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Abstract

Synthetic dyes in industrial effluents pose a significant environmental and health problem worldwide.
Acid Orange dyes, which are azo dyes, are the most persistent, toxic, and non-biologically
degradable among them. They are released into water bodies uncontrollably, which decreases light
penetration, interferes with photosynthesis, and alters aquatic biodiversity. Moreover, the
decomposition products of azo dyes are usually mutagenic and carcinogenic, which makes the long-
term health risks to humans and the environment a concern. Although these conventional dye
treatment technologies, such as coagulation-flocculation, advanced oxidation, and membrane-based
processes, have proven to be effective under controlled conditions, they are characterized by high
operational costs, secondary sludge formation, and low efficiency in the treatment of dilute dye
effluents. Another alternative adsorbent that has proven to be economical, sustainable, and
environmentally friendly is biochar, which is a carbon-rich substance formed through the pyrolysis of
agricultural residues. Quinoa (Chenopodium quinoa) residues, including husks and stems, are a new
feedstock for biochar production, with distinct physicochemical characteristics, and can be valorized
as a waste in a circular economy context. In addition, nanocomposites of quinoa biochar with
nanomaterials have been synthesized by modifying biochar with nanomaterials, which have increased
adsorption capacity, surface reactivity, and reusability. The mini review illuminates the use of quinoa
biochar and its nanocomposites in the removal of Acid Orange dye in wastewater, the mechanisms of
adsorption, their performance comparison, challenges, and future outlook.
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Introduction

The problem of water pollution has become a serious environmental problem in the world because of
the continuous release of industrial effluents into the water bodies. Synthetic dyes are one of the most
dangerous groups of these pollutants due to their toxicity, stability, and degradation resistance
(Tomar et al., 2023) . Synthetic dyes are widely used in textile, leather, paper, cosmetic, and food
industries and finally end up in wastewater streams. The release of untreated effluents containing dye
causes serious ecological disturbances, such as low light penetration, depletion of oxygen, and
poisoning of aquatic organisms (Slama et al., 2021). In addition to this, most of the dyes and their
decomposition products are carcinogenic and mutagenic to humans, which is of great health concern.
Azo dyes, acid orange dyes, are commonly utilized in the textile and leather industries since they are
bright and chemically stable. But it is these properties that also make them very persistent in the
environment (Mehta et al., 2021). The most important physicochemical characteristics of Acid
Orange dye that justify its permanence and environmental risks are presented in Table 1. These
properties indicate why Acid Orange cannot be treated in a typical way and why new and sustainable
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solutions like quinoa-based biochar and its nanocomposites are necessary.

Traditional solutions like coagulation, flocculation, and chemical oxidation are not effective to
eliminate such dyes entirely, and alternative methods are expensive and energy-consuming, such as
membrane filtration or advanced oxidation (Zaheer et al., 2019). Consequently, scientists are
investigating green, low-cost, and sustainable methods of dye removal in wastewater. In this regard,
biochar has received a lot of attention as a good adsorbent. Biochar is a carbon-based material that
has been formed by the pyrolysis of biomass at low oxygen levels (Srivastava et al., 2022). It has a
large surface area, porosity, and functional groups, which make it very applicable in the adsorption of
pollutants, such as heavy metals and dyes. Quinoa (Chenopodium quinoa) is one of the potential
feedstocks of biochar produced using a variety of biomass sources. The wastes produced by quinoa
are agricultural wastes that can be utilized to obtain value-added products such as biochar, which
would be a lasting solution to waste management and environmental remediation (Ardila-Leal et al.,
2021). Moreover, in recent progress, it has been aimed at improving the adsorption capacity of
biochar by transforming it into nanocomposites. The surface characteristics, functionality, and
reusability of biochar are enhanced by the addition of nanoparticles, including metal oxides, magnetic
particles, or graphene (Chowdhury et al.,, 2018). These changes render quinoa biochar
nanocomposites extremely effective in the elimination of Acid Orange dye in wastewater. The
purpose of this mini review is to give a general idea about Acid Orange dye pollution, the possibility
of using quinoa biochar as a low-cost adsorbent, and the use of its nanocomposites to enhance the
dye removal efficiency. It also addresses the adsorption mechanisms, compares it with other
adsorbents, the current challenges, and prospects of using it on a large scale in wastewater treatment
(Islam et al., 2022).

Table 1: Physicochemical Properties of Acid Orange Dye

Property Value / Description Environmental Concern References
Molecular C16H11N2NaO4S Complex aromatic structure, (Sillanpéa et al.,
formula resistant to degradation 2023)
Molecular ~350 g/mol Stable in water, difficult to (Oon et al., 2020)
weight remove
Dye class Azo dye Releases toxic aromatic amines (Santhosh et al.,

upon degradation 2020)
Solubility in  High (anionic dye) Easily spreads in aquatic (Badeji et al.,
water environments 2024)
Color index Acid Orange 7 (C.I1. 15510)  Causes coloration of water, (Eleryan et al.,
(C.I) aesthetic pollution 2024)
Stability Stable under light and Persistent in wastewater (Stejskal &
moderate temperatures treatment systems Prokes, 2020)
Toxicity Harmful to aquatic Serious ecological and health ~ (Hashemi &
organisms, a potential threats if untreated Kaykhaii, 2022)
mutagen

Biochar as an Adsorbent

Biochar has gained a lot of interest over the past few years as a cheap and sustainable substance in
the treatment of wastewater. It is normally obtained through pyrolysis of agricultural residues,
forestry wastes, or animal manures in conditions of limited oxygen. The process not only transforms
the waste biomass into a solid carbon-rich material but also minimizes greenhouse gas emissions by
trapping carbon in solid form (Ahmadian et al.,, 2023). Due to the special physicochemical
characteristics, biochar has been widely investigated as an adsorbent to eliminate organic pollutants,
dyes, and heavy metals in aqueous solutions. High surface area and porosity of biochar are one of the
key factors that have contributed to its popularity as an adsorbent. In the pyrolysis process, there is
the release of volatile matter, and what remains after the process is a network of pores in the biochar
structure (Cheng et al., 2021). These are pores that can be used as active sites where the dye
molecules can be trapped and stored. The pyrolysis conditions and the feedstock can give rise to a
wide range of surface area of biochar that affects adsorption capacity (Kumkum & Kumar, 2024). An
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example of this is that, with an increase in temperature, the biochar tends to have more surface area
and pore volume, which directly increases the capacity of the biochar to remove dye. The other
important consideration that makes biochar effective in adsorption is the availability of surface
functional groups like hydroxyl, carboxyl, and carbonyl groups (Shi et al., 2022). These groups offer
binding sites of pollutants by hydrogen bonding, electrostatic interactions, and m—m interactions.
These functional groups may be important in adsorption in the case of Acid Orange dye, which is an
anionic dye, where strong electrostatic forces are formed between the negatively charged dye
molecules and the positively charged surface sites of the biochar. Biochar has a number of economic
and environmental advantages besides adsorption (EI-Nemr et al., 2020). The feedstock used in the
manufacture of biochar is usually cheap and in large quantities, such as agricultural waste. The
process of its preparation is comparatively easy and does not involve the use of costly equipment, as
opposed to sophisticated wastewater treatment procedures. In addition, biochar use in wastewater
treatment helps in waste management by turning agricultural residues into useful products, hence
encouraging a circular economy (M. Zhang et al., 2022). Another factor that has increased the use of
biochar is its versatility. VVarious biomasses like rice husk, wheat straw, sugarcane bagasse, and corn
stover have been utilized effectively to produce biochar with effective adsorption properties. The
feedstock gives each biochar a different structural and chemical property, and therefore, researchers
can choose the right biomass based on the desired pollutant (Huang et al., 2020). Summing up,
biochar is a cost-effective, efficient, and sustainable solution to the elimination of wastewater
pollutants. It has tunable surface characteristics, functional groups, and porous structure, which make
it a good candidate to tackle the increasing dye pollution problem (Patra et al., 2017). Its adsorption
efficiency can be greatly increased with additional changes, including its transformation into
nanocomposites, which would allow its application as an even more efficient means of treating
recalcitrant dyes, such as Acid Orange.

Quinoa Biochar

Quinoa is a very nutritious crop that is grown predominantly in South America, but is slowly gaining
popularity in other regions of the world because it can withstand extreme weather conditions
(Vilcacundo & Hernandez-Ledesma, 2017). In the process of growing and processing, a lot of
agricultural waste, including stalks, husks, and bran, is produced. These wastes usually remain
unused or are disposed of as waste, which contaminates the environment (Akram et al., 2024). The
use of these by-products to produce biochar is a sustainable measure to eliminate waste materials,
and at the same time, it can be used as a cheap adsorbent in wastewater treatment (Nowak et al.,
2016). The residues of quinoa are specifically good materials to prepare biochar due to their high
lignocellulosic content. These residues produce a biochar that is rich in carbon and well-developed
pore structure when they are pyrolyzed in limited oxygen conditions (Yang et al., 2020). The quinoa
biochar that results tends to have a high surface area, stable structure, and a high number of
functional groups, which are critical properties of the adsorption of organic contaminants like dyes.
The performance of quinoa biochar is dependent on its structural properties (Ren et al., 2023). The
porous structure that is formed during the pyrolysis process offers many active sites on which the dye
molecules bond. Acid Orange dye is a large and stable molecule and needs an adsorbent with
accessible pores and surface heterogeneity, which can be found in quinoa-derived biochar (Naeem et
al., 2020). Moreover, quinoa biochar tends to include mineral constituents such as potassium,
calcium and magnesium, which may be used to improve adsorption by ion-exchange. The other
benefit of quinoa biochar is its surface chemistry (Jaikishun et al., 2019). The availability of oxygen-
containing groups like -OH, -COOH and -C=0 increases its capacity to interact with dye molecules
by hydrogen bonding and electrostatic interactions. This causes quinoa biochar to be particularly
useful in the removal of anionic dyes such as Acid Orange in aqueous solutions (Deng et al., 2023).
Figure 1 shows the general workflow of the production of biochar using quinoa residues.
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Figure 1: Biochar production from quinoa residues

Furthermore, the biochar surface can be chemically or physically modified to enhance its adsorption
capacity, and it is therefore applicable in a wide range of treatment applications. Quinoa biochar has
a very bright future in terms of environmental and economic aspects. The production of quinoa also
produces high amounts of agricultural waste which in most cases have low economic value (Abril et
al., 2022). By transforming these residues into biochar, waste management problems are minimized
and a useful product to clean the environment is obtained. As quinoa is commonly cultivated in both
developing and developed nations, the availability of feedstock is not particularly troublesome which
makes quinoa biochar production sustainable (Angeli et al., 2020). To conclude, quinoa biochar is a
low-cost, eco-friendly, and efficient adsorbent that is obtained using agricultural wastes. Its favorable
structural characteristics, numerous functional groups and its ability to be subjected to modifications
render it very appropriate in the removal of Acid Orange dye in wastewater (Hernandez-Ledesma,
2019). Recent developments indicate that the performance of quinoa biochar can be considerably
improved by the addition of nanoparticles, and thus quinoa biochar nanocomposites with enhanced
adsorption performances were obtained (Afzal et al., 2022).

Nanocomposites of Quinoa Biochar

Despite the good potential of quinoa biochar as a single adsorber in dye removal, researchers have
investigated the possibility of increasing its adsorption capacity. The formation of nanocomposites,
where the nanoparticles are incorporated on the biochar surface, is one of the promising methods.
Nanomaterials greatly enhance the surface chemistry, porosity, and reactivity of biochar, which is
much more useful in the treatment of wastewater (Majeed et al., 2023a). Biochar is used to create
nanocomposites with various nanoparticles, including metal oxides (Fe3Oas, TiO2, ZnQO), carbon-
based (graphene, carbon nanotubes) or silica-based particles. Such nanoparticles offer extra active
sites and functional groups, which enhance the adsorption of complex and persistent molecules such
as Acid Orange dye (Alsamadany et al., 2022). With quinoa biochar, nanocomposites in addition to
increasing adsorption capacity, increase reusability, stability and selectivity to specific pollutants.
Among the modifications that have been examined the most is the magnetization of biochar with iron
oxide nanoparticles. Magnetic quinoa biochar nanocomposites have the benefit of being highly
adsorptive and able to be recovered readily following treatment. After the dye has been adsorbed, the
magnetic nanocomposite may be detached in water with the help of a simple external magnet, which
lowers the operational expenses and makes the process more realistic in a practical application
(Mousa et al., 2022). The other method that is significant is metal oxide functionalization.
Nanoparticles such as TiO2 or ZnO added to quinoa biochar not only enhance adsorption, but also
could have photocatalytic abilities. It enables the integrated adsorption and photocatalysis process in
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which the Acid Orange dye molecules are initially adsorbed to the biochar surface and then broken
down in the presence of light. This dual mechanism greatly enhances the removal efficiency and
reduces the secondary pollution. There has also been the development of carbon-based
nanocomposites with quinoa biochar (Salama et al., 2021). Graphene oxide or carbon nanotubes
increase the surface area, electron conductivity and availability of n—m interaction sites, which is
especially valuable in binding aromatic dye molecules such as Acid Orange. These nanocomposites
have better dye affinity and binding stability than the biochar that is not modified. Besides the
efficiency of adsorption, quinoa biochar nanocomposites also exhibit enhanced mechanical and
chemical stability (Tourajzadeh et al., 2024). The nanoparticles enhance the biochar structure making
it difficult to degrade with repeated usage. The system is more sustainable due to this reusability and
affordable when treating large volumes of wastewater. In general, quinoa biochar nanocomposites are
a major improvement compared to the raw biochar. Their multi-functional character as a combination
of adsorption, magnetic separation, photocatalysis, and structural stability offers a multi-functional
platform to effectively remove Acid Orange dye. Ongoing studies on optimization of these
nanocomposites would be instrumental in coming up with practical, environmentally-friendly, and
scalable solutions to dye-polluted wastewater (Ahmad et al., 2023).

Mechanism of Removal of Acid Orange Dye

The process of removing Acid Orange dye in wastewater with quinoa biochar and its nanocomposites
is mainly founded on adsorption processes. The process whereby dye molecules are bound to the
surface of the biochar by a number of physical and chemical forces is referred to as adsorption (Xia
et al., 2020). The importance of understanding these mechanisms is that it not only helps us
comprehend how biochar functions, but also helps us to make future alterations to enhance its
efficiency. Electrostatic interaction is one of the most important mechanisms. Acid Orange is an
anionic dye, i.e., it is negatively charged in water. Based on the surface charge and pH of the solution,
quinoa biochar can acquire positively charged sites. The negatively charged dye molecules are
attracted to these sites leading to a strong electrostatic binding (Mcyotto et al., 2021).
Nanocomposites, such as iron oxide or zinc oxide, are added and, in addition to increasing the
quantity of charged sites, improve dye removal. The other prominent process is hydrogen bonding.
Quinoa biochar surface has functional groups including hydroxyl (-OH) and carboxyl (-COOH).
These groups are able to hydrogen bond with the nitrogen or oxygen atoms on the Acid Orange dye
molecules (Abdul Mubarak et al., 2021). This kind of interaction aids in the stabilization of the dye
molecules on the biochar surface, which allows effective removal of the dye molecules on the
wastewater. -m interactions are also significant, particularly since Acid Orange consists of aromatic
rings (Qurrat-ul-Ain et al., 2020). Quinoa biochar contains carbon-rich structure that has graphitic
areas where delocalized p-electrons are found. These areas are able to ©-m stack with the aromatic
rings of dye molecules resulting in greater adsorption. This form of interaction is also increased by
the addition of carbon-based nanomaterials such as graphene (Kan et al., 2020). Moreover, pore-
filling mechanism is also involved in the removal of dye. In the process of pyrolysis, quinoa biochar
acquires a porous structure with micro and mesopores. The molecules of Acid Orange are able to
enter these pores and be physically trapped by their size and shape. This process enhances the total
adsorption capacity of biochar (Dutta et al., 2022). The modification of nanocomposites may increase
the size of pore and surface area which facilitates the entry of dye molecules and occupancy with
more adsorption sites. In the case of nanocomposites that have photocatalytic properties (e.g., TiO»-
modified biochar), there is an extra mechanism of dye removal. The first one is to adsorb dye
molecules onto the surface and then photocatalytic degradation takes place under light irradiation (B.
Zhang et al., 2020). Reactive radicals (hydroxyl radical, OH) or superoxide radicals (O?) are formed,
which decompose Acid Orange into smaller, less toxic products. This adsorption-degradation hybrid
increases the effectiveness of nanocomposites over unmodified biochar. Lastly, with magnetic quinoa
biochar nanocomposites, easy separation and recovery are also a part of the mechanism (Zhao et al.,
2021). Once the adsorption is done, the nanocomposite can be harvested in the treated water by
means of a magnetic field. This is to ensure that the adsorbent is not left in the water and can be
reused several times without becoming ineffective (Budnyak et al., 2020). The principle of Acid
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Orange dye removal with quinoa biochar and its nanocomposites is founded on a mixture of
electrostatic attraction, hydrogen bonding, n-n interactions, pore filling, and, in certain instances,
photocatalytic degradation. All these routes justify the high efficiency of quinoa biochar-based
adsorbents and indicate their prospects of large-scale wastewater treatment (Ariaeenejad et al., 2022).
Figure 2 shows

the /=\--s05"
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adsorption processes that occur during the removal, which include electrostatic interactions,
hydrogen bonding, - w interactions, and pore filling.

Figure 2: Adsorption Mechanisms of Acid Orange Dye on Biochar

Comparison with Other Adsorbents
The ability of quinoa biochar and its nanocomposites to remove Acid Orange dye can be more
comprehensively interpreted in comparison to other widely used adsorbents. Researchers have, over
the years, experimented with a broad range of adsorbent materials to remove dyes such as activated
carbon, clay minerals, zeolites, agricultural residues, and synthetic polymers (Bhatt et al., 2023).
There are benefits and drawbacks to each adsorbent, but quinoa biochar shows a balance of cost-
effectiveness, sustainability, and efficiency that is unique (Qi et al., 2021). Activated carbon is
regarded as the most popular adsorbent to use in the process of dye removal because it has a large
surface area, porosity, and adsorption capacity. Table 2 provides a comparative review of quinoa
biochar and its nanocomposites, as well as other popular adsorbents commonly used to remove Acid
Orange dye. This table shows the variations in the surface area, adsorption capacity, price, benefits,
and drawbacks of each adsorbent.

Table 2: Comparison of Quinoa Biochar and Its Nanocomposites with Other Adsorbents for

Acid Orange Dye Removal

Adsorbent Surface Adsorption Cost Advantages Disadvantages References
Area Capacity

(m?/g) (mg/g)

Quinoa Biochar  250- 80-120 Low Sustainable,  Variable (Daraei et
400 eco-friendly, properties al., 2024)
porous depending on
structure pyrolysis
Quinoa Biochar 300- 150-200 Moderate Magnetic Slightly higher (Majeed et
Nanocomposite 450 separation, cost, al., 2023b)
(Fes0.4) reusable, nanoparticle
high loss possible
efficiency
Activated 800— 180-250 High High Expensive, (Raninga et
Carbon 1200 adsorption energy al., 2023)
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capacity, intensive, non-
well-studied  renewable
Clay Minerals 50-150 30-60 Low Abundant, Low (Xieetal.,
(e.g., Bentonite) cheap adsorption for  2024)
large dye
molecules
Zeolites 400- 40-70 Low Porous, ion-  Limited pore (Irannajad
500 exchange accessibility & Kamran
capability for large dyes  Haghighi,
2021)
Agricultural 100— 20-50 Very Eco-friendly, Less stable, (Amen et
Residues (Rice 200 Low cheap low reusability al., 2020)
husk, Wheat
straw)
Synthetic 300— 100-150 High Customizable Complex (Urbano et
Polymers/Resins 500 functional synthesis, al., 2020)
groups, costly, disposal
selective ISSues

Nonetheless, it is costly to prepare and is energy-intensive, and thus not viable in large-scale
applications in developing countries. Comparatively, biochar of quinoa is made of agricultural waste
through comparatively basic and inexpensive pyrolysis procedures. Although in certain instances
activated carbon can demonstrate a little higher adsorption, quinoa biochar is a more sustainable and
cost-effective option, particularly as a nanocomposite. Dye removal has also been used with clay
minerals and natural zeolites. They are cheap and have a large supply, but can tend to have poor
adsorption capacity with large dye molecules, such as Acid Orange (George et al., 2024). Their
accessibility to adsorption sites is limited by their limited surface area and the size of the pore. The
porous nature and tunable surface chemistry of quinoa biochar are superior to both clays and zeolites
in adsorption capacity and response to various wastewater conditions (Largo et al., 2020). Other low-
cost adsorbents that are usually used include agricultural residues, including rice husk, wheat straw,
and corn cob. They are cheap and eco-friendly, but these raw materials are not always stable and
durable during the treatment of wastewater (Sahoo et al., 2023). Conversely, quinoa biochar has a
higher binding capacity due to its richness in carbon and its structural stability, which is more stable,
thus can be used again and again without much loss in its efficiency. In addition, its nanocomposites
also improve structural integrity and adsorption, which is more effective than untreated agricultural
residues (Nour et al., 2024). Removal of dyes with synthetic polymers and resins is occasionally used
because of their functional groups and selectivity, which are customizable. Their manufacture,
however, is characterized by complicated chemical reactions, high cost, and possible environmental
risks following the disposal (Agarwala & Mulky, 2023). Quinoa biochar and nanocomposites, on the
other hand, are eco-friendly, biodegradable, and safer to be used in practice. They are similar in their
performance without the disadvantages of synthetic materials. In sum, quinoa biochar and its
nanocomposites are a mixture of the strengths of high adsorption efficiency, low production cost, and
environmental sustainability (Aragaw & Bogale, 2021). Although the activated carbon is still used as
the gold standard of adsorption research, quinoa biochar offers an eco-friendlier alternative with the
added advantage of using agricultural waste and the possibility of nanotechnology-based
improvement. Thus, relative to other adsorbents, quinoa biochar qualifies as a promising candidate
for the effective and environmentally sustainable removal of Acid Orange dye in wastewater (EI
maguana et al., 2020).

Challenges and Limitations
Despite the promising outcomes of quinoa biochar and its nanocomposites in the removal of Acid
Orange dye in wastewater, it has a number of challenges and limitations that cannot be ignored
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before proceeding to large-scale applications (Bal & Thakur, 2022). These are technical and practical
problems, and it is important to solve them to make this approach more effective and commercially
viable. Among the biggest challenges is the variation in biochar properties. Quinoa biochar properties
are highly dependent on the pyrolysis temperature, heating rate and feedstock composition (Mojiri et
al., 2023). Although minor variations in these parameters may cause large variations in surface area,
porosity, and functional group distribution, which directly influence the adsorption efficiency. This
inconsistency renders quinoa biochar production hard to standardize to be consistent in wastewater
treatment (Cai et al., 2017). The second weakness is the problem of scalability and cost of
nanocomposites preparation. Raw quinoa biochar is comparatively cheap to manufacture, whereas in
order to create nanocomposites, this may necessitate extra materials and methods, including metal
oxides or carbon-based nanomaterials. Such changes may raise the total cost and large-scale
application may be difficult to achieve, particularly in resource-constrained areas where wastewater
pollution is the worst (Al-Sakkaf et al., 2023). Adsorbent regeneration and disposal is also an issue.
Quinoa biochar can also lose its activity after repeated adsorption cycles, either by pore clogging or
by deactivation of functional groups. The recovery process, in case of nanocomposites, can be
associated with the loss of nanoparticles, which results in secondary water contamination. In addition,
the dye-loaded biochar should be safely disposed to prevent environmental risks (Kusumlata et al.,
2024). Otherwise, the used adsorbent itself may be polluted. The other serious constraint is the co-
existing pollutants competition in actual wastewater. Quinoa biochar is frequently tested against one
dye in laboratory experiments. Nevertheless, industrial wastewater typically consists of a complicated
combination of dyes, heavy metals, salts, and organic substances (Satyam & Patra, 2024). The
competing pollutants can disrupt the adsorption process and not achieve the same level of efficiency
of quinoa biochar in real world applications as in laboratory settings. Lastly, it has regulatory and
acceptance obstacles. To become a viable and applicable biochar-based adsorbent in actual
wastewater treatment facilities, quinoa biochar-based adsorbents should meet high environmental
standards and be accepted by industries (Sharma et al., 2022). The barriers to biochar technology
adoption currently are lack of awareness, inadequate large-scale pilot studies, and inadequate
commercialization strategies. Overall, although quinoa biochar and its nanocomposites are very
promising materials to use in the removal of Acid Orange dye, issues of standardization, cost,
regeneration, competition with other pollutants, and regulatory acceptance must be considered
(Alsukaibi, 2022). To address these constraints, more research, technological progress, and policy
promotion will be needed to make this solution more feasible and scalable.

Future Perspectives

Further studies of quinoa biochar and its nanocomposites in the removal of Acid Orange dye can be
done in a number of areas. To start with, there exists a necessity to increase the laboratory scale to
industrial scale production with appropriate economic feasibility studies to define the cost-
effectiveness against traditional adsorbents. It is also crucial to design sustainable surface
modification methods, which will be able to increase the adsorption efficiency without the creation of
harmful by-products (Firmansyah et al., 2025). The other important point is the regeneration and
reuse of quinoa biochar, as to treat wastewater practically, the material should be able to be used
repeatedly. Integration of biochar into hybrid treatment systems (e.g., photocatalysis, membrane
technology, or electrochemical processes) that may be used to deliver synergistic effects through the
combination of adsorption and degradation should be explored in the future as well (Kumari et al.,
2023). Moreover, the majority of the available research is confined to synthetic dye solutions; hence,
to determine the actual applicability of quinoa biochar, it is necessary to test quinoa biochar in actual
industrial wastewater. Meanwhile, there is a need to conduct an extensive environmental and
toxicological analysis to make sure that the use of biochar does not cause secondary ecological issues
(Javed et al., 2025). Lastly, policy support, commercialization strategies, and circular economy
models need to be put in place to be able to translate laboratory findings into practical solutions, in
which quinoa agricultural residues are turned into biochar to treat wastewater later and reuse them as
soil amendments or renewable energy sources. Such an integrative strategy can be used to make
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quinoa biochar a sustainable, scalable and environmentally friendly solution to dye-polluted
wastewater treatment.

Conclusion

Quinoa biochar and quinoa nanocomposites have also been seen as promising solutions to the
removal of Acid Orange dye in wastewater because of their low cost, environmental friendliness, and
high adsorption capacity. Controlled pyrolysis can be used to convert quinoa residues that are usually
treated as agricultural waste to useful biochar, providing a way of environmental remediation. Quinoa
biochar has physicochemical characteristics, such as high surface area, porous structure, and
functional groups, which are significant in dye adsorption and nanocomposites, increasing its
adsorption and catalytic efficiency. It has been pointed out by different studies that quinoa biochar is
a good option to be used instead of synthetic dyes in aqueous solutions, as it is able to remove the dye
effectively. Although this has potential, there are still a number of challenges. Production at large
scale, cost optimization, and regeneration approaches are yet to be explored, and additional studies
are needed to verify the efficacy of quinoa biochar in actual industrial wastewater, which is usually a
complex combination of contaminants. The use of modified biochar also requires environmental
safety tests to determine that there are no secondary risks associated with the application of modified
biochar. However, with the introduction of quinoa biochar into enhanced hybrid systems and
encouragement of its application in the context of the circular economy, it is possible to turn this
material into a commercially viable and sustainable adsorbent, which is agricultural residue. To
conclude, quinoa biochar and its nanocomposites offer an efficient and green route to eliminating
Acid Orange dye in wastewater. As further studies are conducted on large-scale applications,
environmental safety, and policy support, the technology has enormous potential to answer one of the
most significant problems in the area of industrial wastewater management.
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