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Abstract: The challenge of eliminating synthetic dyes from industrial wastewater is significant due
to their toxic nature, persistence, and resistance to biodegradation. Carbon-based materials have
gained attention as effective and sustainable solutions for dye removal, thanks to their large surface
area, adaptable surface chemistry, and robust adsorption and catalytic capabilities. This review
examines materials such as activated carbon, graphene/graphene oxide, carbon nanotubes, biochar,
graphitic carbon nitride, and carbon quantum dots, as well as their composites. These materials
function as both adsorbents and photocatalysts in advanced oxidation processes. Although
advancements have been made in enhancing efficiency and recyclability, issues such as stability,
recovery, and scalability persist. In conclusion, carbon-based materials offer promising avenues for
the efficient, eco-friendly, and sustainable degradation of dye pollutants in wastewater treatment
systems.

Keywords: Dye degradation, carbon materials, photocatalysis, adsorption, wastewater treatment.

1. Introduction: The rapid expansion of industries such as textile, leather, paper, and printing has
led to the significant release of synthetic dyes into aquatic ecosystems. These dyes are often toxic,
non-biodegradable, and highly stable, making their removal from wastewater a formidable
environmental challenge. Even at low concentrations, dyes can impede light penetration in water
bodies, disrupt photosynthetic processes, and pose serious risks to aquatic life and human health.[1-
4] Conventional treatment methods, including biological degradation, coagulation, and filtration,
often prove inadequate due to the complex chemical structure of dye molecules.[5-7] In recent years,
carbon-based materials have garnered significant attention as promising candidates for dye removal
and degradation. Their unique properties, such as high surface area, porous structure, excellent
chemical stability, and tunable surface functionality, make them highly effective for both adsorption
and catalytic applications. Materials like activated carbon, graphene, carbon nanotubes, biochar,
graphitic carbon nitride, and carbon quantum dots have been extensively explored for this
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purpose.[8-13] These materials not only efficiently adsorb dye molecules but also enhance
photocatalytic and advanced oxidation processes by improving electron transfer and charge
separation. Consequently, carbon-based materials offer a sustainable and efficient approach for
wastewater treatment.[14-16] This review focuses on various carbon materials used for dye
degradation and highlights their recent advancements and applications.

2. Types of Carbon Materials Used in Dye Degradation

Carbon-based materials have gained significant attention in dye degradation due to their high surface
area, tunable surface chemistry, and excellent adsorption and catalytic properties. Different forms of
carbon materials play specific roles in wastewater treatment, ranging from simple adsorption to
advanced photocatalytic degradation

2.1 Activated Carbon: Activated carbon is one of the most widely used materials for dye removal.
It works mainly through the adsorption mechanism, where dye molecules attach to the porous
surface via van der Waals forces, hydrogen bonding, and n—r interactions. Its effectiveness is largely
due to its very high surface area and porous structure, which provides numerous active sites for dye
molecules. However, it mainly removes dyes physically rather than chemically degrading them.[17-
19]

Activated Carbon

High surface area and
porosity for adsorption

2.2 Graphene/Graphene Oxide: Graphene and graphene oxide (GO) are two-dimensional carbon
materials with excellent conductivity and surface functionality. They enhance charge transfer
processes, which is highly beneficial in photocatalytic systems. GO contains oxygen functional
groups that improve dye adsorption, while reduced graphene oxide (rGO) facilitates electron
movement. In photocatalysis, graphene-based materials reduce electron—hole recombination, thereby
significantly improving photocatalytic degradation efficiency of dyes under light irradiation.[20,21]

Graphene

Large surface area and
excellent electron mobility

2.3 Carbon Nanotubes (CNTs): CNTs possess a unique cylindrical nanostructure with exceptional
electrical conductivity. Their high electron mobility allows efficient transfer of photogenerated
electrons, reducing recombination losses in photocatalytic systems. CNTs also act as excellent
catalyst supports, providing a large surface area for dispersion of metal or metal oxide nanoparticles,
which enhances dye degradation performance.[22,23]
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Carbon Nanotubes

High aspect ratio and
efficient charge transfer

2.4 Biochar: Biochar is a carbon-rich material derived from the pyrolysis of biomass waste such as
agricultural residues. It is widely appreciated for being low-cost, eco-friendly, and sustainable.
Biochar exhibits good adsorption capacity for dyes due to its porous structure. Additionally,
modified biochar (e.g., metal-doped or chemically activated) can participate in catalytic oxidation
processes, making it a promising green alternative for wastewater treatment.[24]

Biochar

Sustainable, porous and
rich in surface functional
groups

2.5 Graphitic Carbon Nitride (g-CsNa4): Graphitic carbon nitride is a metal-free visible light
photocatalyst. It has a suitable band gap that allows absorption of visible light, making it effective
under sunlight. However, its efficiency is often limited by rapid electron—hole recombination. To
overcome this, it is commonly modified or combined with other materials to improve its
photocatalytic performance in dye degradation.[25,26]
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2.6 Carbon Quantum Dots (CQDs): Carbon quantum dots are nanoscale carbon particles with
unique optical properties. They enhance dye degradation by improving light absorption and acting as
photosensitizers. CQDs can extend light harvesting into the visible region and facilitate electron
transfer in composite photocatalytic systems, leading to improved degradation efficiency.[27,28]

Carbon Quantum Dots
(CQDs)
Size-tunable, highly

photoluminescent and
excellent electron shuttle

2.7 Carbon-Based Composites: Carbon-based composites are formed by combining carbon
materials with metals or metal oxides such as TiO2, ZnO, or Fe-based compounds. These hybrid
materials exhibit synergistic effects, including improved charge separation, enhanced surface
reactivity, and increased catalytic activity. As a result, they show significantly higher dye
degradation efficiency compared to individual components.[16]
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Overall, different carbon materials contribute uniquely to dye degradation processes. While activated
carbon primarily works through adsorption, advanced carbon nanomaterials such as graphene, CNTSs,
and CQDs enhance photocatalytic and electron transfer processes. Biochar provides a sustainable
alternative, and carbon-based composites represent the most efficient systems due to their synergistic
effects.

3. Comparison of Carbon Materials

Carbon-based materials employed in dye degradation exhibit considerable differences in terms of
efficiency, mechanisms, benefits, and drawbacks. Activated carbon is highly efficient in adsorption
due to its extensive surface area, yet it lacks genuine catalytic degradation capabilities and
necessitates regeneration.[17-19] Graphene and graphene oxide boost photocatalytic activity by
enhancing charge transfer and minimizing electron—hole recombination, though their production
costs are relatively high.[20-21] Carbon nanotubes provide excellent electron mobility and serve as
effective catalyst supports, but their tendency to aggregate can hinder performance.[22,23] Biochar is
an economical and sustainable material with decent adsorption capacity; however, its catalytic
efficiency is inferior to that of advanced nanomaterials.[24] Graphitic carbon nitride (g-CsNa)
functions as a photocatalyst active under visible light but experiences rapid recombination of charge
carriers.[25,26] Carbon quantum dots enhance light absorption and act as photosensitizers, although
their stability may be limited.[27,28] Carbon-based composites achieve the highest efficiency due to
synergistic effects but require complex synthesis processes. Overall, hybrid systems deliver the best
results in dye degradation applications.[16]

4. Challenges and Future Scope

Carbon-based materials for dye degradation encounter several obstacles that hinder large-scale
application. [29] A primary challenge is catalyst recovery, particularly for nano-sized materials like
graphene, CNTs, and CQDs, which are difficult to separate from treated water. Stability issues also
emerge due to photocorrosion, agglomeration, and loss of activity over repeated cycles.[16]
Additionally, the high synthesis cost of advanced nanomaterials limits their practical application.
Most laboratory studies utilize synthetic dye solutions, making real wastewater application a
significant challenge due to mixed pollutants and varying pH conditions.[30] Despite these
limitations, the future outlook is highly promising. Research is advancing towards scalable industrial
applications with improved reactor designs and continuous flow systems. The development of eco-
friendly and green synthesis methods using biomass-derived carbon materials is gaining traction.[31]
Moreover, hybrid systems and composite materials that combine carbon with metals or metal oxides
are anticipated to enhance efficiency, stability, and reusability for sustainable wastewater
treatment.[32]
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5. Conclusion

Carbon-based materials have become highly effective and adaptable options for breaking down
synthetic dyes in wastewater treatment. Their distinct characteristics, including a large surface area,
excellent conductivity, adjustable surface chemistry, and environmental friendliness, make them
ideal for both adsorption and photocatalytic uses. Materials such as activated carbon, graphene,
carbon nanotubes, biochar, graphitic carbon nitride, and carbon quantum dots each play unique roles
in dye removal processes. While activated carbon mainly functions through adsorption, advanced
carbon nanomaterials boost photocatalytic degradation by enhancing charge separation and electron
transfer. Carbon-based composites demonstrate superior performance due to the synergistic effects
between their components. Despite considerable advancements, challenges like catalyst recovery,
stability, synthesis cost, and applicability to real wastewater still need to be tackled. Future research
should aim at developing cost-effective, eco-friendly, and scalable carbon materials along with
hybrid systems for enhanced efficiency. Overall, carbon-based materials present a sustainable and
promising solution for effective dye degradation and environmental remediation.
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