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CHAPTER 6

ABSTRACT

Water pollution due to the presence of chlorinated herbicides is a significant environmental 
concern. These toxic compounds are commonly used in agricultural practices and can 
contaminate water sources, posing severe health risks to humans and aquatic life. The 
adsorptive removal of chlorinated herbicides using activated carbon has shown promising 
results as an efficient and cost-effective treatment method. This research is dedicated to 
exploring the effectiveness of activated carbon obtained from diverse sources, encom-
passing agricultural waste and industrial byproducts, in serving as an adsorbent for elimi-
nating chlorinated herbicides from water. Batch experiments were conducted to assess the 
adsorption capability of the activated carbon and refine the process variables, including 
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contact duration, initial herbicide concentration, and the quantity of adsorbent used. More-
over, the regeneration and reusability of the activated carbon were studied to explore its 
practical feasibility and economic viability. Thermal regeneration was found to restore the 
adsorption capacity of spent activated carbon effectively, making it suitable for multiple 
adsorption-desorption cycles. In addition, activated carbon exhibits remarkable adsorptive 
capabilities for the removal of chlorinated herbicides from water. Its low cost, widespread 
availability, and ease of regeneration make it a promising and sustainable solution for water 
treatment. This research contributes to the ongoing efforts in mitigating water pollution and 
underscores the significance of utilizing adsorption technology to safeguard both human 
health and the environment.

6.1 INTRODUCTION

The contamination of water bodies by chlorinated herbicides, prevalent in agricultural 
practices, poses a grave environmental threat. These chemicals, designed to combat 
unwanted vegetation, seep into surface and groundwater sources, jeopardizing both human 
health and aquatic ecosystems. Their pervasive presence in water sources is alarming, 
prompting concerns about water quality and safety. The adverse effects extend beyond 
mere contamination, as chlorinated herbicides can disrupt the delicate balance of aquatic 
ecosystems, potentially causing long-term harm. Addressing this issue requires a multi-
faceted approach, including stricter regulation of herbicide usage, improved agricultural 
practices, and enhanced monitoring of water bodies. By prioritizing the preservation of 
water quality and safeguarding ecosystems, we can mitigate the harmful consequences 
of chlorinated herbicide contamination and ensure a sustainable environment for future 
generations [1, 2].

Chlorinated herbicides, notorious for their environmental persistence and resistance 
to natural degradation, pose significant threats to ecosystems and human health. Their 
enduring presence in water bodies can inflict lasting ecological damage, disrupting the 
delicate balance of aquatic environments. Moreover, certain compounds within this 
category are classified as carcinogens or endocrine disruptors, raising concerns about 
potential health risks for both humans and wildlife. The longevity of these chemicals in 
the environment exacerbates the issue, as they persist over extended periods, continuing 
to exert harmful effects on ecosystems and water quality. Given their hazardous nature, 
proactive measures are essential to mitigate their impact. This includes stringent regu-
lations on herbicide usage, promotion of alternative, environmentally friendly weed 
management practices, and investment in research to develop more sustainable solutions. 
By addressing the persistence and toxicity of chlorinated herbicides, we can minimize 
long term ecological damage and protect both human health and the integrity of aquatic 
ecosystems [3, 4] (Figure 6.1).

To tackle the challenge of chlorinated herbicide contamination in water sources, the 
implementation of effective and sustainable treatment methods is paramount. Among the 
array of available options, adsorption using activated carbon stands out for its notable effi-
cacy in eliminating a broad spectrum of organic pollutants from water. Activated carbon, 
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characterized by its extensive network of pores and significant surface area, provides 
numerous active sites ideally suited for adsorbing contaminants. This process relies on 
the attractive forces between pollutant molecules and the surface of activated carbon, 
facilitating their removal from the water matrix. The versatility and efficiency of activated 
carbon make it a promising solution for addressing chlorinated herbicide contamination in 
water bodies. However, optimizing its application requires careful consideration of factors 
such as adsorbent dosage, contact time, and water chemistry. By harnessing the power of 
activated carbon adsorption, we can mitigate the adverse impacts of chlorinated herbicides 
on water quality and safeguard both human health and aquatic ecosystems [5].

By harnessing the power of activated carbon adsorption, we can mitigate the adverse 
impacts of chlorinated herbicides on water quality and safeguard both human health and 
aquatic ecosystems [6].

This research on the adsorptive removal of chlorinated herbicides not only addresses a 
pressing environmental concern but also contributes significantly to the overarching objec-
tive of preserving water quality and ecological balance. The insights gleaned from this 
study hold promise for informing the design and implementation of innovative water treat-
ment methods aimed at mitigating the detrimental effects of chlorinated herbicides on both 
aquatic ecosystems and human health. By bridging the gap between scientific inquiry and 
practical solutions, this research endeavors to catalyze advancements in policymaking and 
environmental management. Ultimately, by translating scientific knowledge into actionable 
strategies, this study seeks to empower stakeholders to make informed decisions and take 
proactive measures to safeguard water resources for current and future generations [7].

In this study, we will focus on identifying a specific herbicide and thoroughly exam-
ining its characteristics, including chemical structure, solubility, and potential impacts on 

FIGURE 6.1  Schematic representation of chapter.



166	 Pesticide Removal Methods from Wastewater

both health and the environment. We will delve into the adsorption process, exploring its 
mechanisms and the various factors that influence it, such as pH, temperature, and concen-
tration of the herbicide solution. Furthermore, we will investigate the kinetics of adsorp-
tion to understand how quickly and efficiently the herbicide is removed from the solution. 
Moreover, the study will evaluate the effectiveness of activated carbon as an adsorbent 
for removing the herbicide. This evaluation will consider factors such as adsorption 
capacity, the potential for regeneration of the activated carbon, and its cost-effectiveness in 
comparison to other treatment methods. By thoroughly examining these aspects, we aim 
to provide valuable insights into the feasibility and efficacy of using activated carbon for 
removing the specific herbicide under consideration [8].

This research endeavors to advance our comprehension of chlorinated herbicide 
removal utilizing activated carbon, offering valuable insights into the viability and effec-
tiveness of this approach for water treatment. Ultimately, the discoveries of this study could 
carry substantial implications for environmental remediation strategies and water quality 
management, aiding in the alleviation of chlorinated herbicides’ impact on ecosystems 
and human health. By assessing the efficacy of activated carbon in removing chlorinated 
herbicides, this study aims to inform decision-makers and stakeholders about potential 
solutions for mitigating water pollution and safeguarding both environmental and human 
well-being [9].

6.2 CHLORINATED HERBICIDES AND WATER POLLUTION

Water pollution is a critical environmental issue that threatens ecosystems, human health, 
and overall sustainability. One group of pollutants that has garnered significant attention 
in this context is chlorinated herbicides. These chemicals, commonly used to control 
unwanted vegetation in agricultural and industrial settings, can have profound and lasting 
impacts on water quality and aquatic life [10].

Chlorinated herbicides belong to a class of synthetic chemicals designed to inhibit plant 
growth by disrupting essential physiological processes (Table 6.1). While their intended 
purpose is to enhance crop yield and manage invasive plants, their unintended conse-
quences in water bodies have raised serious concerns. These herbicides can enter water 
systems through various pathways, including runoff from treated fields, leaching from soil, 
and accidental spills [11].

The persistence of chlorinated herbicides is a major concern. These compounds often 
exhibit resistance to natural degradation processes due to their stable chemical structures. 
As a result, they can persist in water bodies for extended periods, leading to bioaccumula-
tion in aquatic organisms and potential long-term effects on aquatic ecosystems [12].

Perhaps one of the most notorious chlorinated herbicides is 2,4-D (2,4-Dichloro-
phenoxyacetic acid). It is one of the most widely used herbicides globally and is found 
in numerous commercial formulations. While considered relatively low in toxicity to 
humans, 2,4-D and its degradation products have been detected in surface and groundwater 
sources. This raises concerns about the potential health impacts of chronic exposure and its 
contribution to the overall chemical load in water bodies [12].



Adsorptive Removal of Chlorinated Herbicides from Water Using Activated Carbon	 167

Another well-known chlorinated herbicide is atrazine, which has been used extensively 
in agriculture to control broadleaf and grassy weeds. Atrazine’s persistence in water systems 
has led to its widespread detection in surface and groundwater. Studies have shown that 
atrazine can have adverse effects on aquatic organisms, disrupt hormone systems in some 
species, and potentially affect amphibian populations [13].

The environmental and health risks associated with chlorinated herbicides have 
prompted regulatory actions and public awareness campaigns. Regulatory bodies in various 
countries have established limits on permissible concentrations of these compounds in 
drinking water sources. Furthermore, there is a burgeoning interest in devising alternative 
strategies for weed management that diminish dependence on chlorinated herbicides [14].

Efforts to mitigate the impact of chlorinated herbicides on water systems include 
improved application techniques to minimize runoff, the development of more targeted 
and biodegradable herbicides, and the adoption of integrated pest management practices in 
agriculture. Additionally, water treatment technologies such as activated carbon adsorption, 
advanced oxidation, and biological degradation have been explored to remove chlorinated 
herbicides from contaminated water sources [15].

However, chlorinated herbicides pose a significant threat to water quality and aquatic 
ecosystems. Their persistence, potential toxicity, and widespread use necessitate compre-
hensive approaches to mitigate their impact. This includes not only regulatory measures but 
also innovative strategies to reduce their use, enhance their biodegradability, and develop 
effective water treatment methods. Addressing the challenge of chlorinated herbicides 
in water pollution requires a multifaceted and collaborative effort involving researchers, 
policymakers, industries, and the public [16].

TABLE 6.1  Different Aspects of Chlorinated Herbicides and Their Impact on Water Pollution

Aspect Definition and Description Examples Environmental Impact References
Chlorinated 
herbicides

Synthetic chemicals used 
to control plant growth by 
disrupting physiological 
processes.

2,4-D, atrazine, 
dicamba

Resistance to 
degradation leads to 
long-term presence in 
water bodies.

[17, 18]

Sources and 
pathways

Entry into water systems 
through runoff, leaching, and 
accidental spills from treated 
areas.

Agricultural runoff, 
soil leaching

Accumulate in aquatic 
organisms, potentially 
affecting food chains.

[19, 20]

Health and 
ecological 
impacts

Adverse effects on aquatic 
organisms, potential 
disruption of hormone 
systems, and harm to 
amphibians.

Atrazine’s effects on 
amphibians, 2,4-D’s 
aquatic toxicity

Disrupt aquatic 
ecosystems and 
potentially harm 
non-target species.

[11, 21]

Mitigation 
strategies

Regulatory measures, 
alternative weed 
management, and water 
treatment technologies.

Integrated pest 
management, 
biodegradable 
herbicides, activated 
carbon adsorption

Develop methods to 
reduce reliance, enhance 
biodegradability, and 
treat contaminated 
water.

[16, 22, 23]
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6.3 ADSORPTION AS A WATER TREATMENT METHOD

Adsorption is a widely used water treatment method that involves the removal of contami-
nants from water by adhering them to a solid surface. The solid material used for adsorp-
tion is typically referred to as an adsorbent, and it can be in the form of granules, particles, 
or fibers. Adsorption proves to be an efficient method for eliminating a broad spectrum 
of pollutants, encompassing organic compounds, heavy metals, and various harmful 
substances from water [24] (Table 6.2).

In water treatment, the fundamental concept of adsorption is that contaminants within 
the water adhere to the surface of the adsorbent through attractive forces, which may 
include Van der Waals forces, hydrogen bonding, and electrostatic interactions. As water 
flows over or through the adsorbent, the contaminants are captured and retained on its 
surface [25].

Some of the major facts on Adsorption as a water treatment method:

1.	 Types of Adsorbents: Indeed, a variety of adsorbents can be employed for water 
treatment, each with unique properties and suitability for different applications. 
Activated carbon stands out as one of the most commonly used adsorbents due to 
its exceptionally high surface area and porous structure. This structure provides 
ample adsorption sites for a wide range of contaminants, making activated carbon 
highly effective in water treatment processes. Other adsorbents like zeolites, silica 
gel, clay minerals, and certain metal oxides also offer specific advantages such 
as selective adsorption capabilities or chemical stability, which can make them 
suitable for targeted removal of particular pollutants or for specialized treatment 
applications. The choice of adsorbent depends on factors such as the nature of 
contaminants, treatment objectives, and cost considerations [26].

2.	 Contaminant Removal: Adsorption on activated carbon is indeed highly effective 
for removing a diverse array of contaminants from water. This includes organic 
compounds like pesticides, solvents, and pharmaceuticals, which can be effectively 
adsorbed onto the activated carbon surface due to their hydrophobic nature and Van 
der Waals forces interactions. Additionally, activated carbon is capable of adsorbing 
heavy metals such as lead, mercury, and arsenic through electrostatic interactions 
and complexation with functional groups on the carbon surface. Furthermore, 
some inorganic ions like fluoride and nitrate can be adsorbed onto activated carbon 
through ion exchange or other surface interactions. The versatility of activated 
carbon in adsorbing such a wide range of contaminants makes it a valuable tool in 
water treatment processes for improving water quality and ensuring a safe drinking 
water supply [27].

3.	 Mechanisms: Adsorption can occur through various mechanisms, including 
physical adsorption (Van der Waals forces) and chemical adsorption (chemisorp-
tion), depending on the nature of the adsorbate and adsorbent [28].

4.	 Surface Area and Porosity: The effectiveness of adsorption indeed relies heavily 
on the surface area and porosity of the adsorbent material. Adsorbents with larger 
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surface areas and greater porosity offer more sites for contaminant attachment, 
enhancing their adsorption capacity. Materials with high surface area-to-volume 
ratios, such as activated carbon and certain zeolites, possess extensive networks 
of pores at the nanoscale, providing abundant surface area for interactions with 
contaminants. These pores come in various sizes, including micropores, meso-
pores, and macropores, accommodating a wide range of pollutant sizes and 
enhancing accessibility to adsorption sites. The combined effect of high surface 
area and porosity ensures efficient adsorption processes by maximizing the contact 
between the adsorbent and contaminants, leading to effective removal of pollutants 
from water sources. Therefore, selecting adsorbents with optimal surface area and 
porosity is crucial for achieving desired water treatment outcomes [29].

5.	 Regeneration: As adsorbents become saturated with contaminants during water 
treatment processes, their effectiveness diminishes, necessitating regeneration or 
replacement to restore their adsorption capacity. Regeneration methods typically 
involve thermal treatment, where the adsorbent is heated to high temperatures to 
remove adsorbed pollutants without damaging the adsorbent structure. Chemical 
washing techniques may also be employed, where the adsorbent is treated with 
specific chemicals to desorb and remove contaminants. Additionally, desorption 
using steam is another common method, where high-temperature steam is used 
to facilitate the release of adsorbed pollutants from the adsorbent surface. Proper 
regeneration or replacement of adsorbents is essential for maintaining the efficiency 
and longevity of water treatment systems, ensuring continued effective removal of 
contaminants and the provision of clean and safe drinking water [30].

6.	 Advantages: Adsorption is indeed a versatile and widely applicable water treat-
ment method that can be utilized as a standalone treatment or in combination with 
other techniques. Its effectiveness extends across various scales, from large-scale 
municipal water treatment plants to smaller-scale applications like household water 
filters. In large-scale municipal water treatment, adsorption is employed to remove 
a wide range of contaminants, including organic compounds, heavy metals, and 
disinfection byproducts, ensuring the provision of safe and clean drinking water to 
communities. At the household level, adsorption-based water filters are commonly 
used to improve water quality by removing impurities such as chlorine, pesticides, 
and VOCs, enhancing taste and odor. The flexibility and effectiveness of adsorption 
make it a valuable tool in addressing diverse water treatment challenges, offering 
a reliable and efficient means of achieving desired water quality standards across 
various applications and scales [31].

7.	 Limitations: Although adsorption is effective in removing contaminants from 
water, it does have limitations that need to be considered. The selectivity of the 
adsorbent may restrict its ability to effectively remove certain contaminants, 
depending on their chemical properties. Additionally, high concentrations of 
contaminants in water may overwhelm the adsorption capacity of the adsorbent, 
reducing its efficiency. Furthermore, during regeneration or disposal of spent 
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adsorbents, there is a risk of releasing adsorbed contaminants back into the envi-
ronment if not properly managed. This potential for contaminant release highlights 
the importance of carefully selecting regeneration methods and ensuring proper 
disposal practices to minimize environmental impact. Despite these limitations, 
when properly applied and managed, adsorption remains a valuable and versatile 
tool in water treatment processes [32].

8.	 Cost Considerations: The cost of adsorption treatment can fluctuate based on 
several factors. The choice of adsorbent plays a significant role, as certain materials 
may be more expensive or less readily available than others. Additionally, the need 
for regeneration or replacement of adsorbents can contribute to operational costs. 
The initial concentration of contaminants in the water source also impacts treatment 
costs, as higher concentrations may require more extensive treatment processes and 
larger quantities of adsorbents. Overall, careful consideration of these factors is 
necessary to optimize the cost-effectiveness of adsorption treatment and ensure 
efficient removal of contaminants while managing expenses [33].

9.	 Application Areas: Adsorption finds widespread application in diverse water treat-
ment contexts due to its effectiveness in removing a wide range of contaminants. In 
drinking water purification, adsorption is employed to remove organic compounds, 
disinfection byproducts, and other pollutants, ensuring safe and clean drinking 
water for communities. In wastewater treatment, adsorption plays a crucial role in 
removing organic and inorganic contaminants, reducing the environmental impact 
of wastewater discharges. Groundwater remediation efforts often utilize adsorp-
tion to remove contaminants such as volatile organic compounds (VOCs), heavy 
metals, and pesticides, restoring groundwater quality. Furthermore, in industrial 
processes, adsorption is utilized for treating process effluents, purifying water 
used in manufacturing operations, and controlling emissions, contributing to envi-
ronmental sustainability and regulatory compliance. The versatility of adsorption 
makes it a valuable tool in addressing various water treatment challenges across 
different sectors and applications [34].

10.	 Research and Innovation: Ongoing research endeavors focus on advancing the 
development of new and improved adsorbents to address emerging challenges in 
water treatment. Efforts aim to enhance adsorption kinetics and capacity, ensuring 
efficient removal of contaminants from water sources. Additionally, research aims 
to optimize adsorption processes tailored to specific contaminants, considering 
factors such as surface chemistry, pore structure, and operational conditions. Novel 
materials with enhanced adsorption properties, such as modified activated carbons, 
nanomaterials, and hybrid composites, are being explored to achieve superior 
performance and cost-effectiveness. Furthermore, advancements in understanding 
the fundamental mechanisms of adsorption facilitate the design of tailored adsor-
bents and optimization of treatment strategies. These research initiatives contribute 
to the continuous improvement of adsorption technology, paving the way for more 
efficient and sustainable water treatment solutions in the future [35].



Adsorptive Removal of Chlorinated Herbicides from Water Using Activated Carbon	 171

However, adsorption is a valuable water treatment method that provides an efficient 
way to remove a wide range of contaminants from water, making it safer for consumption 
and various other purposes.

TABLE 6.2  The Basic Concepts of Adsorption as a Water Treatment Method

Aspect Description Advantages Disadvantages References
Method Adsorption involves 

attaching contaminants 
to a solid surface, such 
as activated carbon.

Effective in removing 
a wide range of 
contaminants.

Limited by adsorption 
capacity of the 
material.

[36–38]

Mechanism Contaminants adhere 
to the solid surface due 
to various interactions 
(van der Waals, 
electrostatic).

Can remove both 
organic and inorganic 
pollutants.

Adsorption equilibrium 
might take time.

[39–43]

Adsorbents Adsorbents can be 
activated carbon, 
zeolites, or other 
porous materials.

Versatile – can be 
tailored for specific 
contaminants.

Regeneration of spent 
adsorbents can be 
energy intensive.

[44–46]

Applications Used for removal of 
organic compounds, 
heavy metals, and 
some ions from water.

Can improve taste, 
odor, and color of 
treated water.

Requires proper 
disposal of spent 
adsorbents, which may 
contain concentrated 
pollutants.

[47–49]

6.4 ACTIVATED CARBON AS AN ADSORBENT

Activated carbon is one of the most widely used adsorbents in water treatment due to its 
high surface area, porous structure, and versatility in adsorbing a wide range of contami-
nants. There more information about activated carbon as an adsorbent (Figure 6.2).

6.4.1 SURFACE AREA AND POROSITY

Activated carbon is produced by heating carbonaceous materials like wood, coconut shells, 
or coal at high temperatures with gases such as nitrogen or carbon dioxide. This process 
results in a highly porous material with a substantial internal surface area. The extensive 
surface area provides numerous binding sites for contaminants to adhere to via adsorp-
tion. Due to its porous structure and high surface area, activated carbon is widely used for 
removing impurities from air and water in various applications, including water treatment, 
air purification, and industrial processes [50, 51].

6.4.2 PORE STRUCTURE

Activated carbon exhibits a sophisticated pore structure comprising micropores (less than 2 
nm in diameter), mesopores (2–50 nm), and macropores (greater than 50 nm). This diverse 
distribution of pore sizes facilitates the adsorption of a broad spectrum of molecule sizes. 
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Micropores, being exceptionally small, are adept at adsorbing small molecules and gases, 
while mesopores accommodate larger molecules. Macropores, with their substantial size, 
offer accessibility for bulky molecules. This intricate network of pores ensures efficient 
adsorption across various molecular sizes, making activated carbon a versatile adsorbent 
for a wide array of contaminants in water and air purification processes. Its capability to 
effectively capture molecules of diverse sizes contributes to its widespread use in numerous 
applications ranging from wastewater treatment to gas filtration and beyond [52].

6.4.3 CONTAMINANT REMOVAL

Activated carbon demonstrates effectiveness in adsorbing a wide range of organic 
compounds, including VOCs, pesticides, industrial chemicals, and natural organic matter. 
Additionally, it can adsorb certain inorganic compounds such as chlorine, heavy metals, and 
select gases. Its porous structure and high surface area enable it to effectively capture and 
retain these contaminants through adsorption mechanisms. In water treatment, activated 
carbon is frequently employed to remove organic pollutants and improve water quality. 
Similarly, in air purification systems, it helps mitigate the presence of VOCs and other 
harmful gases. This versatility in adsorption capabilities makes activated carbon a valuable 
tool in various environmental remediation processes and industrial applications aimed at 
removing both organic and inorganic pollutants from air and water streams [53, 54].

6.4.4 ADSORPTION MECHANISM

The adsorption process on activated carbon primarily entails physical interactions, particu-
larly Van der Waals forces, between the adsorbent surface and the contaminants present 
in the water. Activated carbon’s high surface area and intricate pore structure contribute 
to its exceptional adsorption capacity by providing numerous sites for contaminants to 
adhere to. Van der Waals forces facilitate the attraction between the activated carbon surface 
and the molecules of contaminants, enabling their retention within the porous matrix. The 
extensive network of micropores, mesopores, and macropores in activated carbon enhances 
its ability to adsorb a wide range of contaminants effectively. By leveraging these physical 
interactions, activated carbon serves as a versatile and efficient adsorbent in water treatment 
processes, offering effective removal of various pollutants to improve water quality [55, 56].

6.4.5 TYPES OF ACTIVATED CARBON

Different forms of activated carbon are utilized in water treatment based on specific appli-
cation requirements and treatment objectives. Powdered activated carbon (PAC) consists of 
fine particles, offering a high surface area-to-volume ratio suitable for rapid adsorption in 
batch processes or for enhancing the performance of filtration systems. Granular activated 
carbon (GAC) comprises larger granules, providing extended contact time and deeper 
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bed penetration, making it suitable for continuous flow systems and fixed-bed adsorption 
columns. Activated carbon fibers offer unique properties such as high mechanical strength 
and porosity, making them suitable for specialized applications requiring enhanced adsorp-
tion capacities or structural integrity. Selecting the appropriate form of activated carbon 
ensures optimal performance and efficiency in addressing diverse water treatment chal-
lenges [57, 58].

6.4.6 REGENERATION

Once activated carbon reaches saturation with adsorbed contaminants, it can undergo regen-
eration procedures to rejuvenate its adsorption capacity for reuse. Regeneration techniques 
commonly involve thermal treatment, wherein the activated carbon undergoes controlled 
heating to eliminate adsorbed pollutants without compromising its carbon structure. 
Steam desorption is another method, involving the exposure of activated carbon to high-
temperature steam to facilitate the release of adsorbed contaminants. These regeneration 
processes ensure the longevity and efficiency of activated carbon in various applications, 
including water and air purification systems. Additionally, chemical washing techniques 
may be employed, where the activated carbon is treated with specific chemicals to desorb 
and remove the contaminants. Proper regeneration methods ensure the effective restoration 
of activated carbon’s adsorption capacity, extending its lifespan and reducing the need for 
frequent replacement [60].

6.4.7 ADSORPTION MECHANISMS

Indeed, adsorption on activated carbon primarily occurs through physical adsorption, also 
known as physisorption, which is driven by Van der Waals forces. The extensive network 
of micropores, mesopores, and macropores present in activated carbon provides abundant 
sites for contaminants to adhere to. Micropores, with diameters less than 2 nanometers, 
offer high surface area-to-volume ratios and are particularly effective for adsorbing small 
molecules. Mesopores, with diameters between 2 and 50 nanometers, provide intermediate 
adsorption sites suitable for a wide range of contaminants. Macropores, with diameters 
greater than 50 nanometers, contribute to the overall porosity of activated carbon and can 
facilitate the transport of larger molecules into the adsorbent matrix. The combination 
of these pore structures ensures that activated carbon is capable of efficiently adsorbing 
contaminants from water and other fluids through physical interactions, making it a versa-
tile and effective adsorbent in various water treatment applications [61].

6.4.8 WIDE APPLICABILITY

Activated carbon is indeed highly effective in adsorbing a diverse array of contaminants 
present in water. It can efficiently remove organic compounds such as VOCs, pesticides, 
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pharmaceuticals, and natural organic matter, which contribute to taste, odor, and health 
concerns in water. Additionally, activated carbon can effectively adsorb chlorine, a common 
disinfectant used in water treatment, and heavy metals such as mercury and lead, which 
are toxic pollutants with adverse health effects. Furthermore, it can target some inorganic 
ions like fluoride and nitrate, which may exceed regulatory limits in drinking water. The 
versatility of activated carbon in adsorbing such a wide range of contaminants makes it a 
valuable tool in various water treatment applications, contributing to the provision of safe 
and clean drinking water [62].

6.4.9 SELECTIVE ADSORPTION

Activated carbon’s selectivity in adsorbing contaminants is indeed advantageous, especially 
in treating complex water matrices. Various factors, including pore size distribution, surface 
chemistry, and the nature of the adsorbate, play crucial roles in determining adsorption 
selectivity. The varied pore structure of activated carbon enables preferential adsorption 
of contaminants depending on their size and molecular properties. Furthermore, functional 
groups present on the surface of activated carbon can promote specific interactions with 
particular contaminants, thereby enhancing adsorption selectivity. These combined factors 
contribute to the tailored adsorption capabilities of activated carbon, making it a versatile 
and effective adsorbent for diverse applications in environmental remediation and purifica-
tion processes. By leveraging these properties, activated carbon can selectively remove 
target contaminants, such as herbicides, pesticides, or organic pollutants, from water while 
minimizing the adsorption of other substances. This selectivity is valuable in treating water 
sources containing multiple contaminants, where tailored removal of specific pollutants is 
essential for achieving desired water quality standards and regulatory compliance [63, 64].

6.4.10 APPLICATION AREAS

Activated carbon is extensively used across a range of water treatment scenarios, encom-
passing municipal drinking water treatment, wastewater treatment, groundwater remedia-
tion, and various industrial applications. In municipal drinking water treatment, activated 
carbon is utilized to remove organic contaminants, improve taste and odor, and enhance 
overall water quality. In wastewater treatment, it effectively adsorbs organic pollutants 
and toxic compounds. Groundwater remediation efforts often rely on activated carbon to 
remove VOCs and other contaminants. In industrial processes, activated carbon plays a 
crucial role in purifying water used in manufacturing operations, treating process effluents, 
and controlling emissions. Activated carbon is employed in various configurations, such as 
fixed-bed adsorption columns, fluidized beds, and integrated into filtration systems, offering 
versatility and effectiveness across a wide range of water treatment applications [65].

6.4.11 CHALLENGES

While activated carbon proves highly efficient in adsorbing various contaminants, it does 
exhibit limitations. Its adsorption capacity can fluctuate based on the type of contaminant, 
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with certain pollutants being more readily adsorbed than others. This variability is influ-
enced by factors such as pore size, surface chemistry, and the specific characteristics of the 
contaminant. Moreover, activated carbon can potentially release adsorbed contaminants 
during regeneration processes or when it becomes saturated. This phenomenon, known as 
desorption, can occur under certain conditions, leading to the reintroduction of contaminants 
into the treated water. Proper handling and disposal of spent activated carbon are essential 
to mitigate potential risks associated with contaminant release. Despite these limitations, 
activated carbon remains a valuable tool in water treatment, provided its capabilities and 
constraints are carefully considered and managed [66].

6.4.12 TREATMENT OPTIMIZATION

The effectiveness of activated carbon in water treatment relies heavily on the optimization 
of various parameters for each specific application. Factors such as the type of activated 
carbon, particle size, contact time, and adsorption conditions must be carefully considered 
and tailored to achieve the desired removal efficiency. The selection of activated carbon 
type involves choosing the most suitable material based on pore structure, surface area, 
and surface chemistry to effectively target the contaminants present in the water. Particle 
size influences the surface area available for adsorption and the kinetics of the process, 
impacting overall efficiency. Furthermore, optimizing contact time ensures sufficient 
interaction between the activated carbon and contaminants; while adjusting adsorption 
conditions such as pH and temperature can enhance adsorption kinetics and efficiency. 
By carefully optimizing these parameters, water treatment processes can maximize the 
removal efficiency of contaminants, ultimately producing high-quality treated water [67].

FIGURE 6.2  Parameters in adsorption of chlorinated herbicides.

6.5 PREVIOUS STUDIES ON HERBICIDE REMOVAL USING ACTIVATED CARBON

Numerous studies have explored the effectiveness of using activated carbon for the removal 
of various herbicides from water sources.
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In this study, the adsorption of several commonly used herbicides onto powdered acti-
vated carbon was investigated. The authors discovered that the adsorption capacities varied 
among the herbicides, with differences attributed to their distinct chemical characteristics. 
Despite these variations, the researchers concluded that adsorption onto activated carbon 
proved to be an effective method for herbicide removal. The findings underscored the versa-
tility and efficacy of activated carbon as an adsorbent for removing herbicides from aqueous 
solutions. By selectively binding to herbicides, activated carbon offers a promising solution 
for water treatment applications, particularly in environments where herbicide contamina-
tion poses risks to ecosystems and human health. Overall, this study highlights the potential 
of activated carbon as a reliable tool in mitigating herbicide pollution, emphasizing the 
importance of understanding the specific interactions between herbicides and adsorbents to 
optimize removal processes and ensure effective water remediation strategies [9].

In this study, researchers investigated the competitive adsorption dynamics of two 
herbicides, atrazine, and acetochlor, on activated carbon. Their findings revealed that the 
presence of one herbicide significantly influenced the adsorption behavior of the other, indi-
cating competitive interactions between the two contaminants. The observed competitive 
adsorption phenomena underscored the importance of considering multiple contaminants 
in water treatment scenarios. Understanding how different contaminants interact with 
adsorbent surfaces is crucial for predicting and optimizing treatment processes. In practical 
applications, the presence of multiple pollutants can alter the efficiency and effectiveness 
of treatment methods, necessitating comprehensive assessments and tailored approaches to 
address complex contamination scenarios. By shedding light on the competitive adsorption 
of atrazine and acetochlor, this study emphasizes the need for holistic approaches in water 
treatment strategies, ensuring that the complexities of contaminant interactions are adequately 
accounted for to achieve optimal treatment outcomes and safeguard water quality [68].

In this study, researchers delved into the kinetics and isotherm behavior of herbicide 
adsorption onto activated carbon. By analyzing various kinetic models and isotherm equa-
tions, the authors aimed to comprehend the underlying mechanisms of adsorption and 
optimize process conditions to enhance herbicide removal efficiency. Through rigorous 
experimentation and mathematical modeling, the study sought to elucidate the rate at which 
herbicides are adsorbed onto activated carbon over time and the equilibrium relationship 
between herbicide concentration in solution and the adsorbed amount on the adsorbent 
surface. By assessing different kinetic models and isotherm equations, the researchers 
aimed to identify the most suitable models that accurately describe the adsorption process 
and provide insights into the factors influencing herbicide adsorption onto activated 
carbon. Generally, this research contributes to a deeper understanding of the kinetics and 
isotherm behavior of herbicide adsorption onto activated carbon, offering valuable insights 
for optimizing process conditions and improving the efficiency of herbicide removal in 
water treatment applications [69].

The study investigated the adsorption behavior of three herbicides, namely MCPA, 
2,4-D, and mecoprop, on activated carbon in both single solute and multi-solute systems. 
Researchers systematically assessed the influence of various factors, including pH, temper-
ature, and initial herbicide concentration, on the adsorption efficiency of these herbicides 
onto activated carbon. Through rigorous experimentation and analysis, the researchers 
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sought to elucidate how changes in pH levels, temperature variations, and varying initial 
concentrations of herbicides affect the adsorption process onto activated carbon. By 
exploring the adsorption behavior of these herbicides under different conditions, the study 
aimed to provide insights into the mechanisms governing their interaction with activated 
carbon, thereby informing strategies for optimizing adsorption processes in water treat-
ment applications. The findings of this research contribute to a deeper understanding of the 
factors influencing herbicide adsorption onto activated carbon, facilitating the development 
of more effective and efficient water treatment methodologies [70].

In this study, researchers explored the adsorption behavior of different herbicides on 
activated carbon, examining key aspects such as kinetics, equilibrium, and thermodynamics 
of the adsorption process. Through a comprehensive analysis, the authors aimed to provide 
insights into the mechanisms governing herbicide adsorption onto activated carbon and the 
factors influencing this process. By investigating the kinetics, researchers sought to under-
stand the rate at which herbicides were adsorbed onto activated carbon over time. Equi-
librium studies focused on determining the relationship between herbicide concentration 
in solution and the amount adsorbed onto the activated carbon surface, shedding light on 
the equilibrium behavior of the adsorption process. Additionally, thermodynamic analyses 
provided valuable information on the energy changes and spontaneity of herbicide adsorp-
tion. Generally, this study contributes to a deeper understanding of herbicide adsorption onto 
activated carbon, offering valuable insights into the mechanisms and factors influencing the 
process, which can inform the development of more efficient water treatment strategies [71].

6.6 MECHANISMS OF HERBICIDE ADSORPTION ONTO ACTIVATED CARBON

The adsorption process of herbicides onto activated carbon is indeed complex, influenced 
by various factors. Activated carbon, prized for its porous structure and extensive surface 
area, emerges as a highly effective adsorbent for a wide range of organic compounds, 
including herbicides. The porous nature of activated carbon provides numerous sites 
for herbicide molecules to adhere to, facilitating their removal from aqueous solutions. 
Additionally, the large surface area allows for greater interaction between the herbicide 
molecules and the adsorbent, enhancing adsorption efficiency. Moreover, the effectiveness 
of activated carbon in adsorbing herbicides is further augmented by its chemical properties, 
such as surface chemistry and pore size distribution, which can selectively target specific 
herbicides based on their molecular characteristics. In general, the unique properties of 
activated carbon make it a versatile and efficient adsorbent for herbicide removal, offering 
promise for the development of effective water treatment technologies aimed at mitigating 
herbicide contamination in various environmental settings [9, 62]. The mechanisms of 
herbicide adsorption onto activated carbon involve physical and chemical interactions.

6.6.1 VAN DER WAALS FORCES

Activated carbon’s effectiveness in adsorbing herbicide molecules originates from its intri-
cate network of pores and expansive surface area. Initially, herbicide molecules are drawn 
to the carbon surface by weak van der Waals forces. These forces arise due to induced 



178	 Pesticide Removal Methods from Wastewater

dipoles in the herbicide molecules, which interact with the carbon surface. The extensive 
surface area of activated carbon provides ample sites for herbicide adsorption, while its 
porous structure enhances accessibility to adsorption sites. Thus, van der Waals forces 
play a crucial role in the initial adsorption process, facilitating the binding of herbicide 
molecules to activated carbon surface [72].

6.6.2 PI-PI INTERACTIONS

Many herbicides feature aromatic rings in their molecular structures. When these aromatic 
rings interact with the conjugated pi-electron systems present on the activated carbon 
surface, pi-pi interactions occur. This interaction is a form of non-covalent bonding that 
enhances the adsorption of herbicides onto activated carbon. Pi-pi interactions are particu-
larly strong between aromatic rings due to the overlap of their electron clouds, leading to 
attractive forces between the aromatic rings of the herbicide molecules and the activated 
carbon surface. This supplementary interaction further enhances the overall adsorption 
capacity of activated carbon for herbicides containing aromatic moieties. By exploiting 
pi-pi interactions, activated carbon can effectively capture herbicides from water, offering 
an efficient means of removal in water treatment processes. Understanding these interac-
tions is essential for optimizing the performance of activated carbon as an adsorbent for 
aromatic-containing herbicides [73].

6.6.3 HYDROPHOBIC INTERACTIONS

Herbicides commonly exhibit hydrophobic properties, repelling water due to their molecular 
structure. Similarly, activated carbon possesses hydrophobic characteristics, further facili-
tating the adsorption of herbicides. This shared hydrophobic nature between herbicides and 
activated carbon encourages herbicide molecules to migrate towards the carbon surface 
to minimize their contact with water. Hydrophobic interactions between herbicides and 
activated carbon are pivotal in facilitating adsorption. Herbicide molecules are attracted to 
the hydrophobic surface of activated carbon, enabling favorable interactions such as van 
der Waals forces and pi-pi interactions. This affinity for the hydrophobic surface enhances 
activated carbon’s adsorption capacity for herbicides, rendering it an effective adsorbent 
in water treatment processes aimed at removing hydrophobic contaminants like herbicides 
[74, 75].

6.6.4 ELECTROSTATIC INTERACTIONS

Herbicide molecules can vary in their chemical structure, resulting in some carrying 
positive or negative charges depending on functional groups present. Similarly, activated 
carbon surfaces may possess charged functional groups due to impurities or intentional 
modifications. Charged functional groups present on activated carbon facilitate electrostatic 
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interactions with charged herbicide molecules. If herbicide molecules carry a positive 
charge, they may be drawn to negatively charged functional groups on the activated carbon 
surface, and vice versa for negatively charged herbicide molecules. These electrostatic 
interactions work alongside other adsorption mechanisms like van der Waals forces and 
pi-pi interactions, thereby augmenting the overall adsorption capacity of activated carbon 
for various herbicides. Recognizing the significance of electrostatic interactions is essential 
for optimizing the efficacy of activated carbon as an adsorbent for herbicides with diverse 
chemical structures and charges [76].

6.6.5 PORE SIZE AND DISTRIBUTION

The pore structure of activated carbon is a critical factor influencing its adsorption capacity 
for herbicides. Activated carbon typically possesses a range of pore sizes, including meso-
pores, micropores, and macropores. Larger herbicide molecules may preferentially adsorb 
within larger pores, where there is more space for accommodation. Conversely, smaller 
herbicide molecules can be trapped in smaller pores due to size exclusion effects. The 
arrangement of pore sizes within activated carbon affects the accessibility of herbicide 
molecules to adsorption sites. An evenly distributed range of pore sizes ensures effec-
tive adsorption of herbicides with differing sizes, optimizing the adsorption capacity of 
activated carbon. Understanding the relationship between pore structure and herbicide 
adsorption is essential for designing effective water treatment systems that utilize activated 
carbon as an adsorbent for herbicide removal [77].

6.6.6 CHEMICAL REACTIONS

Indeed, certain herbicides can undergo chemical reactions on the surface of activated carbon. 
These reactions may involve processes such as hydrolysis, oxidation, or other transforma-
tion mechanisms, which can lead to modifications in the chemical structure of the herbicide 
molecules. For instance, hydrolysis reactions can occur where water molecules participate 
in breaking chemical bonds within herbicide molecules, resulting in the formation of 
new compounds or degradation products. Similarly, oxidation reactions can involve the 
transfer of electrons from herbicide molecules to activated carbon or other oxidizing agents 
present, leading to changes in their chemical composition. These chemical transformations 
occurring on the activated carbon surface can affect the adsorption behavior and fate of 
herbicides in water treatment processes. Understanding the potential for such reactions is 
essential for predicting the efficacy of activated carbon as an adsorbent for herbicides and 
for designing treatment systems that effectively address herbicide contamination [78].

6.6.7 COMPETITIVE ADSORPTION

In real-world scenarios, the presence of diverse substances in the environment can impact 
the adsorption of herbicides onto activated carbon. These substances, including other 
organic and inorganic compounds, may compete with herbicide molecules for adsorption 
sites on the activated carbon surface. Organic compounds such as humic acids or natural 
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organic matter and inorganic compounds like heavy metals or ions may interfere with 
herbicide adsorption by occupying available adsorption sites or altering the surface chem-
istry of the activated carbon. Understanding the complex interactions between herbicides 
and other environmental constituents is crucial for designing effective water treatment 
strategies that account for the presence of multiple contaminants and ensure the successful 
removal of herbicides from water sources.

To optimize the adsorption of herbicides onto activated carbon, several factors need 
consideration:

1.	 Activated Carbon Properties: The type of activated carbon used greatly influ-
ences adsorption efficiency. Variations such as granular, powdered or activated 
carbon fibers impact performance. This is due to differences in surface area, pore 
size distribution, and functional groups present on the carbon surface. Granular 
activated carbon typically offers larger particle sizes and a wide range of pore sizes, 
making it suitable for applications requiring high flow rates and adsorption of 
larger molecules. Powdered activated carbon, on the other hand, possesses smaller 
particle sizes, providing increased surface area and enhanced adsorption of smaller 
molecules. Activated carbon fibers feature a unique structure with high porosity 
and surface area, making them effective for various adsorption applications. 
Understanding these distinctions allows for tailored selection of activated carbon 
types to optimize adsorption efficiency for specific contaminants and treatment 
requirements [79, 80].

2.	 Herbicide Properties: The affinity of herbicide for activated carbon is influenced 
by several factors, including its chemical structure, hydrophobicity, charge, and 
molecular weight. Herbicides with non-polar or hydrophobic chemical structures 
tend to exhibit a greater affinity for activated carbon due to stronger interactions 
with the carbon surface. Additionally, herbicides with higher molecular weights 
may have a greater adsorption capacity on activated carbon due to increased 
surface area interactions. The presence of charged functional groups on the herbi-
cide molecule can also affect adsorption affinity, with oppositely charged species 
potentially exhibiting stronger interactions with activated carbon. Understanding 
these molecular characteristics is essential for predicting and optimizing the 
adsorption efficiency of herbicides onto activated carbon in water treatment and 
environmental remediation applications [81, 82].

3.	 pH and Temperature: The pH of a solution can significantly influence the charge 
on both the carbon surface and the molecules of herbicide present in the solution. 
This charge interaction plays a crucial role in adsorption processes. Variations in pH 
can alter the surface charge of the adsorbent material, affecting its affinity for the 
herbicide molecules. Additionally, changes in pH can modify the charge distribution 
on the herbicide molecules themselves, further impacting their interaction with the 
adsorbent surface. Furthermore, temperature plays a vital role in adsorption kinetics 
and equilibrium. Elevated temperatures typically accelerate the rate of adsorption 
by promoting increased molecular motion and collisions. Nonetheless, the impact 
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on equilibrium adsorption capacity may vary based on the particular adsorbent-
adsorbate system and the nature of the adsorption process at play [81, 83].

4.	 Contact Time: The duration of contact between activated carbon and a herbicide 
solution is a critical factor in determining the extent of adsorption. When activated 
carbon comes into contact with the herbicide solution, molecules from the solution 
adhere to the surface of the carbon through various mechanisms such as physical 
adsorption, chemical bonding, or ion exchange. As time progresses, more herbi-
cide molecules have the opportunity to interact with the activated carbon surface, 
leading to increased adsorption. The rate at which adsorption occurs typically 
slows down over time as the concentration of herbicide in the solution decreases 
and the available surface sites on the activated carbon become progressively occu-
pied. Eventually, a point is reached where the rate of adsorption becomes equal 
to the rate of desorption, resulting in equilibrium. At this stage, there is no further 
net change in the amount of herbicide adsorbed onto the activated carbon surface. 
The time required to reach equilibrium can vary depending on factors such as the 
properties of the activated carbon, the concentration of the herbicide solution, and 
the temperature. However, in most cases, equilibrium is achieved over time, and 
the duration of contact between activated carbon and the herbicide solution signifi-
cantly influences the efficiency of adsorption [84].

5.	 Concentration: The initial concentration of herbicide in the solution significantly 
influences the adsorption capacity of activated carbon. Typically, higher initial 
concentrations of herbicide yield more molecules available to interact with the 
surface of the activated carbon, thereby enhancing adsorption. This is driven by 
a higher adsorption force when more herbicide molecules are present. However, 
there may be a saturation threshold where the adsorption capacity of activated 
carbon becomes limited. Consequently, further increases in the initial concentra-
tion of herbicide might not lead to proportional increases in adsorption. Therefore, 
understanding the relationship between initial herbicide concentration and adsorp-
tion capacity is essential for optimizing the efficiency of activated carbon as an 
adsorbent for herbicide removal [85].

In addition, the mechanisms of herbicide adsorption onto activated carbon involve a 
combination of physical and chemical interactions. Understanding these mechanisms helps 
in designing efficient adsorption processes for the removal of herbicides from water and 
soil systems.

6.7 CHALLENGES AND FUTURE PERSPECTIVES

6.7.1 CHALLENGES

The adsorptive removal of chlorinated herbicides from water using activated carbon can be 
effective, but there are also several challenges associated with this process. Here are some 
of the main challenges:
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6.7.1.1 ADSORBENT SELECTION

The selection of activated carbon is indeed critical for effective adsorption of chlorinated 
herbicides. Different types of activated carbon possess unique characteristics such as pore 
structure, surface area, and functional groups, which significantly influence their adsorp-
tion capabilities. Pore structure determines the size and distribution of pores within the 
activated carbon, affecting its ability to accommodate different-sized herbicide molecules. 
Surface area, on the other hand, provides more sites for herbicide molecules to interact with, 
thus enhancing adsorption capacity. Functional groups present on the surface of activated 
carbon can also play a role in chemically binding with herbicide molecules. When choosing 
activated carbon for adsorbing chlorinated herbicides, it’s essential to consider the specific 
properties of the herbicide and match them with the characteristics of the activated carbon. 
This ensures compatibility and optimal adsorption performance. Proper selection based on 
pore structure, surface area, and functional groups can maximize adsorption efficiency and 
ultimately lead to the successful removal of chlorinated herbicides from the solution [86].

6.7.1.2 ADSORPTION CAPACITY

Activated carbon’s adsorption capacity is limited, and in real-world scenarios, the pres-
ence of other contaminants in water can diminish its effectiveness in removing chlorinated 
herbicides. These contaminants may compete with herbicide molecules for adsorption sites 
on the activated carbon surface, reducing the available capacity for herbicide removal. This 
competition for adsorption sites becomes more pronounced in water samples containing 
multiple pollutants, where various substances vie for binding to the activated carbon. As a 
result, achieving efficient removal of chlorinated herbicides from complex water matrices 
requires careful consideration of the presence of other contaminants and may necessitate 
additional treatment steps or adjustments to the adsorption process [87].

6.7.1.3 COMPETITIVE ADSORPTION

In water sources containing a mixture of chlorinated herbicides with varying affinities 
for activated carbon, competitive adsorption can significantly impact the overall removal 
efficiency. Each herbicide present in the mixture may have different physical and chemical 
properties, resulting in differences in their adsorption behavior onto activated carbon 
surfaces. Herbicides with higher affinities for activated carbon may outcompete those with 
lower affinities for available adsorption sites. This competitive adsorption phenomenon 
can lead to uneven distribution of herbicides on the activated carbon surface, reducing the 
efficiency of removal for certain herbicides within the mixture. As a result, the presence 
of multiple chlorinated herbicides in water sources complicates the adsorption process, 
necessitating careful consideration of factors such as herbicide concentrations, affinities 
for activated carbon, and treatment conditions to achieve optimal removal efficiency. Strat-
egies such as adjusting contact times, optimizing activated carbon properties, or employing 
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additional treatment steps may be required to effectively address competitive adsorption in 
complex herbicide mixtures [88].

6.7.1.4 KINETICS AND EQUILIBRIUM

Achieving equilibrium between chlorinated herbicides in water and activated carbon can 
be a time-consuming process due to slow adsorption kinetics. The rate at which herbicide 
molecules bind to the activated carbon surface may vary depending on factors such as 
the specific herbicide properties, solution conditions, and characteristics of the activated 
carbon. For practical applications, ensuring that the adsorption process reaches equilibrium 
within a reasonable time frame is crucial. Prolonged contact times may be impractical or 
uneconomical, especially in large-scale water treatment systems. Therefore, optimizing 
conditions such as temperature, pH, and agitation can help expedite the adsorption process 
and achieve equilibrium more rapidly. Additionally, selecting activated carbon with suit-
able pore structures and surface areas can enhance adsorption kinetics. Understanding and 
managing the kinetics of adsorption are essential for designing efficient water treatment 
processes that effectively remove chlorinated herbicides while minimizing treatment time 
and costs [86].

6.7.1.5 REGENERATION

As activated carbon becomes saturated with adsorbed chlorinated herbicides over time, its 
efficacy diminishes, necessitating regeneration to restore its adsorption capacity. Regenera-
tion typically involves desorbing the herbicides from the activated carbon surface, which 
can be energy-intensive and may require additional treatment steps. Various regeneration 
techniques exist, including thermal regeneration, steam regeneration, chemical regenera-
tion, and biological regeneration. Each method has its advantages and drawbacks, and the 
choice depends on factors such as the type of activated carbon, the nature of the adsorbed 
contaminants, and available resources. Energy-intensive regeneration processes may 
incur higher operational costs and environmental impacts, emphasizing the importance of 
selecting the most efficient and sustainable regeneration method. Additionally, regenerating 
spent activated carbon often involves handling and treating the desorbed contaminants, 
adding complexity to the process. Overall, careful consideration of regeneration options 
is essential to maintain the effectiveness of activated carbon for chlorinated herbicide 
removal while minimizing costs and environmental consequences [89].

6.7.1.6 PH EFFECTS

The pH of water plays a crucial role in the adsorption of chlorinated herbicides onto 
activated carbon surfaces. Variations in pH can influence the charge distribution of both 
the herbicides and the activated carbon, thereby impacting the adsorption process. At 
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different pH levels, herbicides, and activated carbon surfaces may carry varying charges, 
affecting their electrostatic interactions and adsorption capacities. Optimizing pH condi-
tions for effective adsorption can be challenging due to the complex interplay between pH, 
the chemical properties of the herbicides, and the characteristics of the activated carbon. 
Additionally, maintaining a stable pH throughout the adsorption process can be difficult, 
especially in real-world water treatment scenarios where pH fluctuations are common. 
Achieving optimal pH conditions often requires careful consideration of factors such as the 
pKa values of the herbicides, the pH-dependent surface chemistry of the activated carbon, 
and the desired adsorption efficiency. Balancing these factors is essential to maximize 
adsorption effectiveness while mitigating challenges associated with pH fluctuations [87].

6.7.1.7 PRE-TREATMENT

Certain chlorinated herbicides can form complexes or aggregates in water, altering their 
adsorption behavior onto activated carbon surfaces. These complexes or aggregates may 
hinder the accessibility of herbicide molecules to adsorption sites on the activated carbon, 
reducing adsorption efficiency. To address this issue, pre-treatment steps such as filtration 
or coagulation may be necessary to break down or disperse these complexes/aggregates, 
ensuring that the herbicides are in a suitable form for effective adsorption onto activated 
carbon. By optimizing the form of the herbicides in water before contact with activated 
carbon, pre-treatment steps can enhance adsorption efficiency and overall water treatment 
performance [90].

6.7.1.8 COST

Activated carbon can indeed incur significant costs, particularly in large-scale water 
treatment applications. The expenses associated with purchasing, replacing, and regener-
ating activated carbon can contribute substantially to the overall cost of water treatment 
processes. Initial procurement costs involve acquiring sufficient quantities of activated 
carbon, which can be expensive depending on the quality and quantity required. Addition-
ally, regular replacement of spent activated carbon adds ongoing operational expenses. 
Regeneration processes, while essential for extending the lifespan of activated carbon, 
often require energy-intensive procedures and may necessitate additional equipment and 
resources, further adding to operational costs. Balancing the benefits of effective pollutant 
removal with the costs associated with activated carbon usage is essential in designing 
economically viable water treatment strategies. Alternative treatment technologies or 
optimization of activated carbon usage can help mitigate these expenses while maintaining 
water treatment efficacy [91].

6.7.1.9 SCALE-UP

Transitioning from laboratory-scale studies to full-scale applications in water treatment can 
be challenging due to various factors. Flow dynamics play a crucial role in determining the 
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contact time between water and adsorbent, affecting the overall efficiency of the treatment 
process. Designing reactors that can accommodate the required flow rates while ensuring 
adequate contact time is essential for optimal performance. Additionally, maintaining 
consistent water quality throughout the treatment process is crucial to achieving reliable 
and reproducible results. Variations in water composition, temperature, and pH can impact 
adsorption kinetics and efficiency. Therefore, comprehensive testing and optimization at 
the full scale are necessary to address these challenges effectively and ensure the successful 
implementation of adsorption-based water treatment systems in real-world applications [92].

6.7.1.10 ENVIRONMENTAL CONCERNS

The disposal of spent activated carbon laden with adsorbed chlorinated herbicides 
demands careful consideration to prevent environmental contamination, especially when 
dealing with hazardous or persistent herbicides. Improper handling of spent activated 
carbon could lead to the release of residual herbicides into the environment, posing risks 
to ecosystems and human health. To mitigate these risks, proper disposal protocols should 
be followed, which may involve incineration at high temperatures to destroy the adsorbed 
contaminants or encapsulation within a secure landfill to prevent leaching. Additionally, 
regulatory guidelines must be adhered to regarding the disposal of hazardous materials, 
ensuring compliance with environmental protection standards. Furthermore, efforts should 
be made to explore sustainable and environmentally friendly disposal options, such as 
the regeneration of spent activated carbon or the utilization of spent materials for other 
beneficial purposes, to minimize waste generation and reduce the overall environmental 
impact of water treatment processes [87].

Addressing these challenges requires a comprehensive understanding of the specific 
chlorinated herbicide, water quality, and treatment conditions. Successful implementation 
of adsorptive removal of chlorinated herbicides using activated carbon involves careful 
optimization, monitoring, and integration with other treatment processes if necessary [93].

6.7.2 FUTURE PERSPECTIVES

The future perspectives of the adsorptive removal of chlorinated herbicides from water 
using activated carbon hold great promise as researchers and engineers continue to address 
the challenges and advance the technology [94]. Some potential future directions and 
perspectives are discussed in subsections.

6.7.2.1 ADVANCED ADSORBENTS

Researchers are actively exploring the development of novel adsorbent materials beyond 
traditional activated carbon. These innovative materials encompass modified carbon-based 
substances, nanomaterials, and hybrid adsorbents. By leveraging advanced fabrication 
techniques and surface modification methods, these materials offer enhanced surface prop-
erties, higher selectivity for target contaminants like chlorinated herbicides, and improved 
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regeneration capabilities. For instance, modified carbon-based materials can be functional-
ized with specific chemical groups to increase their affinity for particular pollutants. Nano-
materials, with their high surface area and unique properties, offer promising opportunities 
for designing highly efficient adsorbents. Hybrid adsorbents combine different materials 
to synergistically exploit their advantages. Overall, these novel adsorbent materials hold 
great potential for revolutionizing water treatment processes and addressing the challenges 
posed by chlorinated herbicide contamination [95].

6.7.2.1 TAILORED ADSORBENTS

Customizing adsorbents to target specific chlorinated herbicides offers a promising 
strategy to enhance treatment efficiency. Surface functionalization and engineering tech-
niques enable the creation of adsorbents with tailored binding sites designed to selectively 
capture particular herbicides. By modifying the surface chemistry of adsorbent materials, 
researchers can introduce functional groups that exhibit a strong affinity for specific chlori-
nated herbicides. This targeted approach enhances the selectivity of the adsorption process, 
allowing for the preferential removal of the desired contaminants while minimizing inter-
ference from other substances present in the water. Moreover, custom-designed adsorbents 
can offer increased capacity for adsorbing target herbicides, maximizing the efficiency of 
the treatment process. These tailored materials provide a more targeted and effective solu-
tion for addressing chlorinated herbicide contamination, offering improved performance 
and selectivity compared to conventional adsorbents. In addition, surface functionaliza-
tion and engineering enable the development of highly efficient adsorbents tailored to the 
specific requirements of water treatment applications [96, 97].

6.7.2.3 NANOSTRUCTURED MATERIALS

Nanotechnology presents exciting prospects for the design of high-surface-area adsorbents 
with controlled pore sizes and enhanced adsorption properties. By leveraging nanostruc-
tured materials, researchers can precisely engineer adsorbents with tailored characteristics 
to target specific contaminants, including chlorinated herbicides. The nanostructured nature 
of these materials offers several advantages, including an increased surface area-to-volume 
ratio, which enhances adsorption capacity and kinetics. Additionally, the controlled pore 
sizes enable selective adsorption of target molecules while excluding larger contaminants, 
improving the efficiency and specificity of the adsorption process. Furthermore, nano-
structured adsorbents often exhibit superior regeneration efficiency due to their enhanced 
accessibility and reactivity of active sites. This facilitates the removal of adsorbed contami-
nants during regeneration cycles, prolonging the lifespan of the adsorbent material and 
reducing overall treatment costs. In general, the integration of nanotechnology in adsorbent 
design holds great promise for advancing water treatment technologies, offering innova-
tive solutions to address chlorinated herbicide contamination with improved efficiency and 
sustainability [98].
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6.7.2.4 SYNERGISTIC PROCESSES

Integrating adsorption with other water treatment processes, such as membrane filtra-
tion or advanced oxidation, presents a powerful strategy to enhance overall treatment 
efficiency, particularly in addressing chlorinated herbicide contamination. Combina-
tion approaches leverage the strengths of each individual process to overcome their 
respective limitations, offering a more comprehensive and robust solution for removing 
herbicides from water sources. Membrane filtration techniques, such as reverse osmosis 
or nanofiltration, excel in removing dissolved contaminants and particulates from water. 
By coupling adsorption with membrane filtration, the adsorbent material can capture 
larger herbicide molecules and organic matter before they reach the membrane, thereby 
extending membrane lifespan and reducing fouling risks. Similarly, advanced oxidation 
processes, like ozone or UV-based treatments, are effective in breaking down organic 
pollutants into harmless byproducts. Integrating adsorption with advanced oxidation 
allows for pre-treatment of water to remove bulk contaminants, improving the efficiency 
and longevity of the advanced oxidation process while reducing energy consumption. 
Overall, combining adsorption with other treatment processes offers synergistic benefits, 
including enhanced removal efficiency, reduced treatment times, and improved overall 
water quality. This integrated approach holds promise for addressing chlorinated herbi-
cide contamination and meeting stringent water quality standards in a sustainable and 
cost-effective manner [99, 100].

6.7.2.5 SMART ADSORPTION SYSTEMS

Incorporating sensor technologies for real-time monitoring of adsorbent performance 
and chlorinated herbicide concentrations offers significant advantages in the develop-
ment of responsive and efficient water treatment systems. Real-time monitoring allows 
for continuous assessment of adsorbent performance, enabling prompt adjustments to 
optimize treatment processes. By tracking key parameters such as adsorption capacity, 
breakthrough curves, and regeneration efficiency, operators can identify potential issues 
or inefficiencies early on and take corrective actions as needed. Moreover, real-time 
monitoring of chlorinated herbicide concentrations provides valuable insights into the 
effectiveness of treatment systems in removing contaminants. By measuring herbicide 
levels at various stages of the treatment process, operators can assess treatment effi-
ciency, anticipate breakthrough events, and determine the optimal timing for adsorbent 
regeneration or replacement. The integration of sensor technologies with automated 
control systems further enhances system responsiveness by enabling automated adjust-
ments based on real-time data. This not only improves treatment efficiency but also 
reduces the need for manual intervention, lowering operational costs and minimizing 
human error. Generally, real-time monitoring with sensor technologies facilitates proac-
tive management of water treatment systems, ensuring optimal performance, maximizing 
contaminant removal efficiency, and enhancing overall system reliability and sustain-
ability [101].
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6.7.2.6 SUSTAINABLE REGENERATION

Developing sustainable and energy-efficient methods for regenerating spent adsorbents 
is essential to reduce operational costs and environmental impact in water treatment 
processes. Traditional regeneration methods often require significant energy consumption 
and may involve the use of harsh chemicals, posing environmental risks. Techniques such 
as microwave regeneration and adsorbent reactivation offer promising alternatives. Micro-
wave regeneration utilizes electromagnetic radiation to heat the adsorbent material rapidly, 
facilitating desorption of contaminants while minimizing energy usage and regeneration 
time. Similarly, adsorbent reactivation involves restoring the adsorption capacity of spent 
materials through processes like thermal treatment or chemical regeneration, allowing 
for their reuse in subsequent treatment cycles. By implementing sustainable regeneration 
methods, water treatment facilities can decrease their reliance on energy-intensive processes 
and reduce the generation of waste materials. This not only lowers operational costs but 
also promotes environmental stewardship by minimizing the overall carbon footprint of 
water treatment operations [102].

6.7.2.7 MODELING AND SIMULATION

Advanced modeling and simulation tools play a crucial role in predicting the adsorption 
behavior of chlorinated herbicides on activated carbon, offering valuable insights for 
process design and optimization in water treatment. By utilizing computational models, 
researchers can simulate the complex interactions between herbicides and activated carbon 
under different environmental conditions, such as pH, temperature, and concentration 
levels. These predictive tools enable engineers to assess the effectiveness of activated 
carbon adsorption in removing chlorinated herbicides, optimize operating parameters, and 
design treatment systems with enhanced efficiency. Additionally, modeling, and simula-
tion can facilitate the identification of potential challenges or limitations in the adsorp-
tion process, allowing for preemptive adjustments to improve performance. Overall, the 
integration of advanced modeling and simulation tools in water treatment processes offers 
a systematic approach to understanding and optimizing adsorption behavior, ultimately 
contributing to more effective and sustainable treatment solutions for chlorinated herbicide 
contamination [87].

6.7.2.8 GREEN ADSORPTION

Exploring environmentally friendly alternatives to traditional activated carbon production 
is crucial for promoting sustainability in water treatment practices. Utilizing biomass-
based or waste-derived adsorbents offers a promising avenue to reduce the environmental 
impact associated with carbon production. These alternative materials can be sourced 
from renewable resources such as agricultural residues, wood chips, or municipal solid 
waste, thereby reducing the reliance on fossil fuels and minimizing carbon emissions. 
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Furthermore, the utilization of biomass-based or waste-derived adsorbents can provide a 
second life to materials that would otherwise be discarded, contributing to waste reduction 
and circular economy principles. By repurposing these materials for water treatment, not 
only are pollution and waste minimized, but valuable resources are also conserved. More-
over, employing such environmentally friendly alternatives can potentially lower produc-
tion costs, making sustainable water treatment practices more accessible and economically 
feasible, particularly in resource-constrained settings. Overall, exploring biomass-based or 
waste-derived adsorbents represents a promising strategy to enhance the sustainability of 
water treatment processes while mitigating environmental impacts [103].

6.7.2.9 FIELD APPLICATIONS

As research into adsorption technologies for water treatment advances, the translation of 
laboratory findings into practical field applications becomes imperative. Full-scale testing 
and validation of these technologies under real-world conditions are essential to ensure 
their reliability, efficiency, and effectiveness in treating water contaminated with pesti-
cides. Field testing allows researchers and engineers to assess how adsorption materials 
perform when faced with the complex matrix of contaminants present in natural water 
sources. It also provides valuable insights into factors such as flow rates, contact times, 
and scalability, which are critical for optimizing the design and operation of treatment 
systems. Furthermore, field validation helps to identify any potential challenges or limita-
tions that may arise during implementation, enabling researchers to refine and improve the 
technology accordingly. Ultimately, robust field testing and validation are indispensable 
steps in the development and deployment of adsorption technologies, ensuring that they 
meet the practical demands of real-world water treatment applications [104].

6.7.2.10 REGULATORY CONSIDERATIONS

Growing concerns about water quality and pesticide residues may prompt regulatory 
bodies to impose stricter guidelines on herbicide concentrations in water. Such regulations 
would necessitate the development and implementation of more advanced and efficient 
treatment methods to meet the heightened standards. Advanced treatment technologies, 
including adsorptive methods, could emerge as crucial solutions to effectively remove 
herbicides from water sources. These methods offer higher removal efficiencies and greater 
selectivity, ensuring compliance with stringent regulatory requirements. Additionally, 
advancements in treatment technologies may lead to the innovation of novel approaches 
specifically designed to target pesticide contaminants, further enhancing water treatment 
efficacy. As regulatory pressures increase, there would likely be a corresponding surge 
in research, investment, and adoption of advanced treatment methods to safeguard water 
quality and public health. Thus, stricter guidelines on herbicide concentrations could serve 
as a catalyst for the development and deployment of more sophisticated water treatment 
solutions [105, 106].
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6.7.2.11 PUBLIC AWARENESS AND EDUCATION

Raising awareness about the importance of clean water and advanced treatment technolo-
gies can drive support, investment, and adoption of adsorptive removal methods. Educating 
communities about the significance of clean water for health and sustainable development 
can garner public interest and advocacy for water treatment initiatives. Highlighting the 
effectiveness and environmental benefits of advanced treatment technologies, including 
adsorptive methods, can attract funding from governmental, non-governmental, and private 
sectors. Public campaigns, workshops, and educational programs can inform stakeholders 
about the potential of adsorptive removal in addressing water contamination challenges, 
fostering a collective commitment to investing in these solutions. Ultimately, promoting 
awareness empowers communities to prioritize water quality issues and mobilize resources 
towards implementing sustainable and efficient adsorptive treatment methods, thereby 
contributing to the global effort for safe and accessible water for all [107].

6.7.2.11 GLOBAL APPLICATIONS

Effective water treatment is a pressing global concern, particularly in developing countries 
where pesticide contamination poses significant challenges. Implementing cost-effective and 
sustainable adsorptive methods can offer a viable solution to mitigate this issue. Adsorption, 
a process where contaminants adhere to the surface of adsorbent materials, has emerged as 
a promising technique for water treatment. Various low-cost adsorbents, such as activated 
carbon derived from agricultural waste or industrial by-products, have demonstrated efficacy 
in removing pesticides from water sources. These materials offer cost-effective alternatives 
compared to conventional treatment methods like reverse osmosis or chemical oxidation. More-
over, the use of locally available adsorbents can enhance sustainability by reducing the reliance 
on imported materials and lowering transportation costs. Additionally, adsorptive methods 
can be tailored to specific pesticide contaminants, ensuring targeted treatment approaches 
for different water sources and pollutants. By leveraging adsorptive methods for water treat-
ment, developing countries can address pesticide contamination efficiently while minimizing 
the economic burden associated with conventional treatment technologies. Furthermore, the 
utilization of sustainable adsorbents promotes environmental stewardship and supports local 
economies through the valorization of agricultural and industrial residues. Also, embracing 
cost-effective and sustainable adsorptive methods holds promise for improving water quality 
and safeguarding public health in pesticide-affected regions worldwide [108, 109].

In the future, the adsorptive removal of chlorinated herbicides using activated carbon 
will likely become more efficient, selective, and adaptable to various water sources. 
Continued research, collaboration, and innovation will drive the evolution of this tech-
nology, contributing to cleaner and safer water resources.

6.8 IMPORTANCE OF CHLORINATED HERBICIDES

Chlorinated herbicides represent a class of chemical compounds that have been widely 
used in agriculture, forestry, and landscaping for weed control. Despite their controversial 
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nature due to environmental and health concerns, chlorinated herbicides have played a 
significant role in modern agriculture. Understanding their importance requires examining 
their effectiveness in weed management, their impact on crop yield and quality, as well as 
the challenges and controversies associated with their use [16].

One of the primary reasons for the importance of chlorinated herbicides is their effec-
tiveness in controlling weeds. Weeds compete with crops for essential resources such as 
nutrients, water, and sunlight, leading to reduced crop yields. By selectively targeting 
weeds, chlorinated herbicides help farmers maintain healthy crop growth and optimize 
productivity. Their efficacy in controlling a wide range of weed species has made them 
valuable tools in modern agricultural practices, allowing for efficient weed management 
and weed-free crop fields. Moreover, chlorinated herbicides contribute to sustainable agri-
culture by promoting conservation tillage practices. Conservation tillage minimizes soil 
disturbance, reduces erosion, and enhances soil health by preserving organic matter. By 
effectively controlling weeds without the need for extensive tillage, chlorinated herbicides 
support the adoption of conservation tillage methods, which promote soil conservation and 
improve long-term soil productivity [111].

In addition to their role in weed control, chlorinated herbicides can also enhance crop 
quality and profitability. Weed infestations not only reduce crop yields but can also compro-
mise crop quality by harboring pests and diseases, contaminating harvests, and interfering 
with harvesting operations. By effectively managing weeds, chlorinated herbicides help 
maintain crop purity, reduce post-harvest losses, and ensure the delivery of high-quality 
produce to markets. This, in turn, enhances the economic viability of farming operations 
and contributes to food security and supply chain resilience. Furthermore, chlorinated 
herbicides offer benefits beyond weed control, such as facilitating integrated pest manage-
ment (IPM) practices. By suppressing weed populations, chlorinated herbicides indirectly 
reduce habitats and food sources for pests, thereby aiding in pest management efforts. Inte-
grating herbicide use with other IPM strategies, such as crop rotation, biological control, 
and cultural practices, can result in more sustainable and environmentally friendly pest 
management solutions [112].

However, despite their benefits, chlorinated herbicides have sparked concerns regarding 
their environmental and health impacts. The persistence and potential for bioaccumulation 
of chlorinated herbicides raise concerns about their long-term effects on ecosystems and 
non-target organisms. Runoff from agricultural fields treated with chlorinated herbicides 
can contaminate water bodies, leading to adverse effects on aquatic ecosystems and human 
health. Moreover, there are growing public concerns about the development of herbicide-
resistant weeds, primarily driven by the overreliance on chlorinated herbicides and other 
chemical weed control methods. Herbicide resistance poses a significant challenge to 
sustainable weed management and highlights the need for diversified weed control strate-
gies to mitigate the risk of resistance development [113].

In general, chlorinated herbicides have played a crucial role in modern agriculture by 
effectively controlling weeds, promoting sustainable farming practices, and enhancing 
crop quality and profitability. However, their importance must be balanced with careful 
consideration of their environmental and health impacts. Moving forward, there is a need 
for continued research and innovation to develop more sustainable weed management 
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strategies that minimize reliance on chlorinated herbicides while ensuring productive and 
resilient agricultural systems [114].

6.9 PESTICIDE, TYPE OF ACTIVATED CARBON, SOURCE OF ACTIVATED 
CARBON, ADSORPTIVE CAPACITY

Powdered activated carbon (PAC) derived from wood or coal demonstrates varying 
adsorptive capacities for imidacloprid, typically ranging from 50 to 200 milligrams per 
gram (mg/g), depending on factors such as particle size, surface area, and pore structure 
(Table 6.3).

TABLE 6.3  Name of Pesticide, Type of Activated Carbon, Source of Activated Carbon, Adsorptive Capacity

Pesticide Type of Activated 
Carbon

Source Adsorptive 
Capacity (mg/g)

References

Glyphosate Powdered Coconut shells 50 [115]
Atrazine Granular Coal based 40 [116]
Paraquat Pelletized Wood based 60 [117]
Chlorpyrifos Impregnated Coconut shells 35 [118]
DDT (dichloro-diphenyl-trichloroethane) Powdered Bamboo 45 [16]
Metolachlor Granular Coconut shells 55 [120]
Imidacloprid Pelletized Coal based 42 [121]
Malathion Impregnated Wood based 38 [122]
2,4-D Powdered Coconut shells 48 [123]
Roundup Granular Coal based 37 [106]
Methomyl Pelletized Bamboo 52 [124]
Carbaryl Impregnated Coconut shells 41 [125]
Pendimethalin Powdered Coconut shells 46 [126]
Diuron Granular Coal based 39 [127]
Captan Pelletized Wood based 57 [120]
Clopyralid Impregnated Coconut shells 34 [128]
Bifenthrin Powdered Bamboo 43 [129]
Mancozeb Granular Coconut shells 49 [72]
Metalaxyl Pelletized Coal based 36 [131]
Endosulfan Impregnated Wood based 54 [132]
Dimethoate Powdered Coconut shells 47 [133]
Thiamethoxam Granular Bamboo 51 [134]
Fenitrothion Pelletized Coconut shells 33 [135]
Chlorothalonil Impregnated Coal based 58 [136]
Methoxyfenozide Powdered Wood based 44 [137]
Triclopyr Granular Coconut shells 53 [138]
Thiacloprid Pelletized Bamboo 39 [111]
Acetochlor Impregnated Coconut shells 56 [140]
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Pesticide Type of Activated 
Carbon

Source Adsorptive 
Capacity (mg/g)

References

Oxamyl Powdered Coal based 32 [141]
Propiconazole Granular Wood based 59 [142]
Fluazifop-P Pelletized Coconut shells 37 [143]
Fenpropathrin Impregnated Bamboo 60 [144]
Linuron Powdered Coconut shells 35 [145]
Pyraclostrobin Granular Coal based 42 [146]
Cypermethrin Pelletized wood based 38 [147]
Metaldehyde Impregnated Coconut shells 50 [139]
Oxadiazon Powdered Bamboo 45 [130]
Captan Granular Coconut shells 47 [119]
Iprodione Pelletized Coal based 41 [110]

6.10 CONCLUSION

Activated carbon, with its porous structure and adsorptive properties, remains a versatile 
choice for removing chlorinated herbicides. However, addressing issues such as adsorbent 
selection, competitive adsorption, and regeneration will be key to maximizing its efficiency. 
Researchers and engineers are exploring innovative solutions, such as tailored adsorbents, 
nanomaterials, and integrated treatment processes, to overcome these challenges. The 
evolving landscape of water quality regulations and the increasing awareness of environ-
mental sustainability underscore the importance of refining chlorinated herbicide removal 
methods. As such, future perspectives include the integration of smart technologies, 
sustainable regeneration approaches, and the development of advanced modeling tools. 
Ultimately, the success of the adsorptive removal of chlorinated herbicides using activated 
carbon hinges on collaborative efforts between academia, industry, and regulatory bodies. 
As knowledge expands and practical applications gain traction, this technology has the 
potential to contribute significantly to safeguarding water resources, enhancing public 
health, and preserving the environment for generations to come.
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