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Abstract

The wastewater generated from the industrial activities are considered as one of the prime sources of water contamination.
The yearly production of synthetic dyes are ~ 700 tons worldwide. Synthetic dyes have detrimental effects on the human as
well as animal health. Therefore, there is an urgent need to treat the water containing synthetic dyes. Dye treatment methods
can be divided in to three categories namely; chemical, physical, and biological. The chemical procedure includes; photo-
catalytic degradation, ozonation, fenton reagent, and aerobic and anaerobic degradation are the examples of the biological
procedures. However, the physical procedures consists of filtration/coagulation, adsorption, ion exchange etc. Further, these
techniques may have its own drawbacks including generation of hazardous sludge and expensive to operate along with high
maintenance cost. The most appealing techinque for abatement of dye from the contaminated water is adsorption owing to its
ecofriendly, flexibility, affordability, sustainability, and abundant availability of raw materials to produce adsorbents. It has
been noticed that over 80% of dye adsorption processes on adsorbent surfaces were endothermic in nature which means the
adsorption processes were self-sustaining in terms of energy consumption. In present review paper, the discussion has been
focused on the removal of anionic dyes from water using low-cost biochar adsorbents which is not reported in any previous
review papers. Further, it will significantly help to the budding researchers to develop continuous water treatment system
(in column mode), if wish to work of anionic dyes remediation from water.

Keywords Textile industry - Synthetic dye’s toxicity - Biochar adsorbents - Water treatment - Adsorption process

1 Introduction

Due to industrialization and urbanisation, water resources
have been continuously polluted and impacted the health
of flora and fauna. Environmental degradation occurs when
massive amounts of chemicals are liberated into the water
bodies by various industries including the textile, rubber,
tannery, paper, cosmetics, printing, dyes, petrochemical,
pharmaceutical, plastics, and food processing industries [1].

P< Arun Lal Srivastav
arun.srivastav @chitkarauniversity.edu.in;
arunitbhu2009 @ gmail.com

Chitkara University School of Engineering and Technology,
Chitkara University, Solan, Himachal Pradesh 174103, India

Chitkara University School of Pharmacy, Chitkara
University, Solan, Himachal Pradesh 174103, India

Department of Environmental Sciences, Dr. Rammanohar
Lohia Avadh University, Ayodhya, Uttar Pradesh 224001,
India

Published online: 07 August 2024

Some of the industries, whose effluents deposit colours or
colourants into the aquatic environment, includes, paints,
leather, paper, textiles, resins, pharmaceuticals, cosmetics,
plastics, food, and industrial dyes [2]. Dye-induced effluents
affect not only the aesthetic nature but also the photosyn-
thetic action by blocking the penetration of sunlight in to
the water bodies and hence reducing the biological oxygen
demand (BOD) value and increasing the chemical oxygen
demand (COD) value [3]. Currently, there are more than
10,000 different types of dyes are in application around the
globe, and 700 tonnes of dyes are produced annually [4].
Various processes including bleaching, dyeing, and printing
processes involved in the textile industry requires around
3600 different dyes and 8000 distinct chemicals [5]. Sub-
stantial amount of water and colours are required in the dye-
ing process, and 8% to 20% of the dyes are being discharged
into the textile industry's effluents [6]. The bulk of textile
dyes used in the industry are azo groups as they have biggest
structural class (over 60%) than any other group [7-9]. Inef-
ficient textile dying procedures, according to Chung [10],
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result in the release of 15-50% of azo dyes into produced
wastewater that are not bonded to fibres and fabrics. Some
textile companies cleanse their effluent before releasing it
into the environment to dissolve the free azo dyes, whereas
some release industrial wastewater directly into water bod-
ies endangering wildlife and creating major ecotoxicologi-
cal concerns. Utilisation of industrial wastewater decreases
the soil quality and also affects the crop germination rate
[11-13]. Along with increase in the number of textile indus-
tries, generation of enormous amount of wastewater con-
taining dyes had increased immensely. Therefore, removal
of dyes from wastewater effluents has become vital using
effective as well as low-cost treatment techniques to preserve
the health of ecosystem. However, during the selection of
the best treatment approach, presence of various inorganic
and organic contaminants (competing pollutants), their tox-
icity, and the pertinent environmental discharge levels are
the most important factors which should be considered care-
fully [14, 15]. Further, these dyes can be classified into two
groups ionic and non-ionic on the basis of their ionic nature
(as shown in Fig. 1). The ionic groups have further been
categorised into anionic and cationic dyes. Anions are major
active groups in the anionic dyes, whereas as cations are the
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major active group in cationic dyes. There are few non-ionic
dyes, like vat and disperse dyes. These dyes are converted
into soluble anionic forms before employing on a substrate.
The synthetic dyes could be categorised into direct, acid,
and reactive dyes on the basis of their application process.

With specific fibre active sites like hydroxyl group (-OH)
or amino group (-NH,), reactive dyes can establish a cova-
lent link [19]. The abundance of hydroxyl groups surround-
ing the structures of lignocellulosic biomasses makes them
accessible for interaction with reactive dyes. Dichloro-
triazine, trichloropyrimidine, aminochloro-s-triazine, sul-
phatoethylsulphone, dichloroquinoxaline, aminofluoro-s-
triazine, and difluorochloropyrimide groups are frequently
found in commercial reactive dyes [20]. Electrolytes (such
sodium chloride or Glauber salt) are frequently employed to
neutralise the negatively charged surface of cellulosic fibres
and reactive dyes in order to reduce the repulsion charge
between them [21].

Whereas, direct dyes are having strong affinity towards
cellulose-based fibre systems which can be directly applied
for the dying process. The phthalocyanine, anthraquinoid,
azo, and metal complexes are the main chromophores in
the structure of direct dyes [19]. Although, these dyes are
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Fig. 1 Classification of dyes on the basis of ionic characters. (modified from [16-18)
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not very much reactive, but presence of these dyes has
increased substantially in the water.

A group of acidic dyes are applied to noncellulosic
fibres like protein and polyamides under acidic condi-
tions as they include acidic groups in their structural
makeup. Sulphonated azo, triphenylmethane, anthraqui-
none, xanthenes, and nitrodiphenylamine are some of the
chromophoric complexes that are found in acid dyes [22].
Through an electrostatic force, cationized fibres can get
connected with an acid dye anion [23]. Aquatic flora is
negatively impacted by textile dyes that have been released
into aquatic environments by various industries. One of
the severe issues related to dye contaminated water body
is the blockage of sunlight into the water. It stops the light
from introducing in to the photic zone of the aqueous
environment [24]. This has important ecological impacts,
such as altering the aquatic habitat and lowering photo-
synthesis process of aquatic plants and hence impacting
the aquatic plant life [25]. The dye contaminated water
has the potential to affect water quality and may induce
skin disease, allergies, dermatitis, malignancies, and muta-
tions in humans [26]. Release of high quantities of textile
dyes in the atmosphere reduces the level of oxygen, block
the sunlight, and impair the biological function of aquatic
flora and wildlife [27].

Wastewater containing dyes and dye pigments has a bright
colour, fluctuating pH values, high levels of suspended parti-
cles, biological oxygen demand, chemical oxygen demand,
and also elevated total organic carbon. According to Berradi
et al. [28], suspended contaminants due to presence of dyes
can inhibit exchange of gases in the fishes from through their
gills, which could potentially slow or can stop their growth.
On the other hand, consumption of dye contaminated fish
and other aquatic animals for sources of protein can cause
cramping, fever, and hypertension in human beings [29].
Extremely toxic and perhaps cancer-causing textile dyes
have been associated with a number of illnesses in both
humans and animals [30, 31]. These problems might result
from the replacement of enzyme cofactors that would render
the enzymes inactive themselves [32]. Bioaccumulation of
dyes (as organic contaminants) can be seen in the freshwa-
ter flora, including fish and algae and hence ultimately may
affect whole food chain or other parts of the environment as
represented in Fig. 2.

The ingested or inhaled textile dyes particularly con-
nected with dust particles would irritate the skin, eyes, and
lungs [33]. According to Hanger [34], those who work with
reactive dyes run the risk of developing dermatitis, allergic
rhinitis, allergic conjunctivitis, occupational asthma, and
other allergic reactions. Additionally, 60-70% of azo dyes
are hazardous, carcinogenic, and have resistant to standard
therapeutic approaches due to their sensitivity to physico-
chemical breakdown and poor biodegradability [35].

2 Treatment techniques for dye removal
from water

Dyes are coloured substances that are used to colour textiles,
wools, and fibre in variety of industries along with leather,
inks, printer inks, cosmetics, plastics, pharmaceutics, and
foods industry [36]. Dyes must be removed after its applica-
tion in order to prevent pollution of the marine environment
and ecosystem and hence causing human health risks. The
removal and recovery of toxic dye contaminants from indus-
trial effluent has been accomplished using a variety of dye
removal technologies, including oxidation, chemical precipi-
tation, coagulation, reduction, ion exchange, reverse osmo-
sis, solvent extraction, flocculation, adsorption, evaporation,
separation, filtration, electrolysis, and membrane [37]. Each
of the aforementioned procedures has some advantages and
disadvantages (Table 1) that must be carefully considered
before applying or researching through removal processes
of dye.

2.1 Chemical precipitation

Chemicals like carbonates, sulfides, and hydroxides are
used to develop the precipitate of the impurities (includ-
ing dyes) present in the water and ultimatelty can be settled
down and separated accordingly. According to Ahmad et al.
[38], hydroxide precipitation is the most popular chemical
precipitation technique for the removal of dyes. Dye removal
process using precipitation along with adsorption and ion-
exchange have ability to remove > 70% of dye [39]. Produc-
tion of sludge during dye removal, leads to increase in the
operational expenditure due to extra cost requirement for
the disposal of sludge and high expenditure requirement for
maintenance of the dye removal process.

2.2 lon-exchange

One of the most popular approaches for the treatment of
water, which relies on the use of ion-exchange resins (both
cationic and anionic), that reacts extensively with functional
groups to remove different types of dyes from aqueous solu-
tions. According to Ahmad et al. [38], the ion-exchange
resins can be either anion exchangers or cation exchang-
ers. Strong bindings between dyes and resins are created
during the ion-exchange procedure through the interchange
of positive and negative ions. Theoretically, cationic and
anionic dyes form complexes in the form of huge flocs can
be separated by filtration using ion-exchange resins. Quar-
ternized cellulose and quarternized sugarcane bagasse are
ion-exchange resins that have the ablity to bind hydrolyzed
reactive dyes among other resins [40]. On the magnetic
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Fig.2 Harmful effects of dyes
on living creatures sunlight

Loss of Biodiversity

ion-exchange resin, ion exchange with magnetic properties
predominates in the process of Congo red adsorption [41,
42]. Although reusing the solvent after utilization is possible
and can successfully remove soluble colours in ion-exchange
processes but the technology and organic solvent required
are costly [43].

2.3 Membrane filtration

Membrane filtration is one of the most sophisticated physical
techniques for purifying coloured wastewater. In this tech-
nique membrane is used that have tiny pores, as a result sol-
utes that are larger than the pores aggregating behind them,
leading to generation of dye-free solution. Despite the ease
and efficacy of this process, membranes are required to be
repalced periodically [44]. Nanofiltration is another innova-
tive membrane technique used to purify wastewater contain-
ing dyes. These membranes are having typically diameters
ranged between 0.5 and 0.2 nm [45]. Therefore, using the
principle of electrostatic repulsion and size, dye molecules
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can be removed efficiently from wastewater [46]. To remove
organic dyes from textile effluent, ultrafiltration (UF) mem-
branes with membrane widths varying from 0.1 to 0.001 pm
can be utilised. Although ultrafiltration is more cost-effec-
tive than nanofiltration and requires less pressure but the rate
of separation is inadequate as membrane pores are too small
[47]. In order to eliminate wastewater that contains dye and
to deliver water of a high quality, reverse osmosis (RO), a
membrane filtration technique is frequently employed in the
industries [48, 49].

2.4 Electrodialysis

In this procedure the ion-exchange membranes are placed
between the anode and cathode electrodes which does not
require any extra pressure for the effectively treatment of
coloured water [50]. However, the main problem associated
with this process is fouling and that will reduce the effi-
ciency [51].
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Table 1 Advantages and disadvantages of the dye removal removal processes

Process

Characteristics

Advantages

Disadvantages

Chemical precipitation

Ion exchange

Membrane filtration

Biological processes

Electrodialysis

Advanced oxidation processes

Adsorption

Chemicals (carbonates, sulfides,

and hydroxides) used to make the

precipitate of dyes in water and
filtered out

Cation and anion exchange resins
are used

Non-destructive separation Semi-
permeable barrier

Eco-friendly separation
Minimise the use of chemicals

Electricity based water treatment
method using membrane

Hydroxyl radicals’ production-
based method for the removal of
dyes

Non-destructive process Use of a
solid material

Less space is required
Efficient technique

Highly effective technique

Produces a high-quality-treated
effluent

No chemicals are needed, there is
little to no solid waste produc-
tion, and all forms of dyes, salts,
and mineral compounds are
eliminated

Waste and energy reduction

Environmental conservation

Sludge reduction

Surcharge and cost reductions

Improved operational efficiency

Almost all biodegradable organic
matter is effectively removed

Very efficient for the charged dyes
(both anionic and cationic)

Highly efficient process of textile
water remediation

Wide range of commercial prod-
ucts; simple technology (basic
equipment); adaptable to various
treatment formats; wide range of
target pollutants (adsorption)

Adsorption is a highly efficient
process with quick kinetics

Excellent treatment effluent quality

Chemical based treatment may
require post-treatment of treated
water

Relatively expensive

Relatively expensive
May not be useful for chargeless dyes
Regeneration of resins are possible

Not interesting at low solute feed
concentrations

Low throughput and constrained flow
rates

The membrane clogs quickly (fouling
with high concentrations)

Slow procedure

It's essential to have the best possible
condition

The production of biological sludge
and the difficulty of remediating
dye molecules

Expensive process

Requires electricity
Formation of toxic byproducts
High reagent cost

Non-selective techniques

Performance is influenced by the kind
of material

Non-destructive methods

2.5 Advanced oxidation processes (AOP)

2.6 Adsorption

AOPs require the production of oxidizing species in
enough quantity to interact with the medium's organic
molecules, like hydroxyl and sulphate radicals [52, 53].
In this method hydroxyl radical's are produced and reacts
quickly with the majority of organic contaminants [54,
55]. AOPs based on zero-valent aluminum was used to
remediate textile effluent and which could remove 94.4%
dye from water [56]. The main disadvantage of applica-
tion AOPs in dye removal involves production of sludge
on using Fenton reagent, formation of toxic byproducts on
using photocatalysts, high costs owing to the requirement
of expensive reagents (for example, H,0,), and energy
consumption (generation of O; or UV radiation) [57, 58].

Adsorption has been found to be the most effective, cost-
effective, and well-liked dye removal method [59]. Adsorbents
derived from waste organic materials (such as peels, leaves,
and barks) and microbial biomasses (fungus, bacteria and
green algae) have become more and more popular as biosorb-
ents because of thier effectiveness, affordablility, and environ-
mental friendly nature [36].
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3 Sustainable biochar adsorbents

Peter Read initially utilised the term "biochar" in 2015
[60]. Biochar is consider as an environmental friendly,
economical and biomass-based adsorbent. Biochar adsor-
bents have shown vast efficiency for the adsorption of dyes
and it also requires less time along with economically via-
ble materials for water purification [61, 62]. It is produced
through the pyrolysis or anaerobic digestion of organic
materials and is considered as thermally processed, stable,
and carbon-rich molecule especially in oxygen free envi-
ronment [63, 64]. Biomass can be classified into two cat-
egeries. First one is lignocellulosic which includes lignin
and cellulose and second one are non-lignocellulosic
that does not contain lignin and cellulose. The moisture
content, cellulose, lignin, nutrients, minerals, inorganic
elements, density, particle size, volatiles, percentage of
carbon and ash, and hemicellulose content of the biomass
affect the quality and efficacy of biochar [65]. Bioenergy
crops, forestry byproducts, and agricultural byproducts
are all categorised as lignocellulosic materials. Algae,
dung, animal hair, and sewage sludge are some examples
of non-lignocellulosic materials [66]. The non-lignocel-
lulosic biomass has a higher composition of mineral and
nutrition as compared to the lignocellulosic biomass [67].
According to Rashidi et al. [66], the primary component
for manufacturing of biochar is thought to be agricultural
waste. Agricultural waste contains 35 to 50% cellulose and
15 to 25% lignin while hemicelluloses content 15 to 40%
all of these have sigificant influence on the features of the
biochar. The residues of crop waste from agriculture fields,
municipal wastes, food wastes, and animal manures are
the biomass sources that could be applied for the produc-
tion of biochar [68-70]. The carbon content of biochar
produced from biomass via pyrolysis in an oxygen-limited
atmosphere has been found very high [71, 72]. The high
porosity, greater potential of cation exchange, higher sta-
bility, surface area porosity, and functional groups are the
unique characteristics of the biochar and that make them
main reason for multiple applications in various fields [73,
74]. The key factors affecting the biochar production are
temperature, biomass type, residence time, heating rate,
and pressure [75, 76]. In order to determine stability, the
elemental composition, structure of biochar, and surface
functional groups, numerous characterization techniques
like Raman spectroscopy, BET, FTIR, XRD, NMR, SEM,
TGA, etc. has been applied [77, 78]. Treatment of bio-
char with acid, alkali, or oxidising agents can enhance its
physicochemical qualities as these treatment can change
their surface area [79-81]. By thorough study of literatures
on the properties, methods for analysing and quantifying
the biochar will help in understanding the effectiveness
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of biochar in many industries. Moreover, the by-products
generated during the production of biochar adsorbents like
synthetic oil etc. can be used as an additional asset i.e. for
energy requirements [82].

4 Scientific methods for biochar adsorbents
production

For producing biochar adsorbents, biomass conversion
process can be broadly classified as physicochemical, bio-
chemical as well as thermochemical techniques. By the vir-
tue of mechanical force, bioactive part of the biomass can
be exctrated during physicochemical conversion. However,
catalysis, heat and pressure are applied during thermal con-
version of the biomass to produce biochar adsorbents [83].
Gasification, liquefaction, pyrolysis and torrefaction are the
examples of thermochemical process of biomass conversion
[84] as mentioned below in details.

4.1 Pyrolysis

Pyrolysis is the technique of burning the feedstock at high
temperatures (250-900 °C) with little or no oxygen present.
Moreover because of its widespread application on variety
of biomass for production of biochar, pyrolysis considered
as optimum approach among all biochar manufacturing pro-
cedures [85]. In pyrolysis, the biomass can undergo through
multiple phases of development, comprising solid, liquid,
and gas. The amount of biochar produced is significantly
influenced by the various pyrolysis parameters including
temperature, residence time, and biomass type [86]. Accord-
ing to the temperature and residence time, pyrolysis can be
categorised into three categories: slow, fast, and microwave.

4.1.1 Slow pyrolysis

In this procedure, the biomass is pyrolyzed at temperatures
between 300 and 500 °C for an extended period of time,
ranging from a few seconds to days [87]. Since slow pyroly-
sis produces mostly solid products (biochar), with produc-
tion of just a minor amount of gaseous (biogas) and liquid
(bio-oil) products and hence it considered as the most effi-
cient method for biochar production. In general, less bio-
char and less biogas are produced with increase in the tem-
perature of pyrolysis. The higher quantity of biochar yield
is produced during slow pyrolysis as it uses less heat and a
longer residence time [88]. Study conducted by Tomczyk
et al. had founded that 35.0% of biochar was formed by slow
pyrolysis of dry biomass [89].
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4.1.2 Fast pyrolysis

Biomass is transformed into bio-oil by a thermochemical
process called fast pyrolysis, which is very helpful for cre-
ating energy [64]. The temperature range is between 500
and 700 °C. Greater heating rates (> 10-10,000 °C/min)
and brief residence durations (seconds) define this kind of
pyrolysis. As indicated in the previous section, fast pyrolysis
as compared to slow pyrolysis, due to rise in temperature and
fall in residence time results in relatively meagre production
of biochar. Instead, rapid pyrolysis produces the majority
of the bio-oil. The characteristics of the biochar that is cre-
ated also depend on the type of pyrolysis technique used.
In contrast to improved surface functional group and cation
exchange capacity (CEC), higher pyrolysis temperatures lead
to larger surface areas, higher pH, and more volatiles [89]. In
accordance with Ghani et al. [90], biochar has a hydrophobic
propensity and high heat conductivity at temperatures above
650 °C and becomes more hydrophilic at temperatures below
500 °C (slow pyrolysis).

4.1.3 Microwave pyrolysis

Intense microwave radiation is used in microwave pyrolysis
in order to break down the biomass [91]. Microwave pyroly-
sis elevates the temperature of the feedstock's within in as
compared to outside, in contrast to conventional pyrolysis
[92]. This method is fast with consistent heating and because
of this reason it is one of the cost-effective methods for bio-
char production [93, 94]. Preheating and dehumidification
are not necesaarily important for application of this techi-
nique. In contrast to other traditional methods, microwave
pyrolysis only produces a very little amount of bio-oil. Using
microwave-assisted pyrolysis, Wang et al. [95] produced bio-
char from camellia (Camellia oleifera) peel with outputs of
37.45% and 27.45% for production of biochar and bio-oil
respectively.

4.2 Hydrothermal carbonization (HTC)

Water surrounds the biomass during the hydrothermal car-
bonization reaction, often known as "wet pyrolysis" [96].
This procedure uses low pressure and reaction temperatures
between 180 and 230 °C in a closed system [97]. The pres-
sure and temperature are kept under control in the HTC
method so that the water is kept in liquid state throughout
the process. High yield, low temperature (approximately
180 °C) requirement and energy efficient biochar produc-
tion is the benefit of HTC [98]. It encompasses various
chemical processes, including dehydration, condensation,
decarboxylation, and hydrolysis [99]. The final HTC product
is referred to as "hydrochar” to distinguish it from the bio-
char produced via pyrolysis. Additional functional groups,

including oxygen, are incorporated into the hydrochar that
are used in order to enhance the adsorption capacity of heavy
metals from aqueous environments [100].

4.3 Gasification

Gasification of biomass is also considered as another poten-
tial method for production of biochar. The biochar using
this method can be prepared at a temperature of 700° in
an oxidising atmosphere (single or mixed gases) [101]. In
addition, syngas, a combination of H,, CO, CO,, and CH,,
are produced during the partial combustion of the feedstock
in an oxidising environment and that can be further used
as fuel. The primary element influencing the generation of
syngas is the reaction temperature [64]. On comparing with
other techniques of biochar production, gasification yields
the most gaseous output with least amount of biochar quan-
tity. This process results in biochar that is highly stable,
resistant to chemical oxidation, and smaller in particle size.
Biochar contains minerals like N, K, P, and Ca that have the
ability to improve soil fertility and can hence enhance the
plant growth.

5 Application of biochar for the removal
of dyes from water

Roy et al. [102] produced biochar using Indian Bael shell
(Aegle marmelos) for the adsorption of the patent blue dye
(V). Bael shell sample was subjected to heat at 500 °C for a
period of 3 h in a pyrolyzer. The highest binding capacity of
3.7 mg/g at pH 2.7 was observed using the prepared biochar
of Indian Bael shell. The temperature of 303 K and contact
time of 60 min was observed as the optimal condition for the
elimination of pollutants. The pseudo-second order kinetic
model and Langmuir isotherm model was the best fit for the
adsorption of blue pigment on the Bael shell. Van der Waal
forces, hydrogen bonds, and electrostatic interaction are
applied in order to understand the mechanism of adherence
of Patent Blue (PB) pigment on Bael shell biochar (BSB).
At higher pH levels (> 8), the carboxylic group on the sur-
face of BSB completely dissociates, forming an ionic bond
with the negatively charged PB dye that was responsible for
removal of PB dye from wastewater. Hanoon et al. [103]
derived biochar from sawdust raw material in order to treat
contaminated effluent containing toxic methyl orange dye.
Methyl orange showed a maximum adsorption of 138.2 mg/g
at temperature 289 K, initial concentration 100 mg/L, and
pH 2. The adsorption process reached equilibrium within
360 min. The isothermal data was better explained by the
Langmuir isotherm model. The biochar derived from the
Date Palm Petiole (DPB) by pyrolysis process (temperature
range from 350 to 700 °C) for the remediation of methyl
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orange (MO) contaminated water [104]. According to
the investigation, DPB has shown adsorption capacity of
461 mg/g for MO. The experimentation was performed at
different temperatures of 293 K, 303 K, 313 K, and 323 K.
The specific pH for MO adsorption on DPB was 4 with
an initial dye concentration of 100 mg/L and contact time
60 min. The Langmuir isotherm model was identified as
the best isotherm model, whereas pseudo-second order was
found to be the best kinetic model [104]. Kapoor et al. [105]
used pineapple fruit peel biochar (PFPB) for the elimina-
tion of the dye was happened due to Patent Blue (PB) dye
from wastewater [105]. PFPB demonstrated the maximum
95% removal of PB dye at pH 2 at initial dye concentration
of 600 mg/L. Equilibrium studies showed the monolayer
adsorption with adsorption capacity of 10.29 mg/g and
resembled with Langmuir isotherm. Kinetic study supported
the pseudo second-order model. Eleryan et al. [106] pro-
duced biochar using mandarin peel (MP) waste. To develop
mandarin biochar-C-TETA (MBCT), biochar was treated
with 80% H,SO,, boiled with water, and then heated with
triethylenetetramine. The maximum adsorption capacity was
found to be 312.5 mg/g at optimized pH of 2.0, adsorbent
dosage of 0.25 g/L, and initial concentration of 100 mg/L.
The analysis of kinetic and isothermal data revealed that the
pseudo-second-order and Langmuir isothermal model was
the best-fitted model for adsorption. The electrostatic attrac-
tive interactions between the positively charged sites on the
sorbent surface and the negatively charged anionic dye mol-
ecules were the primary method of the MBCT sorption of
the AO7 dye's anion absorption. In a study by El Nemr et al.
[107], leftover pea peels (Pisum sativum) impregnated with
ZnCl, were heated at 600, 700, and 800 °C with the addition
of CO, to produce Pea Peels-Activated Carbon (PPAC) at
respective temperature. Novel biochar was then evaluated
for the removal of the AY11 dye from an aqueous solution.
The pH 2 was found to be suitable for the removal of the
AY11 dye. The maximum AY11 dye elimination percent-
age of 99.10% was achieved with an initial AY11 dye con-
centration of 100 mg/L and adsorbent dose of 1.0 g/L. The
maximum adsorption capacity of the PPAC was achieved
as 515.46 mg/g. The experimental data from PPAC were
fitted by the Halsey and Freundlich isotherm models. The
kinetic study had shown the pseudo-second order as the best
fitted kinetic model. Anions are commonly taken up during
the process of adsorption of AY11 dye by PPAC because
a rise in positively charged ions at acidic pH levels hence
producing the attractive electrostatic forces hence making
them more attractive. Purbasari et al. [108] conducted the
study using geopolymer that are frequently used as adsor-
bent for heavy metal and dye. The ability of geopolymers
to exchange ions can be increased by surface modification
with cationic surfactants. In this study, an adsorbent for the
removal of anionic methyl orange (MO) dye was produced
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by combining a geopolymer made from fly ash and modified
using cetyltrimethylammonium bromide (CTAB) a cationic
surfactant. The equilibrium was reached within 90 min at
pH 2, Pseudo-second-order kinetics, and Langmuir isotherm
studies showed that the modified geopolymer had a highest
adsorption capacity of 19.231 mg/g for MO dye. Recently,
Huynh et al. [109] studied the adsorption of methyl orange
(MO) from wastewater onto Pine leaves-based biochar
(Pinus kesiya). The maximum adsorption capacity was
reported as 136.99 mg/g. The kinetic studies showed that
the Elovich, pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models had played an important role
in biosorption of MO onto the biomass of pine leaves. Ther-
modynamic experiments proved that MO dye adsorption
was spontaneous, endothermic and physisorption in nature.
At pH lower than 7.5, the adsorbent had a positive surface
hence potential electrostatic attraction increased anion MO
adsorption. In another study, Kim et al. [110] evaluated the
removal of Methyl Orange (MO) and Sunset Yellow FCF
(SYF) using pristine biochar prepared from pine sawdust
(PSB) and PSB that had been modified with Mg/Al layered
double hydroxides (PSB-LDHMgALl). The adsorption of MO
and SYF by PSB and PSB-LDHMgAl followed pseudo-sec-
ond-order kinetics. In comparison to PSB (MO =2.2 mg/g
and SYF=1.6 mg/g) the adsorption capacity of MO and
SYF adsorbed onto PSB-LDHMgAl (MO =21.8 mg/g and
SYF=23.6 mg/g) was much higher. In terms of isotherm
study, the MO and SYF adsorption via PSB-LDHMgAl
followed the Freundlich isotherm better than the Langmuir
isotherm. Optimal condition for adsorption was reported
at the initial dye concentration of 5 mg/L, temperature of
298 K, adsorbent dosage of 0.04-0.4 g/L and contact time
of 24 h. Ahmadian et al. [111] had utilised the Lemon peel
biochar as an adsorbent to extract chromium (VI) and Acid
Orange 7 from acidic and basic solutions. Maximum adsorp-
tion occurred under ideal circumstances, with an initial Acid
Orange 7 concentration of 100 mg/L, a pH of 2, biochar
dose of 0.2 g/L and contact period of 90-min. The maxi-
mum adsorption capacity of Acid Orange 7 was observed as
225 mg/g. The Langmuir isotherm and pseudo-second-order
kinetics model were observed as the best fit and revealed
multilayer adsorption with chemical interactions between
pollutants and the surface of biochar. The capability of bio-
char produced using green pea peel (GPBC) and zinc oxide
green pea peel nanocomposite (ZnO/GPBC) for elimination
of reactive Congo Red (CR) from water solution was exam-
ined. The most excellent monolayer adsorption capacity of
62.11 mg/g using GPBC and 114.94 mg/g using ZnO/GPBC
were reported at the optimum temperature of 25 °C. For
both the biochar adsorbents, the removal processes have fol-
lowed pseudo-second-order kinetic model. Freundlich model
was the best fit for the ZnO/GPBC, whereas GPBC based
adsorption showed Langmuir model as the best fit. At pH
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6 and 100 mg of adsorbent dose, the maximum adsorption
was achieved [112].

6 The mechanism involves the adsorption
of dyes using biochar adsorbents

Important characters of biochar are responsible for the effec-
tive adsorption of the pollutants from water such as cation
exchange capacity, presence of reactive groups on the sur-
face, size of pores as well as high surface area of the bio-
char adsorbents. However, the production circumstances like
temperature, residence time, heating rate, raw materials, etc.
may influence the characters of the biochar adsorbents. Fur-
ther, at higher temperatures, the quantity of biochar will get
reduced, but the surface area will increase along with greater
carbon fractions [113]. The removal of dyes from wastewater
by biochar occurs via both chemisorption and physisorption.
The different mechanisms like complexation, electrostatic
interaction, pore-filling, cation exchange, and van der Waals
interaction are involved in the adsorption of dye on the bio-
char [114]. Recently, Dwivedi and Dey [115] observed that
biochar adsorbents could remove 12,501.98 mg/g which is
very high. For dye removal from water the major mecha-
nisms could be electrostatic interaction, hydrogen bond-
ing, m—x interaction, etc. either in combination or alone. It

was observed that the adsorption of malachite green dye
(MGD) on the activated biochar derived from Opuntia
ficus-indica primarily follows pore-filling mechanism [116].
While the functional groups on the MGD and the biochar
formed hydrogen bonds that enhance the adsorption process.
According to XRD and FTIR spectrum, the activated bio-
char contains electron donor group like amine and hydroxyl
groups, but the MGD contained functional groups as a com-
ponent of the aromatic ring that were electron-deficient. It
is also possible that a large number of functional groups
(-OH, —CO, and —CH) could be present on the surface of
the biochar, which may have contributed to the adsorption
of dyes via-stacking, hydrogen bonds, and van der Waals
forces, among other mechanisms [117]. According to Nartey
and Zhao [118], presence of porous and vertical channels as
observed through SEM images of biochar showed that pore
filling might be another factor in dye adsorption. For the
adsorption of anionic dyes, specifically for mineral-rich bio-
char, the displacement of mineral ions of biochar with dyes
in the aqueous solution has also been documented [119].
The adsorption efficiency of the anionic dyes may increase
in presence of cations like Ca®*, and Mg** in the matrix of
biochar indicating the presence of ion exchange mechanisms
[120]. Figure 3 shows the commonly reported mechanisms
for dye removal from water using biochar adsorbents.

Biochar with Biochar with
High aromaticity, Low ash Low aromaticity, High ash
Van der Waals .
,:; _ -0- Dye
H-Bonding -
§.0
t 0- Dye
N -1 interactions 0
LT i lon Exchange
¢ H-Bonding
() Dye
C* cations (Ca and Mg)

Fig. 3 Possible mechanism involves in the removal of dye from the water
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A variety of adsorbent materials were previously used for
Remazol Brilliant Blue R dye (RBBR) adsorption such as chi-
tosan-tripolyphosphate/kaolin clay, macroporous polystyrene
resin (Amberlyst A21), leaf powder, lime peel powder, cof-
fee husk-based activated carbon, and bone. However, the bio-
char adsorbents employed in this study had better adsorption
capacities than the other adsorbents (9.6-208 mg/g) except
chitosantriphosphate/kaolin clay (687 mg/g) used to remove
RBBR [121]. Since these biochar adsorbents were produced
from the discarded garbage and observed as effective and
economical adsorbent in comparison of chitosan-tripolyphos-
phate/kaolin clay [122]. Therefore, the biochar adsorbents
may also be able to remove multiple types of dyes, but more
research is required to determine their precise concentration
[123].

7 Anticipated challenges in the applications
of the biochar adsorbents

Biochar's potential as an adsorbent for the elimination of
dyes has been discussed in detail in the sections described
above, but application of biochar had several disadvantages.
In some studies, it has been reported that the yield of bio-
char is low at higher temperature range so it can be taken
as challenge so that engineering devices can be developed
to produce more quantities of the biochar. Few research
had shown that the efficiency of biochar declines with the
time on application of dye removal from water [124, 125]
it might be due to the saturation of active sites present on
the surface of the biochar. Further, desorption of biochar
adsorbents seems difficult because of organic nature of the
biochar adsorbents. Further, in the mixed composites of bio-
char adsorbents (especially with inorganic chemicals), leach-
ing metals can be expected in the treated water which needs
extra treatment [126—128]. Additionally, biochar generated
from the sludge, can have some heavy metals (e. g. sludge
of swine wastewater), and they can affect the environment
and other living creatures as well [126]. According to Zhang
et al. [127, 128], some heavy metals may be more volatile
at temperatures about > 400 °C. If the biochar adsorbents is
developed more than this temperature, it may contaminate
the surrounding environment from such volatile heavy met-
als. Extensive research for the standardization of the biochar
adsorbents can be conducted in future to overcome these
shortcomings so that the utilization of biochar adsorbents
can be promoted greatly.

8 Conclusions and future perspectives
On the basis of above discussions, it can be inferred

that the potentials of different biochar adsorbents for
the removal of dyes are considerably high. Further, less
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efficient biochar adsorbents can also be modified through
adding some hydroxides/metals which can enhance their
efficiency. However, it may increase the cost of water
treatment little bit. Regeneration of biochar adsorbents is
also possible but it is insignificant as most of the biochar
adsorbents can be developed by using waste biomass like
crop residues, leaves, sludge etc. Application of biochar
has been extensively reported in soil health maintenance,
whereas water treatment using biochar adsorbents is rela-
tively less explored especially for dyes. Biochar adsor-
bents are also having some shortcomings of precision in
standardization of practices to produce them. Cost is also
among the important factors, however; it may also vary
as per the methods used for their production and other
parameters. Nevertheless, adsorption of dyes using biochar
adsorbents has been a preferred method of water purifica-
tion. The major feedstocks used for biochar production
are agricultural waste, algae biomass, sludge, plant resi-
due, leaves etc. Pyrolysis and hydrothermal carbonization
are most common and easy methods to prepare them. Lit-
eratures showed that pseudo-second order kinetic model
and Langmuir isotherm model were dominated in most of
the studies of anionic dye removal from water. Langmuir
model fitness with adsorption experiment data is the repre-
sentation of homogeneous nature of adsorption process. In
few studies the adsorption capacities of biochar adsorbents
were quite well even > 1000 mg/g for dye adsorption from
water. However, extensive research works are still required
to achieve the dye removal using biochar in column mode
as most of the studies have been conducted in batch experi-
ment mode. Effect pH on the adsorption process and other
parameters of biochar production should be validated very
carefully so that the drawbacks can be reduced as much
as possible.
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