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Abstract
Water contamination, particularly by heavy metals originating from industrial processes, presents a significant threat to envi-
ronmental sustainability and socio-economic development. Activated carbon (AC) has garnered considerable attention as a 
treatment due to its exceptional adsorption properties, characterized by a high surface area (273–827  m2/g), significant total 
pore volumes (0.27–0.69 ml/g), and well-defined micropores (8.2–12.4 nm), alongside tunable surface chemistry. Research 
efforts have focused on enhancing the synthesis, activation, and modification of AC to optimize its effectiveness in heavy 
metal removal from water. Studies consistently demonstrate that modified AC exhibits promising adsorption kinetics, often 
fitting well with Langmuir and pseudo-second-order physical adsorption models. Moreover, the economic viability of modi-
fied AC is underscored by its non-toxic nature, affordability, and sustainability. Experimental investigations reveal that AC 
can achieve substantial heavy metal removal efficiencies, ranging from 75 to 96%, contingent upon factors such as dosage, 
solution pH, surface properties, and contaminant concentrations. Despite advancements, widespread adoption of AC-based 
water treatment technologies remains largely confined to industrial settings. Key research priorities include the development 
of cost-effective and scalable synthesis methods for AC, particularly utilizing non-biodegradable feedstocks. Additionally, 
there is a pressing need for comprehensive studies assessing the efficacy of AC in real-world wastewater treatment scenarios. 
This review critically examines the role of AC in water treatment technologies, highlighting research gaps and delineating 
future research directions to advance sustainable and efficient water purification strategies.
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Introduction

Water is essential for life, but its quality has been increas-
ingly compromised by modern industrial activities [1, 2]. 
Ensuring the provision of safe and high-quality water is 
a paramount global concern [3, 4]. The contamination of 
clean water supplies by heavy metals and dyes poses sig-
nificant threats to human health, animal well-being, and 
ecosystem integrity. Heavy metals, including cadmium 
(Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), 
arsenic (As), and mercury (Hg), are among the most con-
cerning pollutants due to their acute toxicity and adverse 
effects on human health and aquatic ecosystems [5, 6]. 
Chronic exposure to heavy metals can lead to severe toxi-
cological consequences, including neurological damage 
and skin irritation, with chromium (Cr) and arsenic (As) 
being particularly harmful. Various wastewater treatment 
approaches have been developed to address heavy metal 
contamination [7]. These include physical, chemical, and 
biological methods such as adsorption, membrane filtra-
tion, ion exchange, reverse osmosis, membrane bioreactors 
(MBRs), and microbial remediation. However, challenges 
related to cost-effectiveness, efficiency, and sustainability 
hinder the widespread applicability of these techniques [8, 
9]. Carbon compounds, such as carbon nanotubes (CNT), 
graphene (Gr), metal–organic frameworks (MOFs), zeo-
lites, and activated carbon (AC), have gained attention 
for their ability to adsorb diverse pollutants [10]. Among 
these, activated carbon stands out as a highly effective 
adsorbent due to its substantial surface area (SSA)-to-vol-
ume ratio, porosity, durability, chemical stability, and non-
toxic nature. Activated carbon is commonly synthesized 
from both biodegradable and non-biodegradable resources 
[11–16]. Recent research has shown that AC synthesized 
from biodegradable wastes offers advantages in terms of 
cost, regrowth performance, and sustainability compared 
to conventional methods [17]. Surface modification tech-
niques, such as functionalization, enhance the adsorption 
efficiency of AC and its applicability in wastewater treat-
ment. Modified AC could be commercialized in both gran-
ular and powdered forms. Both have been demonstrated to 
be useful in wastewater treatment, where AC plays a major 
role in decolorization, odor reduction, metal recovery, and 
organics adsorption. Modified AC has the potential to be 
marketed as a water filtration medium for removing per-
sistent contaminants from drinking water. It is capable of 
removing pollutants from water due to its great potential 
for adsorption of these chemicals, which is attributable to 
its wide specific surface area (SSA) and pores.

Despite the various advantages of AC as an adsorbent, 
there are still limitations in the manufacturing process, 
regrowth obstacles, recycling ability, and selectivity 

towards contaminants that limit its use in substantial 
wastewater treatment. It is important to note that there 
are numerous research studies that have investigated 
the possible uses of carbon materials, notably AC as an 
adsorbent against heavy metals,  CO2 adsorption, and dye 
removal [17–22]. This review focuses on the recent trends 
(2019–2023) in the production and utilization of activated 
carbon and enhanced activated carbon as adsorbents in 
the removal of heavy metals from wastewater. It provides 
insights into the synthesis of AC from various biodegrada-
ble and non-biodegradable materials, surface modification 
strategies, adsorption kinetics and isotherms, and current 
and future challenges faced by AC adsorbents.

Production Approaches of Activated Carbon

The production of activated carbon involves several cru-
cial steps and considerations, from the selection of suitable 
raw materials to the final activation process. This section 
explores the various approaches to producing activated car-
bon, with a focus on utilizing waste materials as precursors, 
thereby contributing to sustainability and environmental 
protection.

Seeking Waste Materials to Generate AC

The quest for suitable waste materials for AC production is 
guided by several key factors. The chosen material must be 
readily available, cost-effective, and non-toxic. Additionally, 
it should possess a high content of fixed carbon (C) and 
a low ash content, which are indicative of the potential to 
yield AC with desirable morphological and physicochemi-
cal properties.

Biodegradable waste offers a promising source for AC 
production. This category includes a wide range of materi-
als such as agricultural residues, food waste, wood biomass, 
herbs, and various industrial biomasses. The appeal of using 
lignocellulosic biomass lies in its diversity, abundance, and 
renewability. Moreover, the process of converting this type 
of biomass into AC is relatively straightforward, which helps 
in minimizing waste disposal costs and mitigating environ-
mental impacts [19, 22, 23].

One of the most significant benefits of using sustainable 
and waste materials is the ability to produce useful sub-
stances which include electrodes, catalysts, fertilizers, lim-
ing and eliminating agents, and adsorbents that eliminate 
particular substances and elements from both air and water 
[24, 25].

Non-biodegradable materials, such as municipal solid 
waste (MSW), present a different set of challenges and 
opportunities for AC production. MSW includes everyday 
items like packaging, food waste, textiles, plastics, papers, 
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and more. The composition of MSW varies significantly 
across different income groups, with organic waste pre-
dominating in lower-income settings and a higher propor-
tion of paper, metals, and glass in wealthier areas. Although 
less common, the utilization of MSW and sewage sludge 
as precursors for AC production has been explored, high-
lighting the potential for transforming waste into valuable 
adsorbents [26]. Utilizing waste materials for the production 
of activated carbon brings several significant advantages. It 
not only helps in managing waste more effectively but also 
contributes to the creation of value-added products such as 
electrodes, catalysts, fertilizers, and adsorbents. These prod-
ucts play critical roles in environmental remediation, includ-
ing air and water purification [24, 25]. The selection of waste 
materials for AC production is a critical step that determines 
the efficiency and effectiveness of the resulting activated car-
bon. Figure 1 illustrates the key factors considered in choos-
ing AC precursors, emphasizing the importance of carbon 
content, ash content, availability, and environmental impact.

Carbonaceous Materials Activation Procedure

The transformation of carbonaceous materials into high-
quality activated carbon is primarily achieved through two 
methods: physical and chemical activation. Both processes 
begin with the carbonization of raw materials, but they 
diverge significantly in their subsequent steps, impacting the 
characteristics and applicability of the final product [27, 28].

Heat Atomization (Pyrolysis)/Carbonization

Heat atomization, commonly referred to as pyrolysis or car-
bonization, is a critical precursor step in the production of 

activated carbon. During this process, carbonaceous sub-
stances undergo thermal decomposition at elevated tem-
peratures, typically ranging from 600 to 900 °C, in an inert 
atmosphere [23]. The primary objective of pyrolysis is to 
drive off volatile components, such as water vapor, methane, 
carbon monoxide, and carbon dioxide, leaving behind a car-
bon-rich residue known as char. The success of the pyrolysis 
process depends on various parameters, with temperature 
being the most influential factor. Higher temperatures gen-
erally result in increased carbonization efficiency, minimiz-
ing the formation of undesired by-products such as tar and 
volatile organic compounds [29]. Additionally, the heating 
rate, atmosphere composition, and duration of the pyroly-
sis process play significant roles in determining the quality 
and characteristics of the resulting char. Upon completion 
of pyrolysis, the carbonaceous material undergoes structural 
transformation, with the expulsion of volatiles leading to the 
development of a porous network within the char matrix. 
This porous structure serves as the foundation for the subse-
quent activation process, where the surface area and adsorp-
tion capacity of the activated carbon are further enhanced.

Physical Stimulation (Activation)

Physical stimulation, commonly known as activation, repre-
sents the second phase in the production of activated carbon. 
Unlike chemical activation, which involves the use of acti-
vating agents, physical stimulation relies on the controlled 
exposure of carbonized material to elevated temperatures 
and oxidizing gases. During physical activation, the carbon-
ized precursor material is subjected to temperatures typically 
ranging from 800 to 1100 °C in the presence of oxidizing 
gases such as steam, carbon dioxide, or a combination of 

Fig. 1  Various suppliers for activated carbon manufacturing
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gases. These gases react with the carbonized material, pro-
moting the formation of additional pores and increasing the 
surface area of the activated carbon. The physical activation 
process is characterized by its simplicity, cost-effectiveness, 
and environmentally friendly nature, as it does not require 
the use of chemical agents. Moreover, physical activation 
offers greater control over pore structure and distribution, 
resulting in activated carbon with tailored adsorption prop-
erties suited for specific applications. In summary, physical 
stimulation plays a crucial role in enhancing the porosity 
and surface area of activated carbon, thereby improving its 
adsorption capacity and effectiveness in various environ-
mental and industrial applications [19, 30] (Table 1).

Chemical Stimulation (Activation)

Chemical stimulation, also known as chemical activation, 
represents a versatile and widely employed method for the 
production of activated carbon. In contrast to physical acti-
vation, which relies on elevated temperatures and oxidizing 
gases, chemical activation involves the use of chemical com-
pounds as activators to initiate the formation of pores and 
enhance the adsorption properties of the precursor material.

Chemical Activators and Mechanisms

Chemical activators play a pivotal role in initiating the acti-
vation process by modifying the thermal decomposition 
of the precursor material. Various classes of compounds 
serve as effective activators, including alkaline, acidic, 
and transition metal salts. Alkaline compounds such as 
sodium hydroxide (NaOH), potassium carbonate  (K2CO3), 
and potassium hydroxide (KOH) are commonly used due 
to their ability to promote char formation and pore devel-
opment. Acidic agents like nitric acid  (HNO3), phosphoric 
acid  (H3PO4), and sulfuric acid  (H2SO4) also contribute to 
pore formation through chemical reactions with the precur-
sor material. Transition metal salts such as zinc chloride 

 (ZnCl2) and iron chloride  (FeCl3) act as catalysts, facilitating 
the decomposition of organic compounds and the formation 
of activated carbon [19].

Process Parameters and Optimization

Several parameters govern the efficiency and effectiveness 
of the chemical activation process. The ratio of chemical 
activator to precursor material, temperature–time profile, 
impregnation agent, and mixing method are critical factors 
that influence the final properties of the activated carbon. 
Optimal conditions must be carefully determined through 
experimental optimization to achieve the desired pore struc-
ture, surface area, and adsorption capacity [19].

Thermal Treatment and Activation

The precursor material, impregnated with the chemical acti-
vator, undergoes thermal treatment in a controlled environ-
ment, typically within a furnace. Temperatures ranging from 
400 to 900 °C are employed to induce the activation process 
while minimizing undesired side reactions. During thermal 
treatment, the chemical activator promotes the decomposi-
tion of the precursor material, resulting in the formation of 
char with an interconnected network of pores [20, 39].

Post‑treatment and Washing

Following thermal treatment, the activated carbon under-
goes several washing steps to remove residual impurities and 
activator residues. This post-treatment process is crucial for 
ensuring the purity and quality of the activated carbon prod-
uct. Multiple washing cycles may be employed to achieve 
the desired level of cleanliness and reduce the presence of 
impurities that could affect the performance of the activated 
carbon in practical applications [39].

Chemical stimulation offers several advantages, including 
versatility, cost-effectiveness, and the ability to tailor the 

Table 1  Specific surface area 
(SSA) and porous volume of 
activated carbon fabrication 
from various sources utilizing 
physical stimulation method

Sources Agent of stimu-
lation (activa-
tion)

Porous 
size 
 (cm3/g)

Area of 
surface 
 (m2/g)

References

Hops residue from supercritical extraction CO2 2 416 [31]
Derived from Dicranopteris linearis CO2 0.473 653 [32]
Formaldehyde with resorcinol/catalyst CO2 0.94 1775 [33]
Acacia leaf CO2 0.72 714.92 [32]
Biowaste produced from coffee - 1.03 981 [33, 34]
Biomass from lignocellulose CO2 0.37 738.7 [35]
Wood Vapor - 1235 [36]
Activated carbon that is flexible and nanoporous CO2 0.85 2000 [37]
Husk of buckwheat CO2 0.291 578 [38]
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properties of the activated carbon to specific applications. 
Activated carbon produced via chemical activation exhibits 
enhanced adsorption characteristics, making it suitable for 
a wide range of applications, including water treatment, air 
purification, gas separation, and industrial processes. Table 2 
summarizes the effects of different chemical activating com-
pounds on the porosity and surface area of activated carbon, 
providing valuable insights into their impact on the final 
product.

Approaches for Enhancing AC Heavy Metal 
Removal Efficiency

Activated Carbon Surface Modification

Surface modification stands as a crucial aspect in augment-
ing the adsorption capabilities of activated carbon (AC), par-
ticularly in the realm of heavy metal removal from aqueous 
environments. Post-activation, surface modification tech-
niques are employed to tailor the physicochemical proper-
ties of AC, thereby enhancing its adsorption capacity and 
selectivity [46].

Physical Modification

Physical modification techniques offer precise control over 
the surface morphology and chemistry of AC, thereby influ-
encing its adsorption characteristics. One such method is 
microwave-assisted surface chemistry modification, which 
has gained prominence due to its ability to induce rapid and 
uniform heating. Microwave irradiation enables controlled 
surface functionalization with minimal energy consump-
tion, making it an attractive option for modifying AC sur-
faces [47]. During microwave-assisted surface chemistry 
modification, AC is exposed to microwave radiation in the 
presence of appropriate reactants or precursors. The elec-
tromagnetic radiation penetrates the AC matrix, causing 
localized heating and promoting chemical reactions at the 
surface. This results in the selective introduction of desired 
functional groups onto the AC surface, such as hydroxyl 

(–OH), carbonyl (C = O), and carboxyl (–COOH) groups. 
These functional groups enhance the surface polarity of AC 
and promote interactions with heavy metal ions in aqueous 
solutions.

Another physical modification strategy is plasma treat-
ment, which involves the exposure of AC to plasma under 
controlled atmospheric or vacuum conditions. Plasma, often 
referred to as the fourth state of matter, is a highly energetic 
and ionized gas composed of electrons, ions, and neutral 
species. Plasma treatment induces surface modifications by 
bombarding the AC surface with reactive species, leading to 
alterations in surface chemistry and morphology [48]. Dur-
ing plasma treatment, the AC surface undergoes physical and 
chemical changes due to interactions with plasma species. 
These changes include the creation of oxygen-containing 
functional groups, such as carbonyl and carboxyl groups, 
as well as the generation of defects and surface roughness. 
Plasma-induced surface modifications enhance the surface 
area and porosity of AC, thereby increasing its adsorption 
capacity for heavy metal ions. Both microwave-assisted 
surface chemistry modification and plasma treatment offer 
advantages such as precise control over surface function-
alization, rapid reaction kinetics, and the ability to induce 
specific surface modifications. These physical modification 
techniques have the potential to enhance the efficiency of AC 
in heavy metal removal applications, making them promis-
ing strategies for the development of advanced adsorbents.

Chemical Modification

Chemical modification methods involve the selective intro-
duction of functional groups onto the AC surface through 
reactions with reagents such as acids, bases, and organic sol-
vents. These methods enable precise control over the surface 
chemistry of AC, thereby enhancing its adsorption affinity 
for heavy metal ions.

Acidic Treatment

Acidic treatments utilize strong acids such as sulfu-
ric acid  (H2SO4) and nitric acid  (HNO3) to introduce 

Table 2  Specific surface area 
(SSA) and porous capacity of 
activated carbon produced from 
various materials using the 
chemical stimulation method

Source Agent of stimula-
tion (activation)

Porous size 
 (cm3/g)

Area of sur-
face  (m2/g)

References

Endocarp of coffee H3PO4 0.4308 734 [40]
Husk of wheat KOH 10.79 1200 [41]
Bio-waste produced from coffee KOH 1.17 2330 [33]
Leaves of Eucalyptus ZnCl2–KOH 0.783 2639 [42]
Peanut shells NaOH - 826 [43]
Wood lacquer H3PO4 1.467 1609 [44]
Nitrogen-doped carbon based on melamine KOH 0.8 1378 [45]
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oxygen-containing functional groups onto the AC surface. 
During acidic treatment, the AC surface undergoes oxidative 
reactions, leading to the formation of surface functionali-
ties such as hydroxyl (–OH), carbonyl (C = O), and carboxyl 
(–COOH) groups [49]. These functional groups enhance the 
surface polarity of AC and promote interactions with heavy 
metal ions through mechanisms such as ion exchange and 
complexation.

Alkaline Treatment

Alkaline treatments involve the use of bases such as potas-
sium hydroxide (KOH) and sodium hydroxide (NaOH) to 
increase the surface basicity of AC. During alkaline treat-
ment, the AC surface is deprotonated, leading to the forma-
tion of basic functional groups such as amino (–NH2) and 
hydroxyl (–OH) groups. These basic functionalities enhance 
the adsorption affinity of AC for acidic pollutants, facilitat-
ing the removal of heavy metal ions through mechanisms 
such as chemisorption and precipitation [49, 50].

Impregnation Techniques

Impregnation techniques involve the deposition of metallic 
or polymeric precursors onto the AC surface, resulting in 
the formation of catalytic sites for pollutant oxidation reac-
tions. Metal impregnation, utilizing compounds such as sil-
ver nitrate  (AgNO3) and copper chloride  (CuCl2), introduces 
metal nanoparticles onto the AC surface, which can cata-
lyze the oxidation of organic pollutants and enhance overall 
pollutant removal efficiency [51, 52]. Similarly, polymeric 
impregnation involves the deposition of polymer precursors 
onto the AC surface, leading to the formation of polymer 
coatings that can enhance the surface area and porosity of 
AC, thereby increasing its adsorption capacity for heavy 
metal ions. Chemical modification methods offer versa-
tile approaches to tailor the surface chemistry of activated 
carbon, thereby enhancing its adsorption affinity for heavy 
metal ions. By selectively introducing functional groups 
onto the AC surface, these methods enable precise control 
over the adsorption properties of AC, making it an effective 
adsorbent for heavy metal removal from aqueous solutions.

Biological Modification

Biological modification methods involve the utilization of 
microorganisms to enhance the adsorption properties of acti-
vated carbon for heavy metal ions. These methods leverage 
the metabolic activities of microorganisms to promote pol-
lutant oxidation and biodegradation, thereby improving the 
overall pollutant removal efficiency of AC.

Microbial Immobilization

Microbial immobilization techniques entail the entrapment 
or attachment of microorganisms onto the surface of acti-
vated carbon particles. This immobilization process can be 
achieved through physical adsorption, covalent bonding, 
or encapsulation within polymeric matrices. Once immo-
bilized, the microorganisms colonize the AC surface and 
form biofilms, which are structured communities of micro-
organisms embedded within an extracellular matrix [53, 54].

Biofilm Formation

Biofilm formation plays a crucial role in enhancing the pol-
lutant removal efficiency of activated carbon. The biofilm 
matrix provides a protective environment for microorgan-
isms, allowing them to thrive and metabolize pollutants 
effectively. Within the biofilm, microorganisms undergo 
metabolic processes such as pollutant oxidation, reduction, 
and biodegradation, leading to the transformation of toxic 
pollutants into less harmful byproducts [53, 54].

Enhanced Pollutant Degradation

Microorganisms immobilized on activated carbon surfaces 
possess enzymatic capabilities that facilitate the degradation 
of organic pollutants and the transformation of heavy metal 
ions. These enzymatic activities include oxidoreductases, 
hydrolases, and dehalogenases, which catalyze pollutant oxi-
dation reactions and promote the biodegradation of complex 
organic compounds. Additionally, microbial metabolism can 
promote the precipitation or sequestration of heavy metal 
ions through biomineralization processes, further enhancing 
pollutant removal efficiency [53, 54].

Synergistic Effects

Biological modification of activated carbon can lead to syn-
ergistic effects between microorganisms and the adsorbent 
material. The presence of microorganisms on the AC surface 
can enhance the adsorption capacity of AC by providing 
additional binding sites for heavy metal ions. Furthermore, 
microbial metabolism can regenerate spent activated carbon 
by desorbing adsorbed pollutants and promoting the biodeg-
radation of organic contaminants [54].

Biologically modified activated carbon has shown prom-
ising applications in wastewater treatment, particularly in 
the removal of heavy metal ions and organic pollutants. Bio-
filters incorporating activated carbon as a support matrix 
for microbial growth have demonstrated high pollutant 
removal efficiencies in various wastewater treatment appli-
cations, including industrial effluent treatment and decentral-
ized water treatment systems [55]. Biological modification 
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methods offer innovative approaches to enhance the adsorp-
tion properties of activated carbon for heavy metal removal. 
By leveraging the metabolic activities of microorganisms, 
these methods can improve the overall pollutant removal 
efficiency of activated carbon and expand its applicability 
in wastewater treatment [56].

Magnetization of Activated Carbon

In exploring the advancements in water purification tech-
nologies, the magnetization of AC stands out as a trans-
formative approach, particularly with the incorporation of 
magnetic  (Fe3O4) adsorbents. This method has garnered 
considerable attention for its innovative use in enhancing 
the efficacy and efficiency of water purification processes 
[57]. The principal allure of magnetic AC lies in its opera-
tional simplicity and the regeneration capability it offers 
post-adsorption. The use of an external magnetic field for 
separation means that the process of isolating, washing, and 
dispersing the sample becomes straightforward. This method 
not only streamlines the purification process but also intro-
duces a level of reliability and effectiveness that is hard to 
achieve with traditional non-magnetic AC [57]. Magnetic 
separation using an external field, often through a magnetic 
separator, revolutionizes the way materials are isolated from 
treated water. This technology sidesteps the limitations typi-
cally encountered with non-magnetic AC, such as the need 
for filtration or centrifugation, which can be time-consuming 
and costly. Moreover, the issue of secondary turbidity arising 
from incomplete isolation of non-magnetic AC is effectively 
mitigated with magnetic AC, presenting a clear advantage 
in maintaining water clarity and quality. However, the inte-
gration of magnetite  (Fe3O4) or similar nanoparticles into 
AC is not without its challenges. Research indicates that the 
presence of these iron-based nanoparticles can lead to the 
blockage of sorbent pores, potentially decreasing the specific 
surface area (SSA) available for adsorption. This occupancy 
of sorption sites by magnetic particles could theoretically 
reduce the efficiency of the AC [58]. Yet, paradoxically, the 
introduction of magnetic nanoparticles has also been shown 
to create new adsorption sites, thereby increasing the over-
all surface area available for purification processes. This 

duality suggests that while there may be some initial reduc-
tion in SSA, the net effect of magnetization can enhance the 
adsorption capacity of AC. Given these characteristics, the 
appeal of magnetic AC extends beyond its practical ben-
efits to include potential improvements in wastewater treat-
ment applications. The balance between the drawbacks and 
benefits indicates a promising future for magnetic AC in 
environmental management and industrial applications. The 
efficiency of magnetic AC in adsorbing pollutants, coupled 
with the ease of its recovery and reuse, presents a compel-
ling case for its adoption in comprehensive wastewater treat-
ment strategies [59]. As the research community continues 
to explore and refine the application of magnetic AC, the 
integration of this technology in industrial settings seems 
increasingly feasible. The unique properties of magnetic 
AC, as highlighted in Table 3, underscore its potential to 
revolutionize wastewater treatment facilities, offering a more 
efficient, cost-effective, and environmentally friendly solu-
tion to water purification challenges.

Activated Carbon Implementation

The threat posed by heavy metals in water sources is a grow-
ing concern, given their persistence and bioaccumulation 
tendencies. Industrial activities persistently release these 
toxicants into the environment, posing significant risks to 
both ecological and human health. Activated carbon (AC), 
with its high surface area and porosity, emerges as a criti-
cal player in addressing this issue. Exploration the mecha-
nisms, enhancements, and real-world applications of AC in 
the removal of heavy metals, highlighting recent advances 
and the potential for scalable solutions, could be discussed 
as follows:

Heavy Metal Pollution

Heavy metals, such as lead, mercury, arsenic, and cadmium, 
find their way into water bodies from various industrial pro-
cesses. Once in the environment, they can migrate across 
ecosystems and enter human bodies, where they pose severe 
health risks. The complexity of heavy metal ions, existing 

Table 3  The benefits and 
drawbacks of utilizing magnetic 
carbon materials (MCM) to 
remove contaminants from 
wastewater

Benefits Drawbacks

Isolation Pore reduction
Effectiveness The overall surface area of adsorption 

is limited upon the incorporation of 
MCM

Prevent additional pollution High manufacturing costs
Large-scale applications are possible -
Improve renewability and reusability -
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in different states influenced by environmental pH, organic 
matter, and oxygen levels, complicates their removal. Acti-
vated carbon’s versatility in adsorbing these ions makes it 
an invaluable tool in environmental remediation efforts. 
Heavy metals enter water sources through multiple path-
ways, including industrial discharge, agricultural runoff, 
and atmospheric deposition. Industrial processes such as 
mining and metal plating contribute substantial amounts of 
heavy metals to water bodies, often in the form of dissolved 
ions or particulate matter. Agricultural activities involving 
the use of fertilizers and pesticides can also lead to metal 
contamination of water sources through runoff and leaching 
[60, 61]. Additionally, atmospheric deposition of heavy met-
als from industrial emissions and vehicular exhaust further 
exacerbates the problem, particularly in urban areas. The 
presence of heavy metals in water bodies can have severe 
environmental and health consequences. These metals are 
toxic to aquatic organisms, causing detrimental effects on 
aquatic ecosystems and biodiversity. Bioaccumulation of 
heavy metals in aquatic organisms can lead to biomagnifi-
cation up the food chain, posing risks to human consumers 
who rely on fish and shellfish as dietary staples. From a 
human health perspective, exposure to heavy metals, even at 
low concentrations, can result in a range of adverse effects. 
Chronic exposure to metals such as lead and mercury has 
been linked to neurological disorders, developmental delays 
in children, and cardiovascular diseases. Arsenic contami-
nation in drinking water is a significant concern in many 
regions, with long-term exposure increasing the risk of can-
cer and other serious health conditions [62].

Challenges in Remediation

Remediating heavy metal contamination in water sources 
presents significant challenges due to the persistence and 
complex behavior of these pollutants. Conventional treat-
ment methods, such as precipitation, coagulation, and fil-
tration, are often ineffective or impractical for removing 
heavy metals at low concentrations or in complex matrices. 
Activated carbon (AC) emerges as a promising solution for 
heavy metal removal due to its high surface area, porosity, 
and adsorption capacity. By adsorbing heavy metal ions onto 
its surface, AC can effectively reduce metal concentrations 
in water, mitigating the environmental and health risks asso-
ciated with heavy metal contamination [63]. Understanding 
the sources, pathways, and impacts of heavy metal pollution 
is essential for developing effective remediation strategies. 
As a versatile adsorbent, activated carbon plays a crucial role 
in addressing heavy metal contamination in water sources, 
offering a sustainable and efficient solution to this pressing 
environmental challenge. Continued research and innovation 
in AC technology holds promise for advancing heavy metal 

remediation efforts and safeguarding water quality for future 
generations [60–62, 64].

Mechanisms and Factors Influencing Heavy Metal 
Adsorption

pH‑Dependent Mechanisms

The adsorption capacity of AC is significantly influenced 
by the pH of the aqueous solution, with acidic conditions 
generally enhancing metal ion capture. This enhancement is 
attributed to the increased availability of adsorption sites and 
the electrostatic attraction between the positively charged 
metal ions and the negatively charged surface of the AC. 
Studies have shown varied adsorption efficacies across dif-
ferent pH levels, indicating the need for pH optimization in 
treatment processes [61, 62].

Surface Modification for Enhanced Performance

Advancements in surface chemistry have led to the develop-
ment of modified ACs with improved adsorptive properties. 
By integrating functional groups or nanoparticles, such as 
magnetite  (Fe3O4) or zirconium oxide  (ZrO2), into the AC 
structure, researchers have significantly increased its affin-
ity for specific heavy metals. These modifications not only 
enhance the adsorption capacity but also introduce selectiv-
ity towards certain pollutants, offering a tailored approach 
to water treatment [64, 65].

Innovations in Activated Carbon Technology

The incorporation of nanotechnology into AC structures 
represents a leap forward in adsorption technology. Mag-
netite nanoparticles, for instance, provide a dual function 
of enhancing adsorption through increased surface area and 
facilitating easy separation from the treated water through 
magnetic retrieval. This innovation extends the applicabil-
ity of AC to more complex treatment scenarios, where effi-
ciency and ease of recovery are paramount [64]. Develop-
ing composite materials, such as those combining AC with 
chitosan or specific metal oxides, has opened new avenues 
for the selective removal of heavy metals. These composites 
leverage the unique properties of their constituent materials, 
such as the biocompatibility of chitosan and the adsorptive 
power of AC, to create synergistic effects in heavy metal 
removal. Such composites have shown remarkable efficacy 
and recyclability, indicating their potential for long-term use 
in industrial applications [64–66]. The practical application 
of these advanced AC materials in real-world scenarios 
underscores their potential to revolutionize water treatment 
processes. Pilot studies and industrial-scale implementa-
tions have demonstrated the effectiveness of modified AC 
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in removing heavy metals from wastewater, offering a viable 
solution to a pressing environmental challenge. The scalabil-
ity of these technologies, coupled with their operational effi-
ciencies, positions them as frontrunners in the quest for sus-
tainable water treatment methodologies. The advancements 
in activated carbon technology, particularly through nano-
technology and chemical modification, have significantly 
broadened its applicability in environmental remediation, 
especially for heavy metal removal. These innovations not 
only enhance the intrinsic adsorptive properties of AC but 
also introduce new functionalities, making it a versatile and 
powerful tool in water treatment processes. As research pro-
gresses, the potential for AC in providing scalable, efficient, 
and sustainable solutions to heavy metal pollution becomes 
increasingly tangible, offering hope for the preservation of 
water quality and public health.

Exploring Adsorption Techniques 
for Environmental Remediation

Various practical methods used to address heavy metal pol-
lution have been explored through adsorption techniques, 
highlighting effective strategies for environmental reme-
diation. Adsorption serves as a fundamental and efficient 
method for removing both organic and inorganic contami-
nants from liquid solutions, particularly at low concentra-
tions. Defined as a surface phenomenon, adsorption involves 
the concentration of chemical compounds at the surface of a 
solid material through mass transfer processes. The efficacy 
of adsorption hinges on the interaction between the sorbent 
material and the sorbate, with the physical form and chemi-
cal composition of the sorbent being pivotal determinants of 
overall adsorption performance [67]. Within the paradox of 
adsorption mechanisms, various approaches have been eluci-
dated to understand and optimize contaminant removal pro-
cesses. These mechanisms encompass a spectrum of interac-
tions, each contributing to the overall efficacy of adsorption.

Physical Adsorption

Physical adsorption, also known as physisorption, involves 
the non-specific attraction of molecules or ions to the surface 
of the adsorbent material. This mechanism occurs due to van 
der Waals forces between the adsorbate and the adsorbent 
surface. In the context of heavy metal removal, the adsorbate 
molecules or ions are physically trapped within the micropo-
res and mesopores of the adsorbent material. The extent of 
physical adsorption depends on factors such as the surface 
area, pore size distribution, and surface chemistry of the 
adsorbent. Materials with high surface area and abundant 
micropores, such as activated carbon, exhibit enhanced 
physical adsorption capacity. The process is influenced by 

parameters like temperature, pressure, and the concentra-
tion of the adsorbate in the solution. Physical adsorption is 
reversible, and desorption can occur under suitable condi-
tions, making it suitable for regeneration and reuse of the 
adsorbent [68].

Electrostatic Interactions

Electrostatic interactions play a crucial role in the adsorption 
of charged species onto solid surfaces. In the case of heavy 
metal ions, which often carry positive charges, electrostatic 
attraction occurs between these ions and the charged sites on 
the surface of the adsorbent material. The surface charge of 
the adsorbent can be influenced by pH, with pH-dependent 
charging affecting the distribution of charges on the surface. 
At the point of zero charge (pHZC), the surface charge of 
the adsorbent is neutral, and electrostatic interactions are 
minimal. However, deviations from the pHZC result in sur-
face charging, leading to electrostatic attraction or repulsion 
between the adsorbent and the metal ions in the solution. 
This mechanism is particularly relevant for materials with 
functional groups capable of ion exchange or surface com-
plexation reactions, such as activated carbon modified with 
specific moieties [69].

Ion Exchange

Ion exchange involves the replacement of ions adsorbed 
onto the surface of the adsorbent with ions from the solu-
tion phase. In the context of heavy metal removal, functional 
groups present on the surface of the adsorbent material, such 
as carboxyl (–COOH) and hydroxyl (–OH) groups, serve as 
exchange sites for metal ions. The selectivity and efficiency 
of ion exchange depend on factors such as the concentra-
tion and nature of the competing ions in the solution, the 
pH of the solution, and the affinity of the metal ions for the 
exchange sites. The process follows principles akin to those 
observed in traditional ion exchange resins, with metal ions 
adsorbed onto the adsorbent surface being displaced by ions 
present in the solution phase [69, 70].

Surface Complexation

Surface complexation involves the formation of chemical 
complexes between metal ions in solution and functional 
groups present on the surface of the adsorbent material. 
The interaction occurs through coordination chemistry, with 
Lewis acid–base interactions playing a crucial role. Func-
tional groups such as hydroxyl (–OH), carboxyl (–COOH), 
and amino (–NH2) groups act as ligands, binding metal 
ions through coordination bonds. The formation of surface 
complexes depends on factors such as the nature and den-
sity of functional groups, the concentration of metal ions 
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in solution, and the pH of the solution. Surface complexa-
tion reactions are reversible, and the stability of the formed 
complexes determines the efficacy of heavy metal removal 
[69, 70].

Coprecipitation/Precipitation

Coprecipitation and precipitation involve the incorporation 
or removal of metal ions from solution through the forma-
tion of insoluble precipitates. In coprecipitation, metal ions 
are incorporated into the solid phase during the precipitation 
of a sparingly soluble compound. Precipitation, on the other 
hand, entails the formation of insoluble metal hydroxides, 
oxides, or sulfides due to changes in solution conditions 
such as pH, temperature, or addition of precipitating agents. 
The formed precipitates can adsorb onto the surface of the 
adsorbent material or settle out of solution, leading to the 
removal of metal ions from the aqueous phase. Coprecipita-
tion and precipitation mechanisms are particularly effective 
for removing metal ions present at low concentrations or 
as trace contaminants in solution. Figure 2 illustrates the 
coprecipitation/precipitation mechanism along with other 

adsorption ways, highlighting the formation of insoluble 
metal complexes on the adsorbent surface [22].

Understanding the mechanisms and factors influencing 
heavy metal adsorption is paramount for devising effec-
tive strategies to mitigate environmental pollution. Heavy 
metals, pervasive in industrial effluents, pose significant 
threats to ecological balance and human health due to their 
inherent toxicity, even at minimal concentrations (Table 4). 
These contaminants exhibit diverse chemical forms in 
water, influenced by intricate environmental variables such 
as pH, dissolved oxygen levels, and organic matter content 
[46, 59, 60]. Given the imperative to curb their deleterious 
impacts, substantial research endeavors have been dedi-
cated to elucidating adsorption processes, with activated 
carbon (AC) emerging as a beacon of hope in this modal-
ity. The preceding discussion underscores the critical role 
of pH in heavy metal adsorption onto AC, where acidic 
conditions typically facilitate enhanced adsorption owing 
to favorable electrostatic interactions. Expanding upon 
this fundamental understanding, recent investigations have 
ventured into innovative approaches aimed at augment-
ing AC’s adsorptive prowess, leveraging breakthroughs in 
surface modification and nanotechnology integration. By 

Fig. 2  Mechanisms of heavy metal adsorption by carbon-derived materials
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incorporating advanced materials like magnetite  (Fe3O4) 
nanoparticles and chitosan into AC matrices, researchers 
have achieved remarkable enhancements in heavy metal 
removal efficiency. These composite structures exhibit 
bespoke adsorption capabilities, characterized by favora-
ble kinetics and recyclability, thereby positioning them 
as promising candidates for real-world applications [64]. 
Furthermore, activities exploring the modification of AC 
with zirconium oxide to enhance cadmium (II) adsorption, 
and the development of AC doped with iron and zirconium 
sourced from Tectona grandis sawdust for arsenic (III) 
removal, serve as poignant examples of the strides made 
in environmental remediation. These pioneering advance-
ments not only expand the utility of AC but also under-
score its potential as a sustainable solution for combating 

heavy metal pollution across diverse industrial landscapes 
[65, 66]. Illustrative of one example of these advance-
ments, Fig. 3 depicts the adsorption of As(III) onto Fe@
AC and Fe-Zr@AC via a possible method, highlighting the 
efficacy of modified AC in heavy metal removal processes. 
Thus, by unraveling the intricate mechanisms underpin-
ning heavy metal adsorption and harnessing cutting-edge 
technologies and materials, AC provides a solution in the 
efforts that aim at preserving environmental integrity and 
conserving public health. It could be seen as a potential 
tool in the ongoing struggle against the scourge of heavy 
metal pollution, offering a ray of optimism for a cleaner 
and healthier future.

Each of these mechanisms offers unique advantages and 
challenges for the removal of heavy metal contaminants 

Table 4  Toxic effects of heavy metals on human health

Heavy metals The effects References

Nickle (Ni) Decreased lung function, blood poisoning, bronchitis, hypoxia, and lung and nasal sinus cancer [71]
Mercury (Hg) DNA damage, respiratory and gastrointestinal issues, kidney issues and renal failure, apoptosis, an autoimmune 

illness affecting the central nervous system (CNS), and other symptoms
[72]

Copper (Cu) Irritation of the nose, mouth, and eyes, as well as headaches, dizziness, nausea, and diarrhea [73]
Arsenic (As) Immunological issues, metabolic syndrome, renal damage, skin problems, apoptosis, and cancer are all possibili-

ties
[74]

Cadmium (Cd) Antioxidant enzyme inhibition (superoxide dismutase, glutathione reductase), increased lipid peroxidation in brain 
regions, genotoxicity, and carcinogenic potential

[75]

Lead (Pb) Digestive and respiratory problems, skin problems, CNS impacts, urinary system abnormalities, elevated G6PD 
activity

[76]

Chromium (Cr) Acute toxicity, skin irritation, nausea, diarrhea, liver and kidney damage, dermatitis, internal hemorrhaging, and 
respiratory issues are all possible side effects

[77]

Fig. 3  As(III) adsorption onto Fe@AC and Fe-Zr@AC via a potential technique
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from aqueous solutions. Realizing these mechanisms is 
essential for the design and optimization of adsorption pro-
cesses tailored to specific environmental remediation needs.

Critical Analysis of AC Applications 
in Wastewater Treatment by Performed Case 
Studies

Numerous case studies have investigated AC for its effective-
ness in treating wastewater, especially in dye removal. In this 
section, we will briefly summarize three case studies which 
focused on the capacity of AC and delivering unique insights 
into its application and efficiency.

Dye Removal Case Studies

Streit et al. (2019): Worked on the removal of dyes using 
high-quality activated carbon developed from biologi-
cal sludge. Streit et al. found that AC could effectively 
remove various dyes from aqueous solutions, achieving 
high removal efficiencies. They reported that the adsorp-
tion capacity of the AC for dyes was of a big significance, 
with maximum removal rates up to 95%. However, they 
also noted that the effectiveness varied depending on the 
type of dye and the specific properties of the AC used. 
The work concluded that AC derived from biological 
sludge is a promising material for dye removal, but its 
performance can be influenced by the initial dye concen-
tration and the presence of competing substances in the 
wastewater [2].
Saratale et al. (2016): In that research work, the authors 
prepared activated carbons from peach stones using 
 H4P2O7 and applied them for the removal of Acid Red 
dye. The produced AC showed high adsorption capac-
ity for the dye, with removal efficiencies exceeding 90%. 
The study highlighted the importance of activation meth-
ods and surface modification in the enhancing course of 
AC adsorption performance. The authors observed how 
the porosity and surface area of the AC were critical and 
could be limiting factors that influenced the dye removal 
efficiency. Finally, the study highlighted the economic 
viability of using agricultural waste materials for AC pro-
duction, making it a sustainable and cost-effective option 
for wastewater treatment [15].
Aljeboree et al. (2017): In their research study, they have 
investigated the adsorption capacities of textile dyes on 
coconut shell activated carbon. The work reported that 
AC was highly effective in removing dyes from aque-
ous solutions, with removal efficiencies ranging from 85 
to 98% depending on the dye and specific experimen-
tal conditions. The study emphasized the role of surface 
area and pore structure in the adsorption process, noting 

that the AC’s high surface area contributed to its high 
adsorption capacity. The researchers also pointed out that 
the adsorption process followed a pseudo-second-order 
kinetic model, indicating chemisorption as the dominant 
mechanism in the dye removal [10].

AC capabilities in water treatment have been reported as 
we have mentioned by many research groups through dif-
ferent case studies. As any other tool, it has its own advan-
tages and disadvantages. The pros of AC usage in water 
treatment could be mainly due to its wide versatility and 
high adsorption capacity via the high surface area and well-
developed porosity, which provides numerous active sites for 
the adsorption of wide range of contaminants that include 
organic compounds, dyes, and heavy metals. AC can be seen 
as a sustainable and environment friendly option since it can 
be produced from renewable and agricultural wastes mate-
rial. Yet, its cons lies on the relatively high cost of produc-
ing and regenerating high-quality activated carbon and this 
could be a major limitation for their usage. Also, in real 
situation of waste water treatment, natural organic materials 
may compete with the target pollutants for the adsorption on 
AC which affects its efficacy. Nevertheless, the efficiency 
of AC relies on the production characteristics, operations 
conditions, and pollutant type rendering some complexity 
in the optimization procedures for certain AC applications.

Conclusion and Future Prospects

The utilization of adsorption technology in wastewater treat-
ment is gaining momentum, driven by the remarkable attrib-
utes of activated carbon (AC) such as its high surface-area-
to-volume ratio, cost-effectiveness, efficiency, environmental 
friendliness, and ease of synthesis from abundant waste 
materials. However, despite these advantages, there is a scar-
city of literature on AC synthesis from non-biodegradable 
waste sources due to constraints such as excessive cross-
linking, impermeable structural compositions, costly treat-
ments, and challenges in downstream processing. Addition-
ally, the regenerability of AC poses hurdles to its widespread 
pilot and commercial applications. Efforts have been made 
to address these limitations through research on AC mag-
netization, which enhances its recyclability, reduces waste 
generation, and improves its economic viability. Concerns 
have been raised regarding the potential pore-blocking 
effects of iron nanoparticles, but strategies involving pre-
treatment with magnetization agents may mitigate this issue. 
The chemical composition of the target contaminant influ-
ences AC activation and modification, with surface func-
tionalization using acidic compounds like –COOH and –CO 
showing promise in enhancing electrostatic interactions with 
adsorbates. However, there is a need for caution as excessive 
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functionalization can lead to site blockage or electrostatic 
repulsion.

Challenges remain in scaling up AC applications due to 
concerns related to durability, efficacy, and affordability. 
Moreover, much of the research has focused on synthetic 
wastewater systems rather than real-world water matrices. 
The exploration of advanced nanomaterials, including modi-
fied activated carbon with diverse functional groups, holds 
promise for addressing these challenges and enhancing 
pollutant removal efficiency. Future research should focus 
on developing simpler and more efficient methods for AC 
synthesis and exploring innovative approaches to overcome 
existing limitations in adsorption technology, as well as 
improving the cost-effectiveness and scalability of AC pro-
duction from sustainable materials, and conducting compre-
hensive studies on its performance in real-world scenarios.

In addition to technological advancements, interdiscipli-
nary collaboration and knowledge exchange between aca-
demia, industry, and policymakers will be crucial in driving 
the adoption of adsorption technology in wastewater treat-
ment. Public–private partnerships and funding initiatives 
can facilitate the translation of research findings into prac-
tical solutions, ultimately contributing to the development 
of sustainable and cost-effective strategies for water quality 
management.
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