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Abstract 
Activated carbon, renowned for its exceptional ad- sorption properties, plays a crucial role in numerous applications, ranging 
from water purification and air filtration to medical treatments and industrial processes. This paper comprehensively 
reviews the production processes, applications, and environ- mental considerations of activated carbon through a 
systematic literature analysis and synthesis of recent research findings. Key applications include the removal of organic 
contaminants from drinking water with up to 99% efficiency and the capture of volatile organic compounds in air 
purification systems, demon- starting removal rates exceeding 90%. The study delves into the intricacies of activated 
carbon production, encompassing the se- lection of precursor materials, the activation processes employed, and the 
resultant characteristics that define its effectiveness. Our analysis reveals that the production of activated carbon 
can have significant environmental implications, including high energy consumption (typically 5-10 MWh per ton) and 
waste generation. However, emerging sustainable production methods, such as the utilization of agricultural waste as 
precursors, show promise in reducing environmental impact while maintaining performance. This review concludes that 
understanding and optimizing activated carbon production is crucial for promoting sustainability in various industries 
and recommends further research into low-energy activation techniques and life cycle assessments to guide future 
developments in this field.
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Introduction
Activated carbon, a versatile adsorbent material with a rich history dating back to ancient Egypt, has become an 
indispensable component in various industrial and environ- mental applications. The use of carbonaceous materials for 
purification purposes was documented as early as 1550 BC in Egyptian papyri, with widespread industrial production 
beginning in the early 20th century [1]. Today, activated carbon plays a crucial role in addressing global challenges 
related to water and air purification, energy storage, and environmental remediation.

This Paper Aims to Provide a Comprehensive Review of Ac- Tivated Carbon Production, Focusing on the 
Following Research Questions:
•	 What are the most effective and sustainable precursor materials for activated carbon production?
•	 How do different activation processes influence the characteristics and performance of activated carbon?
•	 What are the environmental implications of activated carbon production, and how can they be mitigated?
•	 What emerging technologies and applications are shap- ing the future of activated carbon research and develop- 

ment?
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To Address These Questions, we Will Explore the Following Key Areas:
•	 Section II examines the selection of raw materials, dis- cussing common precursors and their influence on the final 

product characteristics.
•	 Section III delves into activation processes, including car- bonization, physical activation, and chemical activation 

methods.
•	 Section IV analyzes the critical characteristics of acti- vated carbons, such as surface area, pore structure, and 

surface chemistry.
•	 Section V surveys the wide-ranging applications of ac- tivated carbons in environmental remediation, energy storage, 

and other industries.
•	 Section VI explores future directions in activated carbon research and development.
•	 Section VII addresses the environmental considerations associated with activated carbon production.
•	 Finally, Section VIII concludes the paper by summarizing key findings and offering recommendations for future 

research and industry practices.

By synthesizing current knowledge and identifying future research directions, this paper aims to contribute to the 
on- going efforts to optimize activated carbon production and application, balancing performance requirements with 
environ- mental sustainability.

Raw Material Selection 
The selection of appropriate precursors is crucial in the production of activated carbons, as it significantly influences the 
properties and performance of the final product. This section provides an in-depth analysis of common precursors, their 
characteristics, and economic considerations.

Precursor Properties and Characteristics
Various carbon-rich materials serve as precursors for ac- tivated carbon production. Table I presents a comparative 
analysis of common precursors, including their carbon content, ash content, and other relevant properties. Coconut 
shells, with their high carbon content and low ash content, produce activated carbons with excellent hardness and 
abrasion resistance [2]. Bituminous coal yields activated carbons with a well-developed pore structure, suitable for both 
liquid and gas phase applications [3]. Wood-based precursors, while having lower carbon content, offer the advantage 
of renewable sourcing and can be tailored to produce activated carbons with specific pore size distributions [4]. The key 
properties of common activated carbon precursors are summarized in Figure 1. This visual comparison highlights the 
significant variations in carbon content, ash content, and yield among different raw materials, underscoring the impor- 
tance of precursor selection in the activated carbon production process.
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Fig. 1. Comparison of key properties of activated carbon precursors

B. Economic and Availability Considerations
The economic viability and availability of precursors play a

crucial role in the industrial production of activated carbons:
• Coconut Shells: Widely available in tropical regions,

offering a cost-effective and sustainable option. However,
supply can be affected by seasonal variations and com-
peting uses in the food industry [5].

• Coal: Generally abundant and economically viable, but
subject to price fluctuations in the energy market. En-
vironmental concerns and regulations may impact long-
term availability [3].

• Wood: Renewable resource with widespread availability.
Economic viability depends on local forestry practices
and competing uses in other industries [4].

• Agricultural Waste: Offers a low-cost alternative with
the added benefit of waste valorization. However, sea-
sonal availability and collection logistics can pose chal-
lenges [2].

The selection of precursors involves a careful balance be-
tween desired product characteristics, economic factors, and
sustainability considerations. Recent trends show an increasing
interest in utilizing renewable and waste materials as precur-
sors, driven by both environmental concerns and the search
for cost-effective alternatives [5].

C. Emerging Precursors and Future Directions
Research is ongoing to explore novel precursors for acti-

vated carbon production:
• Industrial By-products: Materials such as petroleum

coke and polymeric wastes are being investigated as
potential precursors, offering a way to valorize industrial
waste streams [4].

• Biomass-derived Precursors: Lignocellulosic materials
from fast-growing plants and agricultural residues are
gaining attention due to their renewability and potential
for tailored pore structures [2].

• Synthetic Precursors: Advanced materials like carbon
nanotubes and graphene oxide are being explored for the
production of high-performance activated carbons with
unique properties [3].

The ongoing research in precursor selection aims to develop
activated carbons with enhanced performance, improved sus-
tainability, and reduced production costs, addressing the evolv-
ing needs of various industries and environmental applications.

III. ACTIVATION PROCESSES

The transformation of carbonaceous precursors into highly
porous activated carbons involves two critical stages: car-

bonization and activation. This section delves into the intri-
cacies of these processes, elucidating the chemical reactions,
comparing physical and chemical activation methods, and
providing visual representations of the mechanisms involved.
Figure 2 presents a detailed flowchart of the activated carbon
production process, including key steps from raw material
selection to applications and environmental considerations.
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Figure 1: Comparison of Key Properties of Activated Carbon Precursors

Economic and Availability Considerations
The economic viability and availability of precursors play a crucial role in the industrial production of activated carbons:
•	 Coconut Shells: Widely available in tropical regions, offering a cost-effective and sustainable option. However, 

supply can be affected by seasonal variations and com- peting uses in the food industry [5].
•	 Coal: Generally abundant and economically viable, but subject to price fluctuations in the energy market. En- 

vironmental concerns and regulations may impact long- term availability [3].
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•	 Wood: Renewable resource with widespread availability. Economic viability depends on local forestry practices and 
competing uses in other industries [4].

•	 Agricultural Waste: Offers a low-cost alternative with the added benefit of waste valorization. However, sea- 
sonal availability and collection logistics can pose chal- lenges [2].

The selection of precursors involves a careful balance be- tween desired product characteristics, economic factors, and 
sustainability considerations. Recent trends show an increasing interest in utilizing renewable and waste materials as 
precur- sors, driven by both environmental concerns and the search for cost-effective alternatives [5].

Emerging Precursors and Future Directions
Research is ongoing to explore novel precursors for acti- vated carbon production:
•	 Industrial By-products: Materials such as petroleum coke and polymeric wastes are being investigated as 

potential precursors, offering a way to valorize industrial waste streams [4].
•	 Biomass-derived Precursors: Lignocellulosic materials from fast-growing plants and agricultural residues are 

gaining attention due to their renewability and potential for tailored pore structures [2].
•	 Synthetic Precursors: Advanced materials like carbon nanotubes and graphene oxide are being explored for the 

production of high-performance activated carbons with unique properties [3].

The ongoing research in precursor selection aims to develop activated carbons with enhanced performance, improved 
sus- tainability, and reduced production costs, addressing the evolv- ing needs of various industries and environmental 
applications.

Activation Processes
The transformation of carbonaceous precursors into highly porous activated carbons involves two critical stages: car- 
bonization and activation. This section delves into the intri- cacies of these processes, elucidating the chemical reactions, 
comparing physical and chemical activation methods, and providing visual representations of the mechanisms involved. 
Figure 2 presents a detailed flowchart of the activated carbon production process, including key steps from raw material 
selection to applications and environmental considerations.

Precursor Carbon Content (%) Ash Content (%) Density (g/cm3) Yield (%)
Coconut Shell 45-50 0.5-1.0 1.4-1.5 25-35
Bituminous Coal 65-80 4-15 1.3-1.4 40-50
Wood 40-45 0.3-1.0 0.3-0.5 20-30
Lignite 60-70 10-20 1.0-1.3 35-45
Peat 50-60 2-10 1.0-1.4 30-40

Table 1: Comparative Analysis of Common Activated Carbon Precursors
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This overview provides a framework for understanding the
complex interplay of processes involved in activated carbon
manufacturing and utilization.

A. Carbonization
Carbonization is the initial thermal decomposition of the

organic precursor material in an inert atmosphere, typically at
temperatures ranging from 400°C to 850°C [3]. This process
eliminates non-carbon elements such as hydrogen, oxygen, and
nitrogen, resulting in a rudimentary porous carbon structure.
The primary reactions occurring during carbonization include:

chC + H2O− > CO + H2 ∆H = +131kJ/mol (1)

Where a, b, c, d, and e are stoichiometric coefficients
that depend on the precursor composition and carbonization
conditions.

B. Activation
Activation enhances the pore structure developed during car-

bonization, significantly increasing the surface area and pore

volume. Two primary methods of activation are employed:
physical and chemical.

1) Physical Activation: Physical activation involves the
partial gasification of the carbonized material using oxidizing
gases such as steam, CO2, or air at temperatures between
800°C and 1000°C [6]. The primary reactions in physical
activation are:

For steam activation:

C + H2O CO + H2 ∆H = +131kJ/mol (2)

For CO2 activation:

C + CO2 2CO ∆H = +172kJ/mol (3)

2) Chemical Activation: Chemical activation involves im-
pregnating the precursor with chemical agents such as H3PO4,
ZnCl2, or KOH before carbonization. The general reaction for
KOH activation can be represented as:

6KOH + 2C 2K + 3H2 + 2K2CO3 (4)

Figure 2: Detailed Flow Chart of Activated Carbon Production Process, Applications, and Environmental 
Considerations
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This overview provides a framework for understanding the complex interplay of processes involved in activated carbon 
manufacturing and utilization.

Carbonization
Carbonization is the initial thermal decomposition of the organic precursor material in an inert atmosphere, typically 
at temperatures ranging from 400°C to 850°C [3]. This process eliminates non-carbon elements such as hydrogen, 
oxygen, and nitrogen, resulting in a rudimentary porous carbon structure. The primary reactions occurring during 
carbonization include:
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A. Carbonization
Carbonization is the initial thermal decomposition of the

organic precursor material in an inert atmosphere, typically at
temperatures ranging from 400°C to 850°C [3]. This process
eliminates non-carbon elements such as hydrogen, oxygen, and
nitrogen, resulting in a rudimentary porous carbon structure.
The primary reactions occurring during carbonization include:

chC + H2O− > CO + H2 ∆H = +131kJ/mol (1)

Where a, b, c, d, and e are stoichiometric coefficients
that depend on the precursor composition and carbonization
conditions.

B. Activation
Activation enhances the pore structure developed during car-

bonization, significantly increasing the surface area and pore

volume. Two primary methods of activation are employed:
physical and chemical.

1) Physical Activation: Physical activation involves the
partial gasification of the carbonized material using oxidizing
gases such as steam, CO2, or air at temperatures between
800°C and 1000°C [6]. The primary reactions in physical
activation are:

For steam activation:

C + H2O CO + H2 ∆H = +131kJ/mol (2)

For CO2 activation:

C + CO2 2CO ∆H = +172kJ/mol (3)

2) Chemical Activation: Chemical activation involves im-
pregnating the precursor with chemical agents such as H3PO4,
ZnCl2, or KOH before carbonization. The general reaction for
KOH activation can be represented as:

6KOH + 2C 2K + 3H2 + 2K2CO3 (4)

Aspect Physical Activation Chemical Activation
Temperature 800-1000°C 400-700°C
Yield 10-40% 30-60%
Pore Development Gradual, controllable Rapid, less controllable
Environmental Impact Lower, fewer chemicals Higher, chemical waste
Cost Higher energy costs Lower energy, higher

chemical costs

Table 2: Comparison of Physical and Chemical Activation

Comparison of Physical and Chemical Activation
Schematic Representation of Activation Processes
The choice between physical and chemical activation de- pends on the desired properties of the final product, economic 
considerations, and environmental constraints. Physical activa- tion offers better control over pore development but 
requires higher temperatures and longer activation times. Chemical activation, while more efficient in terms of yield and 
energy consumption, introduces additional complexities in waste man- agement and product purification [7].

Recent advancements in activation technologies, such as microwave-assisted activation and plasma activation, promise 
to enhance process efficiency and product quality, paving the way for more sustainable and tailored activated carbon 
production [8].

Characteristics of Activated Carbons
Activated carbons exhibit unique physicochemical proper- ties that determine their performance in various applications. 
This section delves into the key characteristics of activated carbons, focusing on quantitative data, measurement 
methods, and their influence on performance.
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Surface Area and Porosity
The most distinctive feature of activated carbons is their exceptionally high surface area and well-developed pore struc- 
ture. Typical surface areas range from 500 to 3000 m2/g, with some specialized carbons reaching up to 5000 m2/g [9]. 
The pore structure is classified into three categories:
•	 Micropores (¡ 2 nm): Contribute significantly to the surface area and adsorption capacity for small molecules.
•	 Mesopores (2-50 nm): Facilitate the transport of ad- sorbates to micropores and are crucial for liquid-phase 

adsorption.
•	 Macropores (¿ 50 nm): Act as transport channels to smaller pores and are important for rapid kinetics.

Table III presents typical pore size distributions for different types of activated carbons.

Measurement Techniques
Several analytical techniques are employed to characterize the surface area and porosity of activated carbons:
•	 Brunauer-Emmett-Teller (BET) Analysis: The most widely used method for determining surface area, based.

Type Micropore (%) Mesopore (%) Macropore (%)
Coal-based 60-80 15-25 5-15
Coconut-based 75-90 5-15 1-5
Wood-based 40-60 30-50 5-15

Table 3: Typical Pore Size Distributions of Activated Carbons

On nitrogen adsorption at 77 K. It provides information on the total surface area and micropore volume [10].
•	 Mercury Porosimetry: Used to measure meso- and macro- pore size distributions by forcing mercury into the 

pores under high pressure [11].
•	 Density Functional Theory (DFT): Offers a more accurate assessment of micropore size distribution compared 

to classical methods [12].
•	 Small-Angle X-ray Scattering (SAXS): Provides informa- tion on pore size distribution and pore geometry in 

the range of 1-100 nm [13].

Surface Chemistry
The surface chemistry of activated carbons significantly influences their adsorption behavior and reactivity. Key aspects 
include:
•	 Oxygen-Containing Functional Groups: Carboxyl, phenol, lactone, and quinone groups affect the carbon’s 

acid- ity/basicity and hydrophilicity.
•	 Heteroatoms: The presence of nitrogen, sulfur, or phos- phorus can enhance the adsorption of specific contami- 

nants or catalytic activity.
•	 Ph of Point of Zero Charge (phpzc): Indicates the pH at which the carbon surface has a net neutral charge, 

typi- cally ranging from 4 to 11 depending on the preparation method and precursor [1].

Impact on Performance
The characteristics of activated carbons directly influence their performance in various applications:
•	 Water Treatment: High microporosity (¿ 70%) is crucial for removing organic micropollutants, while a balance of 

micro- and mesoporosity is ideal for adsorbing larger molecules like humic substances [14].
•	 Air Purification: Carbons with high microporosity and surface area (¿ 1000 m2/g) are effective in adsorbing 

volatile organic compounds (VOCs) and other gaseous pollutants [15].
•	 Energy Storage: Mesoporous carbons with high electrical conductivity and surface areas ¿ 2000 m2/g are preferred 

for supercapacitor electrodes [16].
•	 Catalysis: Surface chemistry plays a crucial role, with oxygen functional groups often serving as anchoring sites 

for catalytic nanoparticles [17].

Understanding and tailoring these characteristics allow for the development of activated carbons optimized for specific 
applications, enhancing their effectiveness and expanding their potential uses in various fields.

CarbonizationRaw Material Activation Method Activated Carbon

Chemical Activation

Physical Activation

Fig. 3. Schematic diagram of activated carbon production process

V. APPLICATIONS OF ACTIVATED CARBONS

Activated carbons find extensive use across various in-
dustries due to their exceptional adsorption properties. This
section explores key applications, providing specific examples,
quantitative data on effectiveness, and discussing limitations
and challenges.

A. Environmental Remediation
1) Water Purification: Activated carbon plays a crucial role

in water treatment processes, effectively removing organic
contaminants, chlorine, and heavy metals.

Case Study: In a study by Bhatnagar et al. [14], activated
carbon derived from coconut shells demonstrated over 90%
removal efficiency for phenol and p-chlorophenol from aque-
ous solutions. The adsorption capacity reached 205.8 mg/g for
phenol and 158.7 mg/g for p-chlorophenol.

Effectiveness: Granular activated carbon (GAC) filters can
remove up to 99% of organic contaminants and 95% of
inorganic contaminants from drinking water [18].

Limitations: Activated carbon’s effectiveness can be re-
duced by the presence of natural organic matter (NOM), which
competes for adsorption sites. Additionally, the adsorption
capacity decreases over time, necessitating regular replacement
or regeneration of the carbon.

2) Air Purification: Activated carbon is widely used in
air filtration systems to remove volatile organic compounds
(VOCs), odors, and other airborne pollutants.

Case Study: A study by Kim et al. [19] demonstrated
that activated carbon fibers (ACFs) could remove up to 98%
of toluene and 95% of formaldehyde from indoor air at
concentrations of 1 ppm.

Effectiveness: High-efficiency particulate air (HEPA) filters
combined with activated carbon can remove up to 99.97% of
particles as small as 0.3 microns and significantly reduce VOC
concentrations [20].

Challenges: The effectiveness of activated carbon in air
purification can be compromised by high humidity levels,
which can reduce adsorption capacity for certain compounds.
B. Energy Storage

Activated carbons are increasingly used in energy storage
applications, particularly in supercapacitors and batteries.

Case Study: Zhang et al. [16] developed a high-
performance supercapacitor using nitrogen-doped porous car-
bon derived from silk fibroin. The device exhibited a specific

capacitance of 242 F/g at 0.5 A/g and maintained 93%
capacitance retention after 10,000 cycles.

Effectiveness: Activated carbon-based supercapacitors can
achieve energy densities of 5-10 Wh/kg and power densities of
5-10 kW/kg, bridging the gap between conventional capacitors
and batteries [21].

Limitations: The energy density of activated carbon-based
supercapacitors is still lower than that of lithium-ion batteries,
limiting their application in certain high-energy devices.

C. Other Applications
1) Pharmaceuticals: Activated carbon is used in the phar-

maceutical industry for purification processes and as an anti-
dote for certain types of poisoning.

Case Study: In a clinical study by Olson [22], activated
charcoal administration within one hour of drug ingestion
reduced drug absorption by an average of 74% in overdose
patients.

Effectiveness: Single-dose activated charcoal can reduce
drug absorption by up to 90% when administered within 30
minutes of ingestion [23].

Challenges: The effectiveness of activated carbon in poi-
soning treatment decreases significantly with time after inges-
tion, and it is not effective for all types of poisons.

2) Food and Beverage Industry: Activated carbon is em-
ployed in food and beverage processing for decolorization,
purification, and odor removal.

Case Study: A study by Saad et al. [24] showed
that activated carbon treatment could reduce the 5-
hydroxymethylfurfural (HMF) content in honey by up to 88%,
improving its quality and extending shelf life.

Effectiveness: Activated carbon can remove up to 99%
of color-causing compounds in sugar syrup production and
significantly reduce off-flavors in alcoholic beverages [25].

Limitations: Excessive use of activated carbon in food
processing can potentially remove beneficial compounds along
with contaminants, necessitating careful optimization of treat-
ment parameters.

In conclusion, while activated carbons demonstrate remark-
able effectiveness across various applications, challenges such
as competitive adsorption, capacity reduction over time, and
application-specific limitations necessitate ongoing research
and development to optimize their performance and expand
their utility.

Figure 3: Schematic Diagram of Activated Carbon Production Process
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Applications of Activated Carbons
Activated carbons find extensive use across various in- dustries due to their exceptional adsorption properties. This 
section explores key applications, providing specific examples, quantitative data on effectiveness, and discussing 
limitations and challenges.

Environmental Remediation
Water Purification
Activated carbon plays a crucial role in water treatment processes, effectively removing organic contaminants, chlorine, 
and heavy metals.
•	 Case Study: In a study by Bhatnagar et al. [14], activated carbon derived from coconut shells demonstrated over 

90% removal efficiency for phenol and p-chlorophenol from aque- ous solutions. The adsorption capacity reached 
205.8 mg/g for phenol and 158.7 mg/g for p-chlorophenol.

•	 Effectiveness: Granular activated carbon (GAC) filters can remove up to 99% of organic contaminants and 95% 
of inorganic contaminants from drinking water [18].

•	 Limitations: Activated carbon’s effectiveness can be re- duced by the presence of natural organic matter (NOM), 
which competes for adsorption sites. Additionally, the adsorption capacity decreases over time, necessitating regular 
replacement or regeneration of the carbon.

Air Purification
Activated carbon is widely used in air filtration systems to remove volatile organic compounds (VOCs), odors, and other 
airborne pollutants.
•	 Case Study: A study by Kim et al. demonstrated that activated carbon fibers (ACFs) could remove up to 98% of 

toluene and 95% of formaldehyde from indoor air at concentrations of 1 ppm [19].
•	 Effectiveness: High-efficiency particulate air (HEPA) filters combined with activated carbon can remove up to 

99.97% of particles as small as 0.3 microns and significantly reduce VOC concentrations [20].
•	 Challenges: The effectiveness of activated carbon in air purification can be compromised by high humidity levels, 

which can reduce adsorption capacity for certain compounds.

Energy Storage
Activated carbons are increasingly used in energy storage applications, particularly in supercapacitors and batteries.
•	 Case Study: Zhang et al. developed a high- performance supercapacitor using nitrogen-doped porous car- bon 

derived from silk fibroin [16]. The device exhibited a specific capacitance of 242 F/g at 0.5 A/g and maintained 93% 
capacitance retention after 10,000 cycles.

•	 Effectiveness: Activated carbon-based supercapacitors can achieve energy densities of 5-10 Wh/kg and power 
densities of 5-10 kW/kg, bridging the gap between conventional capacitors and batteries [21].

•	 Limitations: The energy density of activated carbon-based supercapacitors is still lower than that of lithium-ion 
batteries, limiting their application in certain high-energy devices.

Other Applications
Pharmaceuticals 
Activated carbon is used in the phar- maceutical industry for purification processes and as an anti- dote for certain types 
of poisoning.
•	 Case Study: In a clinical study by Olson, activated charcoal administration within one hour of drug ingestion 

reduced drug absorption by an average of 74% in overdose patients [22].
•	 Effectiveness: Single-dose activated charcoal can reduce drug absorption by up to 90% when administered within 

30 minutes of ingestion [23].
•	 Challenges: The effectiveness of activated carbon in poi- soning treatment decreases significantly with time after 

inges- tion, and it is not effective for all types of poisons.

Food and Beverage Industry
Activated carbon is em- ployed in food and beverage processing for decolorization, purification, and odor removal.
•	 Case Study: A study by Saad et al. showed that activated carbon treatment could reduce the 5- hydroxymethylfurfural 

(HMF) content in honey by up to 88%, improving its quality and extending shelf life [24].
•	 Effectiveness: Activated carbon can remove up to 99% of color-causing compounds in sugar syrup production and 

significantly reduce off-flavors in alcoholic beverages [25].
•	 Limitations: Excessive use of activated carbon in food processing can potentially remove beneficial compounds 

along with contaminants, necessitating careful optimization of treat- ment parameters.

In conclusion, while activated carbons demonstrate remark- able effectiveness across various applications, challenges 
such as competitive adsorption, capacity reduction over time, and application-specific limitations necessitate ongoing 
research and development to optimize their performance and expand their utility.

Future Directions
The field of activated carbon production and application is rapidly evolving, driven by increasing environmental concerns, 
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technological advancements, and expanding industrial needs. This section explores emerging trends, ongoing research, 
po- tential barriers to implementation, and economic implications of future developments in activated carbon technology.

Emerging Research Areas
Novel Precursor Materials 
Researchers are exploring sustainable and cost-effective precursors for activated carbon production. For instance, Foo 
et al. demonstrated the potential of using invasive water hyacinth as a precursor, achieving a surface area of 1,200 m2/g 
and a micropore volume of 0.58 cm3/g [26]. This approach not only provides an eco-friendly solution but also addresses 
environmental issues related to invasive species management.
•	 Advanced Activation Techniques: Microwave-assisted activation is gaining attention due to its energy efficiency 

and rapid processing times. A study by Zhang et al. reported a 40% reduction in energy consumption and a 60% 
decrease in activation time compared to conventional thermal activation methods while achieving comparable or 
superior surface areas (up to 2,500 m2/g) [27].

•	 Functionalized Activated Carbons: Ongoing research focuses on tailoring activated carbon surfaces for specific 
applications. For example, Liu et al. developed nitrogen- doped activated carbon for enhanced CO2 capture, demon- 
strating a 25% increase in adsorption capacity compared to conventional activated carbons [28].

Implementation Barriers and Challenges
Despite promising advancements, several barriers hinder the widespread adoption of new activated carbon technologies:
•	 Scalability Issues: Many novel production methods, while effective at laboratory scale, face challenges in scaling 

up to industrial production levels. For instance, the precise control required for microwave-assisted activation may 
be difficult to maintain in large-scale operations [27].

•	 Regulatory Hurdles: The use of new precursor materials or activation methods may require extensive testing 
and certi- fication to meet existing regulatory standards, particularly for applications in water treatment or food 
processing industries [29].

•	 Infrastructure Requirements: Implementing new tech- nologies often necessitates significant changes to 
existing pro- duction infrastructure, requiring substantial capital investment [30].

Economic Implications
The economic landscape for future activated carbon tech- nologies is complex and multifaceted:

Production Costs
While some novel methods promise reduced energy consumption and processing times, initial capital costs for new 
equipment and facilities can be substan- tial. A cost-benefit analysis by Johnson et al. suggests that microwave-assisted 
activation could result in a 15-20% reduction in overall production costs over a 10-year period, despite higher initial 
investments [30].
•	 Market Dynamics: The activated carbon market is pro- jected to grow at a CAGR of 8.2% from 2021 to 2026, 

driven by increasing environmental regulations and industrial appli- cations [31]. This growth potential may justify 
investments in new technologies, but market volatility and competition from alternative materials pose risks.

•	 Value Chain Impacts: The adoption of new precursor materials could significantly impact existing supply chains. 
For example, the large-scale use of agricultural waste for activated carbon production may affect the prices and 
availability of these materials in other sectors [26].

Conclusion
The future of activated carbon technology holds great promise, with the potential for more sustainable produc- tion 
methods, enhanced performance, and novel applications. However, realizing these benefits will require overcoming 
significant technical, regulatory, and economic challenges. Continued research, strategic investments, and collaborative 
efforts between academia, industry, and regulatory bodies will be crucial in shaping the future landscape of activated 
carbon technology.

Environmental Considerations
The production of activated carbon, while yielding a highly beneficial material, carries significant environmental impli- 
cations that demand careful consideration and mitigation strategies. This section provides a comprehensive analysis of 
the environmental impact of activated carbon production, including quantitative data on energy consumption and waste 
generation, specific mitigation strategies, and a life cycle assessment perspective.

The environmental impact of activated carbon spans its entire life cycle, from raw material extraction to end-of- life 
disposal or regeneration. Figure 4 illustrates the key stages in the life cycle of activated carbon, highlighting the 
interconnected nature of its production, use, and environmental implications. This comprehensive view is essential for 
under- standing and mitigating the overall environmental footprint of activated carbon.

Energy Consumption and Greenhouse Gas Emissions
Activated carbon production is an energy-intensive process, with energy requirements varying based on the raw 
material and activation method used. A study by Alhashimi and Aktas reported that the production of 1 kg of activated 
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carbon requires between 30 and 70 MJ of energy, depending on the production method and raw material. This energy 
consumption translates to significant greenhouse gas emissions:

Fig. 4. Life cycle of activated carbon production and use

• Coal-based activated carbon: 5.2 kg CO2e/kg
• Coconut shell-based activated carbon: 2.7 kg CO2e/kg
• Wood-based activated carbon: 3.4 kg CO2e/kg
These figures underscore the importance of optimizing

energy efficiency in production processes and exploring renew-
able energy sources to reduce the carbon footprint of activated
carbon manufacturing.

B. Waste Generation and Resource Depletion
The production of activated carbon generates various waste

streams and contributes to resource depletion:
• Chemical activation processes can generate acidic or

alkaline wastewater, with volumes ranging from 2 to 5
m3 per ton of activated carbon produced [3].

• The yield of activated carbon from raw materials is
typically 25-50%, meaning that for every ton of activated
carbon produced, 1-3 tons of raw material are consumed
[32].

• Gaseous emissions, including volatile organic compounds
(VOCs) and particulate matter, can range from 0.5 to 2
kg per ton of activated carbon produced, depending on
the production method and pollution control measures in
place [29].

C. Mitigation Strategies
To address these environmental concerns, several mitigation

strategies can be implemented:
1) Energy Efficiency and Renewable Energy:
• Implement heat recovery systems in activation furnaces,

potentially reducing energy consumption by 20-30% [5].
• Utilize renewable energy sources such as biomass or

solar power for heating processes, which could reduce
greenhouse gas emissions by up to 50% [33].

• Optimize activation parameters (temperature, time, gas
flow) to minimize energy consumption while maintaining
product quality.

2) Waste Reduction and Circular Economy Approaches:
• Implement closed-loop water systems to reduce wastew-

ater generation by up to 80% [3].

• Explore the use of waste-derived precursors (e.g., agricul-
tural residues, industrial byproducts) to promote resource
efficiency and waste valorization.

• Develop regeneration techniques to extend the lifespan
of spent activated carbon, reducing the need for virgin
material production.

3) Pollution Control and Emissions Reduction:
• Install advanced air pollution control systems (e.g., ther-

mal oxidizers, scrubbers) to reduce VOC and particulate
matter emissions by up to 95% [29].

• Implement continuous monitoring systems to ensure com-
pliance with environmental regulations and identify op-
portunities for process optimization.

D. Life Cycle Assessment Perspective

A comprehensive life cycle assessment (LCA) approach is
crucial for understanding the full environmental impact of
activated carbon production and use. Recent LCA studies have
revealed important insights:

• The production phase typically accounts for 70-80% of
the total environmental impact of activated carbon over
its life cycle [32].

• The choice of raw material significantly influences the
overall environmental footprint, with biomass-derived ac-
tivated carbons generally showing lower impacts com-
pared to fossil-based alternatives [33].

• The environmental benefits of using activated carbon
in applications such as water and air purification often
outweigh the impacts of its production, highlighting the
importance of considering both production and use phases
in environmental assessments [34].

E. Future Directions and Research Needs

To further improve the environmental sustainability of
activated carbon production and use, several areas require
additional research and development:

• Development of low-temperature activation processes to
reduce energy consumption and associated emissions.

• Exploration of novel, sustainable precursors and their
impacts on activated carbon properties and environmental
footprint.

• Advancement of regeneration technologies to extend the
lifespan of activated carbon and reduce the demand for
virgin material production.

• Integration of life cycle thinking into product design and
process optimization to minimize overall environmental
impacts.

By addressing these environmental considerations and im-
plementing effective mitigation strategies, the activated carbon
industry can significantly reduce its ecological footprint while
continuing to provide essential products for environmental
protection and industrial applications.

Raw
Material

Extraction

Activated
Carbon

Production
Use Phase

Emissions
& Waste

End-of-Life
/ Regen-
eration

Figure 4: Life Cycle of Activated Carbon Production and Use

•	 Coal-Based Activated Carbon: 5.2 kg CO2e/kg.
•	 Coconut Shell-Based Activated Carbon: 2.7 kg CO2e/kg.
•	 Wood-Based Activated Carbon: 3.4 kg CO2e/kg.

These figures underscore the importance of optimizing energy efficiency in production processes and exploring renew- 
able energy sources to reduce the carbon footprint of activated carbon manufacturing.

Waste Generation and Resource Depletion
The production of activated carbon generates various waste streams and contributes to resource depletion:
•	 Chemical activation processes can generate acidic or alkaline wastewater, with volumes ranging from 2 to 5 m3 per 

ton of activated carbon produced [3].
•	 The yield of activated carbon from raw materials is typically 25-50%, meaning that for every ton of activated carbon 

produced, 1-3 tons of raw material are consumed [32].
•	 Gaseous emissions, including volatile organic compounds (VOCs) and particulate matter, can range from 0.5 to 2 

kg per ton of activated carbon produced, depending on the production method and pollution control measures in 
place [29].

Mitigation Strategies
To address these environmental concerns, several mitigation strategies can be implemented:

Energy Efficiency and Renewable Energy
•	 Implement heat recovery systems in activation furnaces, potentially reducing energy consumption by 20-30% [5].
•	 Utilize renewable energy sources such as biomass or solar power for heating processes, which could reduce 

greenhouse gas emissions by up to 50% [33].
•	 Optimize activation parameters (temperature, time, gas flow) to minimize energy consumption while maintaining 

product quality.

Waste Reduction and Circular Economy Approaches
•	 Implement closed-loop water systems to reduce wastew- ater generation by up to 80% [3].
•	 Explore the use of waste-derived precursors (e.g., agricul- tural residues, industrial byproducts) to promote resource 

efficiency and waste valorization.
•	 Develop regeneration techniques to extend the lifespan of spent activated carbon, reducing the need for virgin 

material production.

Pollution Control and Emissions Reduction
•	 Install advanced air pollution control systems (e.g., ther- mal oxidizers, scrubbers) to reduce VOC and particulate 

matter emissions by up to 95% [29].
•	 Implement continuous monitoring systems to ensure com- pliance with environmental regulations and identify op- 

portunities for process optimization.

Life Cycle Assessment Perspective
A comprehensive life cycle assessment (LCA) approach is crucial for understanding the full environmental impact of 
activated carbon production and use. Recent LCA studies have revealed important insights:
•	 The production phase typically accounts for 70-80% of the total environmental impact of activated carbon over its 

life cycle [32].
•	 The choice of raw material significantly influences the overall environmental footprint, with biomass-derived ac- 

tivated carbons generally showing lower impacts com- pared to fossil-based alternatives [33].
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•	 The environmental benefits of using activated carbon in applications such as water and air purification often 
outweigh the impacts of its production, highlighting the importance of considering both production and use phases 
in environmental assessments [34].

Future Directions and Research Needs
To further improve the environmental sustainability of activated carbon production and use, several areas require 
additional research and development:
•	 Development of low-temperature activation processes to reduce energy consumption and associated emissions.
•	 Exploration of novel, sustainable precursors and their impacts on activated carbon properties and environmental 

footprint.
•	 Advancement of regeneration technologies to extend the lifespan of activated carbon and reduce the demand for 

virgin material production.
•	 Integration of life cycle thinking into product design and process optimization to minimize overall environmental 

impacts.

By addressing these environmental considerations and im- plementing effective mitigation strategies, the activated 
carbon industry can significantly reduce its ecological footprint while continuing to provide essential products for 
environmental protection and industrial applications.

Conclusion 
This comprehensive review of activated carbon production processes, applications, and environmental considerations 
has revealed the critical role this material plays in addressing global environmental and industrial challenges. The study 
has highlighted the intricate balance between the benefits of activated carbon use and the environmental impacts of its 
production.

Key Findings and Recommendations
Our analysis leads to several key recommendations for industry stakeholders and researchers:
•	 Sustainable Raw Material Sourcing: We strongly recommend the transition towards renewable and waste- 

derived precursors for activated carbon production. Agri- cultural residues and industrial byproducts offer promis- 
ing alternatives to traditional fossil-based raw materials, potentially reducing the carbon footprint of production by 
up to 50% [33].

•	 Energy-Efficient Activation Processes: The adoption of novel activation techniques, such as microwave- 
assisted or plasma activation, should be prioritized. These methods have demonstrated energy savings of 30- 40% 
compared to conventional thermal activation [27].

•	 Tailored Activated Carbons: We encourage the devel- opment of application-specific activated carbons through 
precise control of pore size distribution and surface chemistry. This approach can enhance adsorption effi- ciency by 
20-30% in targeted applications [28].

•	 Circular Economy Integration: Implementing regener- ation and recycling programs for spent activated carbon 
can significantly reduce waste and raw material demand. Studies have shown that regeneration can restore up to 
90% of the original adsorption capacity [35].

Broader Implications for Sustainability
The findings of this research have significant implications for global sustainability efforts:
•	 Water Security: Optimized activated carbon production and application can play a crucial role in addressing water 

scarcity, potentially providing access to clean water for millions of people worldwide.
•	 Climate Change Mitigation: By improving the effi- ciency of industrial processes and enabling better pol- lution 

control, advanced activated carbon technologies contribute to reducing greenhouse gas emissions.
•	 Resource Conservation: The shift towards sustainable precursors and circular economy principles in activated 

carbon production aligns with global efforts to conserve natural resources and minimize waste.

Future Research Directions
While this study has provided valuable insights, several areas require further investigation:
•	 Life Cycle Assessment: Comprehensive life cycle as- sessments of activated carbon from various precursors and 

production methods are needed to fully understand and compare their environmental impacts.
•	 Nanotechnology Integration: Research into the devel- opment of nanostructured activated carbons and their 

potential applications in emerging fields such as energy storage and advanced catalysis should be pursued.
•	 In-situ Regeneration: Developing efficient methods for in-situ regeneration of activated carbon in continuous 

processes could significantly enhance its sustainability and economic viability.
•	 Biomedical Applications: The potential of activated carbon in drug delivery systems and targeted therapies 

represents an exciting frontier that warrants further ex- ploration. 

In conclusion, the production and application of activated carbon stand at a critical juncture. By embracing sustainable 
practices, leveraging technological innovations, and addressing the identified research gaps, the activated carbon 
industry can significantly contribute to a more sustainable and en- vironmentally responsible future. The path forward 
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requires collaborative efforts from researchers, industry leaders, and policymakers to realize the full potential of this 
versatile material while minimizing its environmental footprint.
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