PAN fibers' surface react with H2NOH. Hydroxylamine 475 

engages in a nucleophilic addition to the fiber surface, subsequently forming car- 476 

boximides. The fiber surface is then functionalized to chelate uranyl cations, and the re- 477 

sulting fiber can remove uranyl ion U(VI) pollutants [107]. By comparing the different 478 

PAN fibers, good sorption results of U(VI) ions were obtained (81%). In contrast, only 19% 479 

sorption is obtained when the PAN fibers remain unmodified. Most importantly, nano- 480 

fibers have a high surface area, enhancing their adsorption efficiency and making them 481 

ready to link to various chelating agents [108]. 482 
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Recently, a new filter to remove Cd2+ and Pb2+ from the water was described in the 483 

literature. It consists of fly ash ceramic foams with a 3-D interconnected porous structure 484 

and multiwalled carbon nanotubes (MWCNTs) that are used by a combination of carba- 485 

mate grafting and polydimethylsiloxane coating. The fly ash foam exhibited removal rates 486 

of 96.33% and 95.12% for Cd and Pb, respectively. This synthetic filter can save consider- 487 

able economic effort due to gravity propulsion. It is suitable for front-end wastewater 488 

treatment on an industrial scale [104]. 489 

In a different investigation, PVA/SA beads were formulated by blending functional- 490 

ized sodium alginate (SA) with polyvinyl alcohol (PVA), including glutaraldehyde as a 491 

cross-linking agent. Zeo/PVA/SA nanocomposite beads were made using zeolite nanopar- 492 

ticles (Zeo) and PVA/SA to remove heavy metals from wastewater with good efficiency: 493 

99.5% (Pb2+), 99.2% (Cd2+), 98.8% (Sr2+), 97.2% (Cu2+), 95.6% (Zn2+), 93.1% (Ni2+), 92.4% 494 

(Mn2+), and 74.5% (Li2+) [109]. 495 

Using synthetic adsorbents in filters presents an opportunity to explore the binding 496 

mechanisms of heavy metals with different compounds, whether in a specific or non-spe- 497 

cific manner. The polymer-based adsorbents are particularly easy to produce and have 498 

been extensively used. The manufacture of these synthetic filters demands a substantial 499 

amount of energy. Furthermore, they are not environmentally friendly, as they are typi- 500 

cally discarded after becoming saturated with pollutants, unlike natural or hybrid filters, 501 

which can be reused. 502 

Furthermore, the production of synthetic zeolites involves using numerous chemical 503 

materials. While industrial waste products like cupola slag and spent fluid cracking cata- 504 

lysts are employed in synthesizing important zeolites (such as ZSM-5, NaA, and NaX), 505 

they pose environmental hazards. Additionally, specific types of municipal solid waste, 506 

such as non-recyclable glass and thin-walled aluminum scraps (including aluminum cans 507 

and foils), can serve as sources of silicon (Si) and aluminum (Al) for zeolite synthesis. In 508 

summary, zeolite stands as an exceptional adsorbent for effectively removing heavy met- 509 

als from wastewater [110]. 510 

4.2.1.2. Natural filters 511 

Natural wastewater treatment systems, including constructed wetlands, biological 512 

sand filters, and other decentralized solutions, are gaining significance as viable alterna- 513 

tives to previously discussed systems (Fig. 8 (b)). This is primarily due to their low estab- 514 

lishment costs, ease of use, minimal management requirements, and high efficiency in re- 515 

moving heavy metals from water [111,112].  516 

In less-developed countries, natural coagulants are commonly employed as point-of- 517 

use technology due to their ability to be locally produced and easily processed into a us- 518 

able form. These coagulants are biodegradable and present a cost-efficient substitute for 519 

chemical coagulants. Their mode of action involves an adsorption mechanism, followed 520 

by either charge neutralization or a polymeric combining effect [113]. Starch and cellulose 521 

derivatives, proteinaceous materials, and gums from polysaccharides are significant nat- 522 

ural products used [88]. For example, Moringa and other native seeds can remove metals 523 

from drinking water. Table 3Erreur ! Source du renvoi introuvable. shows that Moringa 524 

seeds have higher removal rates of heavy metals than cowpea (Vigna unguiculata), urad 525 

(Vigna mungo), peanuts (Arachis hypogaea), and corn (Zea mays). Moringa has a metal 526 

removal rate of over 50%, with the highest removal efficiency for copper and lead (90% 527 

for both). Beans (black-eyed peas) and peanuts did not have high metal removal efficiency 528 

(<15% for Cu and Cd). Corn and urad beans exhibited limited capabilities for the removal 529 

of heavy metals. The adsorption of metals using Moringa is restricted to its surface, as 530 

Moringa is a cationic polyelectrolyte with a short chain and low molecular weight [114]. 531 

Compared to other seeds, Moringa is particularly effective in efficiently removing heavy 532 

metals and solids with charges higher than its colloidal surface. Nonetheless, additional 533 
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research is necessary to gain a deeper understanding of the molecular mechanisms under- 534 

pinning this effective water purification. This insight will be crucial in refining the design 535 

of filters employing Moringa. 536 

Table 3. Removal capacities of natural adsorbents. 537 

Natural Adsorbents 
Removal capacity (%) 

Reference 
Cu2+ Pb2+ Cd2+ Cr3+ Zn2+ 

Urad 30 40 10 20 15 
[115] 

[116] 

[117] 

[118] 

[119] 

Peanut 4 50 8 40 22 

Bean 3 29 10 40 30 

Corn 10 13 40 10 20 

Moringa 90 90 60 50 55 

Clay Minerals  

(e.g., Bentonite, Kaolinite) 
- 80 70 50 - [120] 

Zeolites 90 75 - - 60 [121] 

Peat Moss 52 50 70 - - [122] 

Sawdust 60 20 30 80 - [123] 

Algae (Biomass) 50 40 - 60 45 [124] 

Large amounts of biomass waste, peels, leaves, husks, stems, branches, and pods can 538 

be valorized and used in biosorption [125]. Therefore, natural filters using biomass waste 539 

adsorbents are green and sustainable filtration devices. For example, natural zeolites have 540 

high ion exchange and adsorption performance due to their particular structure. The ion 541 

exchange capacity is influenced by various factors, such as the structure of the framework, 542 

the size and shape of the ions, the charge density of the anionic framework, the ionic 543 

charge, and the concentration of the external electrolyte solution [126,127]. 544 

Given the numerous advantages, the development and utilization of natural coagu- 545 

lants have promising prospects as an environmentally friendly and sustainable technol- 546 

ogy for wastewater treatment [128]. Without a doubt, the drawbacks of employing natural 547 

adsorbents primarily stem from the characteristics of the adsorbents themselves. Factors 548 

like seasonal variations and storage duration can impact natural adsorbents' production 549 

and consistent availability [129–131]. 550 

4.2.1.3. Hybrid filters 551 

Although natural filters are environmentally sustainable and broadly applied in wa- 552 

ter filtration, their affinity for heavy metals remains moderate, and this finding makes the 553 

raw materials less attractive. Improved heavy metal retention from wastewater has been 554 

obtained for filters that include modified natural products. Such filtration devices are 555 

called hybrid filters. Given their setup composition, they are environmentally sustainable. 556 

Fig. 8 (c) shows a schematic representation of a hybrid filter. 557 

Two exemplary hybrid filters will be discussed in this context, specifically, those 558 

based on beetroot and limestone. Beetroot fibers, subjected to chemical modification using 559 

sodium dodecyl sulfate (SDS), an anionic surfactant, were prepared as representative ex- 560 

amples. They proved their efficiency in cleaning water contaminated by organic and inor- 561 

ganic compounds and softening hard water (Table 4). In this specific system, Rahman et 562 

al. pinpointed the factors influencing wastewater purification efficacy, which include fiber 563 
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particle size, initial pollutant concentration, and wastewater pH. The findings indicate that 564 

the purification efficiency increases as the fiber size decreases (from millimeters to mi- 565 

crometers). The optimal pH for adsorption was determined to be in the range of 6.0-6.5. 566 

Next, the modified filter's dual function was investigated by assessing its ability to remove 567 

heavy metals and soften hard water through its chemical functionalities' positive and neg- 568 

ative charges. Hybrid filters based on beetroot fibers were able to remove various pollu- 569 

tants: metals (lead, zinc, nickel, copper), total solid dissolved, and methylene blue. They 570 

exhibited high efficiency when particle size decreased due to increased contact surface 571 

area at pH values from 6.0 to 6.5. The maximum removal was 70 mg/g of filter for heavy 572 

metals like Pb, Cu, and Zn [132]. 573 

Table 4. Metal ions elimination by a hybrid filter. 574 

Hybrid filter 
Targeted 

metals 
Metal ions removal (%) Reference 

Beetroot fibers and SDS 

Pb2+ 100 

[132–135] 
Zn2+ 99 

Ni2+ 99 

Cu2+ 99 

Limestone and activated 

carbon 
Fe2+ 100 [136–138] 

Clay-EDTA Pb2+ 95 [139] 

Chitosan Modified with 

Thiol Groups 
Hg2+ 90 [140] 

The second hybrid filter example is based on limestone, a material with sedimentary 575 

rock origin consisting mainly of CaCO3, which in turn comes from calcite and then arag- 576 

onite. The chemical composition of limestone renders it an appropriate material for water 577 

and wastewater treatment, as these elements possess the capability to adsorb a diverse 578 

range of pollutants. While limestone is an eco-friendly substance extensively utilized in 579 

water filtration, it exhibits a moderate affinity for heavy metals. Consequently, endeavors 580 

have been dedicated to developing an environmentally friendly filtration system by com- 581 

bining limestone and activated carbon to eliminate iron from wastewater. A filter com- 582 

posed of activated carbon and limestone in a 1:1 ratio successfully removed a 10 mg/l iron 583 

solution. Utilizing 1 kg of this filter, it only took 95 minutes, at pH 6, to completely elimi- 584 

nate iron ions from the contaminated solution [136]. 585 

Furthermore, hybrid inorganic/natural adsorbents primarily based on alumina and 586 

4-amino antipyrine have been implemented to remove Pb, Cu, and Cr from industrial 587 

wastewater. The hybrid adsorbents have been effectively implemented for the selective 588 

elimination of the heavy metals mentioned above, with recuperation values between 92 589 

and 98%. Hybrid alumina adsorbents are known for their exceptional thermal decompo- 590 

sition resistance and a sturdy balance that approaches acid-leaching conditions [141]. 591 

They were recently replaced by natural adsorbents, representing a safe, more eco-friendly, 592 

and energetically cheaper alternative [142] 593 

Furthermore, modified zeolite can be easily obtained through basic or acidic treat- 594 

ment and surfactant modification. These alterations expand the range of potential appli- 595 

cations for zeolites in wastewater treatment. As a result, surfactant-modified zeolites have 596 

the capability to not only adsorb anionic species but also undergo cation exchange with 597 

metal cations. This is due to the large size of the modifying agents' cations, preventing 598 

them from entering the inner channels. [110].  599 
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 600 

Figure 8. (a) synthetic filter, (b) natural filter, and (c) hybrid filter (Source: This work). 601 

4.2.1.4. Adsorbents regeneration/reuse 602 

Spent adsorbents require regeneration after reaching their saturation point with con- 603 

taminants to restore their adsorption capacity and facilitate reuse. The reusability of spent 604 

adsorbents depends on their recoverability, decontamination efficacy, and regeneration 605 

potential [143]. High recovery and regeneration capabilities are highly desirable for com- 606 

mercial and industrial applications, as they can significantly reduce the overall cost asso- 607 

ciated with adsorbent production [144]. Although the regeneration process can be cycled 608 

multiple times, regenerated adsorbents typically show a decrease in adsorption capacity 609 

compared to fresh ones [145]. Selecting the most appropriate regeneration technique is 610 

crucial for maximizing contaminant desorption efficiency. Several factors influence the 611 

feasibility of industrial-scale application, including the type of adsorbent, contaminant, 612 

adsorbent stability, toxicity, and the cost and energy demands of the regeneration process. 613 

A diverse range of approaches can be employed to recover and regenerate spent ad- 614 

sorbents. These include magnetic separation [146], thermal desorption [147], solvent re- 615 

generation [148], microwave irradiation [149], supercritical fluid regeneration [150], and 616 

advanced oxidation processes [151]. 617 

- Magnetic separation leverages the magnetic properties of adsorbents to separate 618 

them from the wastewater after they have adsorbed heavy metals. By applying an external 619 

magnetic field, the magnetic adsorbents can be easily retrieved from the solution, facili- 620 

tating their regeneration and reuse. The primary advantages are efficiency and simplicity, 621 

allowing for quick recovery of adsorbents, reducing the need for complex filtration meth- 622 

ods, and lowering operational costs while minimizing secondary pollution [152,153]. 623 

However, the stability of the magnetic properties over multiple regeneration cycles needs 624 

to be ensured. 625 

- Thermal desorption involves heating the adsorbent to volatilize the adsorbed met- 626 

als, which are then captured and treated separately. Regeneration temperatures typically 627 
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range from 200-800°C [147]. Thermal desorption can achieve high regeneration efficien- 628 

cies, often exceeding 90%, making it suitable for large-scale industrial applications [152]. 629 

It is effective for various adsorbents, including activated carbons, zeolites, and metal-or- 630 

ganic frameworks (MOFs), but has drawbacks like high energy requirements and poten- 631 

tial degradation of adsorbents over multiple cycles. 632 

- Solvent regeneration involves using various solvents to desorb metals from the ad- 633 

sorbent surface, effectively restoring its adsorption capacity. Common solvents include 634 

acids (e.g., hydrochloric acid, nitric acid), alkalis (e.g., sodium hydroxide), and organic 635 

solvents (e.g., ethanol, methanol)[148,152,154]. This method is particularly effective for 636 

adsorbents with a strong affinity for certain heavy metals and is relatively cost-effective. 637 

However, it poses environmental risks due to the disposal of spent solvents and can lead 638 

to partial degradation of the adsorbent material over time. Recent advancements focus on 639 

developing eco-friendly solvents and integrating solvent recovery systems to enhance sus- 640 

tainability [152,154].  641 

- Microwave irradiation heats the adsorbent using microwave energy, volatilizing the 642 

adsorbed contaminants and allowing for efficient desorption and regeneration. Studies 643 

have shown that microwave-assisted regeneration can recover up to 90% of the adsorptive 644 

capacity of activated carbon used in wastewater treatment [152,155]. This method is highly 645 

effective at targeting specific adsorbed species and is energy-efficient and environmen- 646 

tally friendly, offering rapid and selective heating that reduces operational costs and en- 647 

vironmental impact [149]. 648 

- Supercritical fluid regeneration uses supercritical fluids, typically supercritical CO₂, 649 

which operate under conditions above their critical temperature and pressure. This 650 

method achieves high efficiency in desorbing heavy metals from adsorbents and can 651 

achieve metal recovery rates exceeding 90%, making it highly effective for industrial ap- 652 

plications. Supercritical CO₂ is non-toxic, non-flammable, and relatively low-cost. The 653 

process minimizes waste and environmental impact and preserves the structural integrity 654 

of the adsorbent material over multiple regeneration cycles. However, it requires high in- 655 

itial setup costs and precise control of operational parameters to optimize regeneration 656 

efficiency [156].  657 

- Advanced oxidation processes (AOPs) generate highly reactive species, such as hy- 658 

droxyl radicals, which degrade contaminants adsorbed onto the adsorbents, restoring 659 

their adsorption capacity [157]. AOPs can regenerate adsorbents without significant ma- 660 

terial degradation, allowing for multiple reuse cycles and reducing operational costs. 661 

These processes target a wide range of heavy metals, ensuring comprehensive removal 662 

and recovery. However, they require high initial setup costs and precise control of opera- 663 

tional parameters [157].  664 

5. Comparison between filters and other methods 665 

The need for cost-effective technologies to remove heavy metals from contaminated 666 

soil and water is rising. The conventional and advanced metal removal methods described 667 

in this review are summarized in Fig. 9. The conventional methods have become insuffi- 668 

cient to meet the current strict regulatory effluent restrictions and are sometimes expen- 669 

sive [128]. Adsorption is a commonly employed method for extracting toxic metals from 670 

aquatic environments, achieving an average removal rate of around 99% through the use 671 

of inexpensive adsorbents, including agricultural waste and activated carbon derived 672 

from agricultural waste [158,159]. Therefore, there is a great demand for alternative, cost- 673 

effective technologies. Selecting a specific treatment method relies on various factors, in- 674 

cluding the waste's type and concentration, the effluent's variability, the desired remedi- 675 

ation level, and economic and energy considerations [40]. For example, filters use less en- 676 

ergy than osmosis pumps, which remains true when compared to pressurized nano and 677 

ultra-filtration phenomena [68]. The pros and cons of different techniques for addressing 678 

heavy metals in wastewater are outlined in Table 5. 679 
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 680 

Figure 9. Summary of the conventional and advanced wastewater treatment methods described in 681 

this review. 682 

Table 5. The primary benefits and drawbacks of diverse traditional and advanced approaches, in- 683 

cluding filtration methods, for eliminating heavy metals from wastewater. 684 

Treatment method Advantages Disadvantages Reference 

Coagulation and 

flocculation or precipitation  

Low cost; 

Simple operation 

Sludge generation; 

The extra operational cost 

of sludge disposal 

[160] 

Ion exchange  

Removal of metals and 

organic pollutants 

simultaneously; 

Less harmful byproduct 

Long duration time; 

Limited application 
[161] 

Membrane filtration, 

forward and reverses 

osmosis 

Small space requirement; 

Low pressure; 

High separation selectivity 

High operational cost due 

to membrane fouling 
[160] 

Adsorption   

Availability; 

High efficiency; 

Less expensive than other 

techniques; 

Works in a wide pH range 

Hard separation of the 

adsorbent from metals 

 

[162][163] 

Adsorption 

by Filters  

Synthetic 

filters 
High efficiency High energy consumption [164] 
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Natural 

filters 

Low-cost; 

Eco-friendly 
Moderate efficiency [165] 

Hybrid 

filters 

High separation selectivity; 

Economical; 

50% Eco friendly 

50% harmful effect on the 

environment 
[166] 

6. Conclusion and perspectives 685 

Ensuring the well-being of both human health and the environment entails the vital 686 

mission of eradicating heavy metals from wastewater. A plethora of treatment ap- 687 

proaches, encompassing adsorption, membrane filtration, coagulation and flocculation, 688 

chemical precipitation, ion exchange, flotation, electrochemical processes, and filtration, 689 

have been the subject of extensive research and have proven their effectiveness in the re- 690 

moval of heavy metals from wastewater. Each method has advantages and limitations, 691 

and further research and development are needed to optimize efficiency, cost-effective- 692 

ness, and environmental sustainability. The integration of multiple treatment methods 693 

and the development of hybrid systems can enhance the overall effectiveness of heavy 694 

metal removal. Additionally, using advanced materials, such as nanostructured materials, 695 

natural coagulants, and modified natural products, shows promise in improving heavy 696 

metal removal efficiency.  697 

Natural filters are cheaper and more eco-friendly than hybrid filters but are less effi- 698 

cient than synthetic ones in removing organic and inorganic pollutants. To limit the im- 699 

pact of such filters on the environment, efforts should be invested to develop efficient bi- 700 

omass-based biodegradable filters for water treatment. A sustainable and economically 701 

viable strategy for designing such filters is the use of what is currently considered as bio- 702 

mass-waste. Coupling between various sorts of natural and hybrid filter treatment could 703 

also be a promising alternative. Furthermore, adopting sustainable wastewater treatment 704 

practices and promoting public awareness and education are essential in addressing 705 

global water pollution. By continuing to advance and implement efficient and sustainable 706 

wastewater treatment technologies, we can mitigate the harmful effects of heavy metals, 707 

protect water resources, and ensure a cleaner and safer environment for future genera- 708 

tions. 709 
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