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Introduction

Activated carbon, often called activated charcoal, is one of the most versatile and widely used materials in modern
industry and everyday life. Its extraordinary surface area, tunable pore structure, and chemical versatility make it
indispensable in applications ranging from water purification to advanced energy storage. Understanding the
characterization of activated carbon is crucial for tailoring its properties to specific uses, while a deep knowledge
of its applications showcases why this material remains a cornerstone of sustainable technologies.

In this article, we will explore the journey of activated carbon from raw feedstock to a highly functional adsorbent,
delve into the analytical techniques used to probe its structure and chemistry, and highlight the most prominent
industrial and environmental applications that rely on its unique properties. By the end, you will have a
comprehensive view of how activated carbon is characterized and applied, and why it continues to be a critical
component in a wide range of sectors.

What Is Activated Carbon?

Activated carbon is a form of carbon processed to have small, low-volume pores that increase the surface area
available for adsorption or chemical reactions. It can be derived from a variety of carbon-rich materials—such as
coconut shells, coal, wood, peat, and even agricultural waste—through a series of physical or chemical activation
steps. The resulting product is a highly porous, black solid with a surface area that can exceed 1,000 m#/g.

Key attributes that define activated carbon include:

¢ High surface area — essential for adsorption capacity.

e Hierarchical pore structure — micropores (50 nm) allow for selective adsorption of molecules of different sizes.

» Surface functional groups — hydroxyl, carboxyl, carbonyl, and other groups influence chemical reactivity and
adsorption selectivity.

 Electrical conductivity — important for applications in batteries and supercapacitors.

From Feedstock to Final Product: Production Processes

The performance of activated carbon hinges on its production method. Two primary routes are used: physical
activation and chemical activation. Each method imparts distinct structural and chemical characteristics that
influence downstream applications.

Physical Activation

Physical activation involves carbonizing the precursor at temperatures typically between 600—-900 °C in an inert
atmosphere, followed by activation with gases such as steam or carbon dioxide at temperatures up to 1,200 °C. The
high-temperature process creates a porous network by gasification of the carbon matrix.

Chemical Activation

In chemical activation, the precursor is impregnated with activating agents (e.g., phosphoric acid, potassium
hydroxide, zinc chloride) before carbonization at lower temperatures (400—700 °C). The chemical agents facilitate
pore formation and often introduce specific surface functionalities.



Hybrid and Emerging Methods

Recent advances combine physical and chemical steps or introduce novel techniques such as:

¢ Microwave-assisted activation.

e Supercritical CO , activation.

< Hydrothermal carbonization followed by activation.

¢ Electrochemical activation for tailoring surface charge.

These hybrid methods aim to optimize pore structure, surface chemistry, and energy efficiency while reducing
environmental impact.

Characterization Techniques: Probing the Structure and Chemistry

Characterizing activated carbon is essential for predicting performance and ensuring quality control. A suite of
analytical techniques is employed to assess physical, chemical, and functional properties. Below, we review the
most common methods and what they reveal.

Surface Area and Porosity: BET & BJH Analysis

The Brunauer—-Emmett—Teller (BET) method uses nitrogen adsorption at 77 K to determine the specific surface
area. Barrett—Joyner—Halenda (BJH) analysis complements BET by evaluating pore size distribution, distinguishing
between micro- and mesopores.

Microscopy: SEM & TEM

Scanning Electron Microscopy (SEM) provides surface morphology and texture, while Transmission Electron
Microscopy (TEM) offers high-resolution images of the internal pore network. These images help correlate physical
structure with adsorption behavior.

Spectroscopy: FTIR, XPS, Raman

e FTIR (Fourier Transform Infrared) identifies functional groups on the carbon surface, such as hydroxyl,
carbonyl, and carboxyl groups.

« XPS (X-ray Photoelectron Spectroscopy) quantifies elemental composition and chemical states, revealing the
presence of heteroatoms (e.g., nitrogen, oxygen) and their bonding configurations.

¢ Raman Spectroscopy assesses graphitic versus amorphous carbon content through D and G band analysis.

Thermal Analysis: TGA & DTG

Thermogravimetric Analysis (TGA) monitors weight changes under controlled heating, indicating thermal stability
and the presence of volatile functional groups. Derivative Thermogravimetry (DTG) identifies specific
decomposition temperatures.

Electrical Characterization: Conductivity & Electrochemical Impedance

For applications in energy storage, measuring electrical conductivity and impedance provides insight into charge
transport pathways and electrode performance.

Other Relevant Techniques

* XRD (X-ray Diffraction) reveals crystalline phases or amorphous nature.

« Elemental Analysis (CHNS) quantifies carbon, hydrogen, nitrogen, and sulfur content.

¢ Brunauer—-Emmett-Teller (BET) is often coupled with pore volume and average pore size calculations.
« Thermal Desorption Spectroscopy (TDS) identifies adsorbed species and desorption profiles.



Key Physical Properties Influencing Performance

Activated carbon’s performance is governed by several interrelated physical parameters. Understanding these
allows for rational design of adsorbents tailored to specific tasks.

Surface Area

Higher surface area typically translates to greater adsorption capacity, especially for small molecules. However,
extremely high surface areas can lead to diminished mechanical strength.

Pore Size Distribution

Micropores (50 /nm) serve as transport channels, enhancing mass transfer.

Surface Functional Groups
Functional groups such as —OH, —COOH, and —-NH, impart hydrophilicity/hydrophobicity, influence acid-base
interactions, and enable covalent bonding with target molecules.

Mechanical Strength

Applications that involve pressure or mechanical handling require activated carbon with sufficient compressive
strength. This property is often correlated with the degree of carbonization and the presence of interparticle
bonding.

Electrical Conductivity

For electrochemical applications, high conductivity is essential. Graphitization level, defect density, and heteroatom
doping (e.g., nitrogen, sulfur) can modulate conductivity.

Key Chemical Properties and Functionalities

Beyond physical attributes, the chemical makeup of activated carbon determines selectivity and reactivity.

Acid-Base Characteristics

The surface acidity or basicity, often quantified by the point of zero charge (pHpzc), dictates interaction with ionic
species. Acidic surfaces favor cation adsorption, whereas basic surfaces attract anions.

Heteroatom Doping

Incorporating heteroatoms such as nitrogen, sulfur, or phosphorus can enhance catalytic activity, modify electronic
properties, and improve adsorption of specific pollutants.

Redox Activity

Activated carbon can participate in redox reactions, making it useful as a catalyst support or in energy storage
devices.

Adsorption Mechanisms: How Activated Carbon Captures Molecules

Adsorption onto activated carbon occurs through a combination of physical and chemical processes:

¢ Physisorption — weak van der Waals forces that are reversible and dominate for non-polar molecules.

¢ Chemisorption — stronger covalent or ionic bonds, often involving functional groups; typically irreversible.
» Electrostatic Attraction — interactions between charged species and the surface’s pHpzc.

< Hydrophobic/Hydrophilic Interactions — dictate adsorption of organic versus inorganic species.



The synergy of these mechanisms allows activated carbon to effectively remove a vast array of contaminants from
liquids and gases.

Applications of Activated Carbon: A Broad Spectrum

Activated carbon’s versatility translates into a plethora of applications. We categorize them into major sectors,
highlighting key use cases and the specific properties that make activated carbon suitable.

Water Treatment

Activated carbon is the gold standard for eliminating organic compounds such as pesticides, herbicides, industrial
solvents, and taste and odor compounds. Its high surface area and functional groups provide strong adsorption sites.

By adjusting surface chemistry (e.g., acid treatment to introduce carboxyl groups), activated carbon can selectively
bind heavy metals like lead, cadmium, arsenic, and mercury.

In combination with other treatments, activated carbon can adsorb microbial toxins and reduce bacterial load.
Certain activated carbons are engineered with antimicrobial coatings.

While not a primary desalination method, activated carbon is employed in pre treatment steps to remove organics
that could foul reverse osmosis membranes.

Air Purification

Activated carbon adsorbs volatile organic compounds (VOCSs) that cause unpleasant odors in industrial settings,
food processing, and residential environments.

Industries such as petrochemicals, natural gas processing, and chemical manufacturing rely on activated carbon to
remove sulfur compounds, hydrogen sulfide, and other hazardous gases.

When incorporated into filters, activated carbon traps fine particles and smoke, improving indoor air quality.

Industrial Processes

Activated carbon’s high surface area and thermal stability make it an ideal support for metal catalysts in reactions
like catalytic cracking and hydrogenation.

e Batteries — as anode or cathode material in lithium ion, sodium ion, and supercapacitor electrodes.

e Supercapacitors — activated carbon’s porous structure allows for high capacitance and rapid charge/discharge
cycles.

e Fuel Cells — as catalyst support or ionomer matrix.

Activated carbon’s hydrophobicity and oleophilicity enable efficient absorption of spilled petroleum products,
reducing environmental damage.

Medical and Pharmaceutical Applications

Functionalized activated carbon can encapsulate drugs, providing controlled release profiles and targeted delivery.

Activated carbon is used in biosensors to adsorb biomolecules, improving signal sensitivity.
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