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A B S T R A C T

Dyes are considered to be pollutants that pose a considerable worldwide health risk, as they have been 
discovered as agents that affect the endocrine system. Adsorption is the most commonly used method for 
removing different substances since it is sustainable, flexible, affordable, and easy to use. Researchers have 
investigated the usage of agro-waste-based adsorbents that are ecologically friendly for the process of adsorption. 
This research has emphasized the potential of these adsorbents in developing carbon-based nanocomposites. 
Improved surface functionalization, great compatibility, and flexibility are beneficial uniqueness of carbon-based 
nanocomposites as well as a wide variety of applications. As a result, they are highly successful in removing 
cationic dyes. This paper specifically examines the environmentally friendly usage of activated carbons obtained 
from agricultural waste and the development of carbon-based-nanocomposites to adsorb positively charged dyes. 
Additionally, it offers an in-depth investigation of various cationic dyes, operating parameters, adsorption iso
therms, kinetics, processes, and thermodynamic investigations. Further research is necessary to determine the 
effectiveness of carbon-based nanocomposites in removing new endocrine-disrupting pollutants. Additionally, 
these nanocomposites have the potential to be widely used in treating industrial effluents.

1. Introduction

With the prevalence of rapid industrialization, and the increase in 
the use of dyes in different human activities that the world at large has 
experienced and may keep experiencing, the release of high levels of 
pollutants into the environment is inevitable. This level of pollution can 
serve as a threat to both humans as well as plants. Notably, a major 
source of pollution is the contamination of waterbody with highly toxic 
pollutants emanating from industries such as textile/clothing [1], 
pharmaceuticals [2,3], rubber/plastics [4], pesticides, insecticides, 
metallurgy, and construction industries [5,6] as well as municipal 
wastewater, amongst others [7]. These pollutants can cause dangerous 
health hazards to the liver, brain, reproductive organs, etc. Based on past 

studies, the world has reached 650,000 tons of dyes production and as 
such, and the presence of 100,000 dyes in commerce [8]. Dyes are 
estimated to be supplied in millions of tons per year, with 10–15 percent 
of this amount being discharged into the wastewater, making them 
significant water pollutants [4]. When dyes are released into an aquatic 
environment, they produce vividly coloured dye pollutants that are 
harmful to the ecosystem. Dyes have detrimental impacts on water re
sources by impeding sunlight penetration, disrupting photosynthetic 
chain reactions, and compromising the well-being of aquatic species. 
Most dye molecules consist of aromatic rings, rendering them extremely 
poisonous and non-degradable [9]. Dyes are extremely hazardous being 
carcinogenic and have a link to environmental deterioration as well as a 
variety of ailments in both animals and people [8,10]. Dye molecules in 
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water could lead to health issues such as kidney dysfunction, liver and 
brain damage, cancer, and reproductive problems, amongst others. in 
humans, as well as the disruption of photosynthetic activities in plants. 
Textile dyes are often categorized into two groups: ionic (which includes 
anionic and cationic dyes) and non-ionic (specifically dispersed dyes) 
[7].

Among these dyes, cationic dyes have been known to cause health 
hazards such as vomiting, irregular heartbeats, jaundice, tissue death 
(necrosis), cancer of the bladder, and so on [10,11]. Hence, it becomes 
imperative to clean up these pollutants from wastewater purposely to 
generally foster access to clean water for all. Cheaper methods for 
treating wastewater will be far more appreciated as conventional 
treatment methods of wastewater are considered expensive [12].

Several methods such as oxidation, coagulation, membrane separa
tion process, electrochemical, aerobic, nano-filtration, sedimentation, 
carbon nanotubes, ozonation, ultrafiltration, anaerobic, aerobic, 
adsorption [7,9,13,14] etc. have been used to sequestrate these cationic 
dyes [15,16]. However, these methods are either highly costly, 
time-consuming, or not so effective. Most often, they are not always easy 
to operate. They could also lead to the production of hazardous sludge 
and expensive operational and maintenance expenses [4,17]. In addi
tion, it has been shown that biological techniques used to remove 
cationic dyes from wastewater, despite being used in several countries, 
are incapable of achieving total removal [18]. Adsorption has proven 
over the years to be a much better method for dye pollutant removal. 
Adsorption is known to be cost-effective and easy to operate. Therefore, 
the sequestration or removal of cationic dyes by employing the 
adsorption technique will be discussed in this review. Furthermore, 
commercial activated carbon (CAC) has been gaining preference over 
the years owing to its high porosity and large surface area. However, due 
to the high cost of importing CAC and its complications in re-usability 
processes, activated carbon produced from agricultural wastes has 
been employed by several researchers instead of CAC. Currently, 
numerous researchers are seeking adsorbents composed of metal nano
particles combined with biodegradable polymer compounds that possess 
a high adsorption capacity and are cost-effective. Noteworthily, con
ventional adsorbents such polymeric polymers, coal, silica, and acti
vated carbon have been employed for the purpose of adsorbing dye 
molecules [16]. For the purpose of this study, we are reporting the use of 
agro-based activated carbons for cationic dye removal.

These agro-based activated carbons are eco-friendly, easily obtained, 

reusable, renewability characteristic, economical, chemical composi
tion, excellent efficient, and highly carbonaceous. Moreover, incorpo
rating nanoparticles into agro-based activated carbons could further 
enhance its applicability in the effective adsorption of endocrine 
disruptive cationic dye. The review further entails the application of 
carbon-based nanocomposites for efficient cationic dye removal, various 
characterization techniques, nitty-gritty in techniques of adsorption, 
and comparison of the adsorption capacities of previous studies as well 
as insight into isotherm, kinetics, and thermodynamics of the removal of 
cationic dyes. Moreover, the efficacy of the carbon-based nano
composites for cationic dye removal was explored. Therefore, this re
view will dwell on the adsorption of cationic dyes using low-cost 
adsorbents produced from agro-residues for wastewater treatment.

1.1. Sustainable source of low-cost activated carbon

The sustainable source of low-cost and efficient activated carbon is 
from agrowastes and they are often referred to as agro-residues. Agro- 
residues are unwanted wastes that are gotten from agricultural opera
tions or activities. They mainly consist of the following three compo
nents: lignin, hemicellulose, and cellulose [19]. Presented in Fig. 1 are 
various examples of agro-residues and some of them are; cocoa pods 
[20], orange peels [21,22], cashew nut shells [23,24], bamboo [5,
25–27], durian seeds, coconut coir and shells [28–30], potatoes [31], 
yam and plantain peels [32,33], watermelon, Raphia hookeri [34], rice 
hulls [35,36], rice bran [37], maize cobs [38–40], sugarcane bagasse 
[41,42], amongst others. Ultimately, sustainable and low-cost activated 
carbon could be produced from these sources. The need for an alterna
tive to commercial activated carbon (CAC) stems from the high cost of 
CAC which is becoming unaffordable to middle and low-income coun
tries. Moreover, the limitation of CAC in terms of regeneration or 
reusability is also becoming a draw-back [15,43]. To solve these existing 
issues, agro-residues (carbon-rich agrowaste materials) can be utilized 
suitable for adsorbent production by the pyrolysis of wastes under 
oxygen-limited conditions [44,45]. Often, agricultural wastes could 
litter and disrupt the normal atmospheric conditions in the environment. 
Hence, an optional way of reducing the environmental pollution caused 
by these agricultural wastes is to transform them to activated carbon 
which could be used for nanocomposite development and applied for 
waste-water treatment in the long-term. Some of the agrowastes 
employed by researchers are; rice husk, banana stalk and peels [46–48], 

Fig. 1. Selected low-cost and environmentally benign agro-residues from different sources.

A.O. Dada et al.                                                                                                                                                                                                                                 Biotechnology Reports 44 (2024) e00860 

2 



coconut husk [29,49–51], oil palm [52,53], rice straw [37,54,55], oil 
palm shell [52,56], sawdust [52], corn cob [6,57,58].

1.2. General activated carbon preparation procedural steps and 
techniques

Commercial activated carbon (CAC) has been employed in many 
wastewater clean-up processes, in several sectors of the country. How
ever, agro-residues especially those with high carbonaceous content 
could be utilized to replace CAC [59]. These agro-residues when used in 
their raw state may not be as effective as activated carbon, but when 
they are treated either chemically or physically, their usefulness and 
effectiveness are highly enhanced due to improved physicochemical and 
spectroscopic properties. To improve the physicochemical properties of 
a prepared or synthesized carbon material, the modification of the ma
terial has to be done in a well-targeted manner (such as the employment 
of physical activation or chemical activation [60–63].

Usually, carbonization of the agro-residue is the first step, after 
which chemical or physical activation is done. The process begins with 
sample collection after which the sample is washed until it is clean. It 
could also be cut into smaller sizes, washed and sun-dried or oven-dried 
at a temperature of 105 ◦C. It could further be grounded to a fine powder 
to reduce the particle size. Carbonization is done by transferring the 
finely washed, dried, and ground agro-wastes into the furnace at a 
temperature desired. In order to produce effective activated carbon, 
carbonization is accomplished via pyrolysis/gasification at a higher 
temperature in an inert environment, leading to a residue that is mainly 
carbon. The fundamental porous framework of the precursor material is 
generated by managing carbon burn-off, and the non-graphitic carbon 
material is essentially gasified, leaving a highly permeable network of 
highly disorganized graphitic material containing surface oxide groups.

In physical activation, the use of hot gases or steams is usually 
employed. Most times, chemical activation is preferred over physical 
activation, because it yields a higher quantity of the sample at the end 
product as opposed to physical activation. Also, chemical activation 
requires lower temperatures than physical activation [64,65]. It is 
noteworthy to also point out that the activated carbon produced as a 
result of chemical activation, has a higher surface area and porous na
ture than the ones produced by physical activation. Temperature is a 
very important parameter during carbonization. Hence, the right tem
perature should be applied, to get optimum results. Also, pyrolysis in the 
absence of air is important. Tube furnaces using argon gas is encouraged. 
Some adsorbents do well at lower pyrolysis temperature, while some do 
excellently well, at higher pyrolysis temperature. In the study by Ade
kanye et al. (2022), the temperature for the carbonization of the raw 
agro-waste varied between 300 ◦C and 500 ◦C, in a muffle furnace. The 
SEM image of the maize cob biochar carbonized at 500 ◦C showed 
excellent porous structures as opposed to the maize cob carbonized at 
300 ◦C [66]. The study demonstrated the importance of the temperature 
used for the physical activation of the maize cob. The study reported a 
maximum total fixed carbon of the produced adsorbent as 60.5 %, 
though at 300 ◦C. While muffle furnace is characterized by uniform 
heating (i.e., even and consistent heating), versatility, ease of operation, 
and cost-effectiveness, it has some disadvantages such as limited control 
over atmosphere inside the muffle furnace chamber and unsuitable for 
some particular and precise pyrolysis processes. Tube furnace on the 
order hand prevent loss of carbon content, offers better atmosphere (e. 
g., inert gas, vacuum) control in the furnace chamber, which fosters the 
prevention of oxidation and other reactions. It is also advantageous as 
itis more precise and it encourages the specific configurations which are 
also useful for continuous processes. Tube furnace also minimizes 
sample weight loss better than a muffle furnace, due to its superior 
control abilities (precise temperature regulation and better controlled 
atmosphere). A main disadvantage is that its more costly than muffle 
furnaces and it has sample size constraints. The size of the sample could 
therefore be reduced to smaller sizes to foster easier input into the tube 

furnace.
Generally, the sample size and characteristics, cost, ease of use, na

ture of the pyrolysis process (in terms of atmosphere and temperature 
control) and, sample weight loss, must be considered before decisions 
are made on which type of furnace you may want to use in a research 
study.

In the chemical activation process, before heating begins, the acti
vation agent to be employed, such as H3PO4 or ZnCl2, will be incorpo
rated into the biochar. Some other chemicals utilized for chemical 
activation are HCl, (H2SO4), NaOH, and H2O2. The beaker containing 
both the activating agent and biochar is heated until a slurry forms. The 
slurry formed will then be transferred into labelled crucibles and placed 
in a furnace (at the chosen temperature and for a determined period) to 
complete the activation process. The activated carbon sample can later 
be brought out of the furnace (after the set time) or microwaved and left 
to cool down slowly, after which it can then be washed till the pH of the 
sample is neutral. Immediately after washing, it should be oven-dried at 
105 ◦C and further kept in an airtight container for further use [67–70].

Often, after activation, there would be either broadening of identi
fied peaks in the raw sample or even disappearances and appearances of 
some new peaks. These peaks can be identified by Fourier Transmittance 
Infrared analysis. An example of this can be observed from the study by 
Bello et al. (2021), who acidified the raw mango pod and the FTIR re
sults of the acidified mango pod showed appearances and disappear
ances of some functional peaks [71]. According to another study, there 
was an increase in the pore diameter of the chemically manufactured 
activated carbon sample, after activation was done [33]. Plantain peels 
agro-wastes was washed and sundried in a study by Dada et al., 2021. 
The carbonization/pyrolysis of the plantain peel was done at 400 ◦C for 
1 h, while chemical activation was carried out at 400 ◦C for 1 h after the 
carbonization process was completed. The resulting activated sample, 
prove to be efficient for the adsorption of chloroquine. Importantly, 
parameters such as temperature, heating duration as well as time 
required for carbonization should be carefully noted, because they can 
affect the end product of the carbonization process [72,73]. This section 
summarizes the different agrowaste sources and their physical and 
chemical processes involved in making it an effective activated carbon 
that can be used in place of commercial activated carbon.

2. Nanoparticles and carbon-supported nanocomposites

The word nano refers to particles as small as one-billionth or 10− 9 

and when considering 1 nm, it has a measurement equal to 10− 9 metres 
[74,75]. A rich interest in nanoparticles is on the rise among researchers 
based on their wide applications arising from their unique properties 
and characteristics and also serving as a link between massive and bulk 
materials. For instance, zinc oxide nanoparticles had already been 
proven to possess greater UV-blocking qualities when compared to their 
bulk form, which is among the justifications for their frequent use in the 
creation of sunscreen creams, coupled with the fact that they are very 
photostable [1,76,77]. When materials are brought together and com
bined, they form what is known as a composite. Interestingly, the 
resulting composite, formed through the combination of individual 
materials, exhibits enhanced strength compared to its constituent com
ponents. Nanocomposites, distinguished by their nano-scale dimensions, 
are comprised of various nanomaterials. These nanomaterials may be 
soft, or a mixture of both hard and soft types. The properties of syn
thesized nanocomposites are influenced by the morphology of the 
nanomaterials, the characteristics of their interfaces, and the inherent 
nature of the individual materials used in the combination [78]. Each of 
these materials will be combined in such a way that their physical phases 
remain intact. These materials must not be soluble in each other and 
must not form any new chemical compound. This explains why a 
nanocomposite is often referred to as a material system that is 
multi-phased by other researchers [79,80]. The advantages of adding 
these nanocomposites include properties such as strength, toughness 
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and electrical or thermal conductivity, etc. [81]. It is highly possible to 
change the basic characteristics of materials, such as the melting tem
perature, the magnetic properties, the charge capacity of the material, 
and also colour, without affecting their chemical components, by 
building nanometer-scale frameworks [81]. Nanocomposites are better 
alternatives to the use of monolithic and micro composites [82].

Agro-based nanocomposites are employed by different researchers as 
efficient absorbents for wastewater treatment in the adsorption of water 
pollutants as relevant to separation science. Agro-based nanocomposites 
are made of agricultural wastes and other nano-materials. Oftentimes, 
when agro-residues are loaded onto nanoparticles, they improve the 
porosity as well as the adsorption efficiency of the nanoparticles. A study 
in 2018, adsorbed methylene blue using agro-residue-derived carbons 
[83]. The nanocomposites (AgNP-PKSAC) employed in another study, 
were obtained from the combination of palm kernel shells and silver 
nanoparticles. The agro-residues used, served as a support for silver 
nanoparticles synthesized. The study reported that the agro-residues 
improved the porosity of the adsorbent and improved their usability 
as catalysts. Most often, the selection of the best method for the synthesis 
of the nanocomposites that can be used to remove cationic dyes is based 
on the type of catalyst to be used, the base material to be incorporated 
and the type and nature of contaminants or pollutants to be degraded or 
adsorbed [84].

2.1. Techniques of nanocomposite development

Nanocomposite development is based on techniques among which 
are: the hydrothermal technique, electrospinning technique, sol-gel 
method, impregnation technique, pulse laser ablation, ion-exchange 
technique, microwave, ion-sputtering scattering, template synthesis, 
spark discharge, and precipitation technique [72,85–89]. Hydrothermal 
and solvothermal preparation techniques are used for the development 
of nanomaterials that are characterized by diverse morphological 
properties. The hydrothermal method involves mixing the metal catalyst 
and other supporting reactants in the water in a heated, sealed, and 
Teflon-lined autoclave [90,91]. However, when an organic solvent is 
used instead of water, the method or technique used is referred to as 
solvothermal. In the sol-gel method, instruments that are not too com
plex and are easy to operate with are used. Also, the sol-gel method does 
not require extreme temperatures or high pressures [45]. The method is 
characterized by the ability to be tailored over textural properties and 
the base materials play a big role. The electrospinning technique is used 
to develop continuous nano-fibres which are characterized by diameters 
that are ten nanometres to micrometres. Precipitation and 
co-precipitation are used for the concurrent precipitation of two or more 
components. This technique is characterized by the ability to produce 
particles that have different sizes. In co-precipitation, nucleation, 
growth, agglomeration, and coarsening take place simultaneously [92]. 
Different characteristics shown or exhibited by the method include the 
development of insoluble species developed under very high 

supersaturated circumstances and the development of large small par
ticles. A flow chart of the formation of nanocomposite is presented in 
Fig. 2.

In the preparation of the TiO2/Fe2O3 nanostructures as reported by a 
previous study, the sol-gel method was employed. The nanostructures 
produced had high stability, as they were re-used four times. They also 
showed high degradation efficiency as reported in a previous study, as 
such can be projected for even bigger projects [93]. Also, a bottom-up 
approach was employed in the creation of silver nanoparticles 
(AgNPs) in 2019. A medicinal plant extract obtained from Acalypha 
wilkesiana (AW) was used for synthesizing silver nanoparticles too. The 
result was the production of an exceptional adsorbent, referred to as 
AW-AgNPs. FTIR analysis established the occurrence of some functional 
groups. The reduction of Ag+ was well confirmed using scanning elec
tron microscopy (SEM) and transmission electron microscopy (TEM). 
The results showed the spherical shape of well-dispersed AW-AgNPs. 
The elemental distribution was revealed by EDX. AgNPs were confirmed 
with a distinctive intense peak at 3.0 keV. The nanoparticles produced 
(AW-AgNPs) were reported to show noteworthy inhibition against the 
chosen prevailing bacteria [94]. Various techniques previously applied 
have been summarized in Table 1. Presented on Table 2 are the agro
wastes materials used as based material for the preparation of activated 
carbon, the method of nanocomposite development as well as the types 
of nanocomposites developed. This section encompasses Nanoparticles 
and Carbon-Supported Nanocomposites and the different techniques of 
synthesizing them.

3. Characterization

Adsorption research requires numerous critical characterisation ap
proaches to confirm and validate activated carbons and nano
composites’ superior characteristics. Thus, this section explains more on 
these approaches/tests used in an adsorption study. FTIR detects surface 
functional groups, essential for dye molecule chemical interactions. XRD 
examines crystalline structure to reveal adsorption-affecting structural 
changes. EDX analyses elemental composition for dopants and impu
rities. SEM and TEM show texture, porosity, and nanoparticle distribu
tion by examining surface appearance and interior structure. Higher 
surface areas provide superior adsorption capabilities, according to 
Brunauer-Emmett-Teller (BET) surface area study. TGA measures ther
mal stability and composition, whereas zeta potential analysis measures 
surface charge under different pH levels to anticipate adsorbent-dye 
electrostatic interactions. These methods reveal the physical, chemi
cal, and structural factors that affect adsorption effectiveness [114,115].

3.1. Fourier transform infrared (FTIR)

The Fourier transform Infrared is one of the analyses that needs to be 
done during characterization in order to identify the chemical envi
ronment in terms of functional groups present in a sample within the 

Fig. 2. A flowchart showing the pictorial and morphological representation of the development of carbon-based-nanocomposites from biomass.
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range of 4000–400 cm− 1. FTIR aids in the identification of the surface 
functional groups and understanding the mechanism, and nature of the 
properties of the surface of the carbon adsorbent and carbon-based 
nanocomposites. This is usually done by scanning the chosen organic, 
inorganic or polymeric samples of interest with infrared light [16,33,
116,117]. In most cases, the functional groups of the samples before and 
after adsorption are determined. The common functional groups such as; 
– OH, -C = C-, - C – O are generally reported in several adsorption studies 
involving carbon-activated and carbon-based nanocomposites [10,118]. 
The FTIR results of the maize cob biochar of our previous studies as seen 
in Fig. 3a, where maize cob char produced at 500 ◦C showed excellent 
peaks at 3402.54 connoting the presence of O–H stretching (alcohol), 
other functional groups present include C = C, C–H, C–O [66,119]. In 
past research by Dada et al. (2021), the agro-waste used as the precursor 
was plantain peel. Activation of the plantain peel was done using H3PO4, 
and peaks observed revealed the presence of O–H, C–O, and C–H 
stretch functional groups. The activated carbon produced in that study 
was incorporated with ZnO nanoparticles producing carbon-based 
nanocomposites [33]. The FTIR analysis of activated carbon after 
adsorption of cationic dyes always resulted in a shift of bands, disap
pearance of peaks, and collapses of bonds [120,121]. Also, in 
carbon-nanocomposites, researchers have always observed the 

interaction of the carbon samples with nanoparticles thereby causing a 
shift of bands [122–124]. The FTIR results of zinc chloride-activated 
ackee apple pods (ZACAPP) showed the presence of the important 
peaks that help us understand if the sample contains the needed func
tional groups that help in determining its relevance and effectiveness as 
seen in Fig. 3c & 3d.

3.2. X-ray diffraction (XRD) and energy dispersive X-ray (EDX)

X-ray diffraction (XRD) helps in understanding the crystallinity and 
nature of the sample being analyzed, while the EDX provides informa
tion on the elemental identification of elements present or absent in a 
given material. The XRD studies in Figs. 4(a-c) showed changes in the 
crystallinity of the nanoparticles and carbon-based nanocomposite and 
mostly the amorphous nature of the carbon as based material and 
electron sink could be identified using XRD [126]. The XRD pattern of Fe 
(0)-FeS and CNF@Fe(0)-FeS were shown in Fig. 4(a). Peaks at 62.9◦ and 
60◦ were matched to (023) and (222). The XRD study attested that 
CNF@Fe(0)-FeS consisted of Fe(0) as well as FeS [76]. The XRD pattern 
of palm kernel shell-activated carbon and PKSAC-AgNPs showed a broad 
amorphous nature due to the presence of the carbon. The peaks at 
64.77◦, 44.66◦ as well as 38.21◦ in Fig. 4b, revealed a peak that is 

Table 1 
Different carbon-based nanocomposites and their methods of preparation.

Agro-material Method of preparation Type of Nanocomposites Developed Dimension/size/shape of nanoparticles References

Orange peel Microwave-assisted CQDs combined with magnetic nanoparticles 4.20 nm (spherical) [95]
Oil palm bagasse Sol-gel method Oil palm-Al2O3 nanoparticles 58.56–12.64 nm [96]
Papaya peel 

extract
Sol-gel method CuO nanoparticles 85–140 nm, Agglomerated spherical [97]

Citrus peel One-pot hydrothermal approach co- 
precipitation method

Bio-nano-composite (MGDCP) 490 nm, spherical-shaped [98]

Rice husk A modified chemical co-precipitation method Magnetic biochar 10–14 nm spherical and uniform shape [55]
Orange peel Precipitation Iron nanoparticles tabular structure (20 nm), octahedral shape 

(20–40 nm)
[99]

Coconut shell Sol-gel method TiO2/BC composites 490 nm spherical-shaped and monodisperse [100]
Banana peel 

waste
Hydrothermal method Carbon quantum dots (CQDs) 5 nm, spherical [91]

Coconut shell Direct precipitation method ZnO nanoparticles 20 nm, pseudo-spherical shape [101]
Orange peel Sol-gel method TiO2 and Al2O3 nanoparticles 19.13 nm [102]
Coconut shell Precipitation method CuO–Nanoporous activated carbon 40–70 nm, spherical in shape [24]
Orange peel Hydrothermal Fe-modified hydrochar ​ [97]
Orange fruit 

peel
Precipitation method ZnO nanoparticles 39.70 nm spherical-like shape [103]

Coconut shell Co-precipitation Activated carbon–iron oxide composite – [104]
Shrimp shells Sol-gel Fe/ZnO-shrimp shell nanocomposites – [105]
Coconut shell Co-precipitation AB-MnO2 nanocomposites symmetric triangular-like shape [106]
Coconut shell Co-precipitation Magnetic-activated carbon and magnetic 

biochar
0.20- 2.70 nm [107]

Coconut shell Hydrothermal CSAC-ZnO at various temperatures (400, 600 
and 800 ◦C)

17.33–56.48 nm, hexagonal shape [108]

Table 2 
Types, advantages and disadvantages of cationic dye method of removal.

Methods 
Categorization

Types Advantages Disadvantages Reference

Chemical Coagulation; ozonation; oxidative processes; 
electrocoagulation; ion exchange; Fenton 
reactions, electrochemical oxidation, etc.

Low cost; effective in decolourizing dyes; 
the end products in the process are not 
hazardous when employing the 
electrochemical destruction method; 
simplicity.

The half-life of the products when the ozonation 
method is employed is usually small; employing 
electrochemical destruction methods could be 
costly due to electricity and the cost of 
operation.

[109–111]

Biological Adsorption using microbial biomass as the 
adsorbent; nitrification; using fungicides in a 
bleaching process; using activated sludge 
tanks; bioremediation, etc.

Biogas production; decolourization of azo 
and anthraquinone dyes. The sludge 
treatment procedure takes place at a pH of 
neutral.

Low colour removal rates; necessarily involve 
particular oxygen-catalyzed enzymes; and 
necessitate extra carbon and power sources; it 
could also require a unique bioreactor as well as 
an exterior carbon supply.

[110–112]

Physical Nanofiltration; irradiation; activated carbon, 
use of other agricultural and industrial by- 
products; adsorption; ultrafiltration and 
microfiltration; ion exchange.

Suitable for removing many cationic dyes; 
relatively inexpensive; adsorbents used 
could be very effective; simplicity of design 
process;

The ion exchange method is not effective in 
removing some dyes; the surface area of some 
adsorbents could be low; the filtration methods 
may not be able to treat large volumes.

[112,113]
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peculiar to silver nanoparticles, hence establishing the crystalline nature 
of the carbon-based nanocomposite [84].

The EDX analysis helps in the proper identification of the elements 
that are present in the sample. The peak observed in the EDX image at 
21◦ was very intense (Fig. 5a). It was observed that some new peaks 
were formed and some disappeared when the acid-modified mango pod 
was compared with the raw mango pod, hence enhancing the adsorption 
process [71]. The EDX image also revealed the elements that are present 
in a carbon-based nanocomposite. The EDX analysis is of PTMAC after 
methylene dye adsorption revealed well-defined peaks, which implied 
that the methylene blue dye bounded well onto the surface of PTMAC 
(Fig. 5c). However, the EDX analysis of the STMAC revealed small peaks 
of methylene blue dye (Fig. 5b) [126].

3.3. Scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM)

An important characterization technique that reveals the 
morphology of the material is scanning electron microscopy (SEM) [127,
128]. It uses a focused beam of light to analyze and produce high 
magnification, complex and clear images of the composition, and also, 
the topography of the sample’s surface [66,129]. SEM operates on the 
concept of using kinetic energy to generate signals from electron in
teractions. Furthermore, the presence or absence of well-defined pores 
and the pore size of the sample are well-established by SEM analysis as 
seen in Figs. 6 and 7. Transmission electron microscopy (TEM) is also 
used to understand the morphology in terms of the shape and size of the 
nanomaterials as displayed in Fig. 8 and 9. SEM and TEM both create 
images, but TEM creates its own by using electrons passing through the 

Fig. 3. (a-e): FTIR spectrum of maize cob biochar produced at 500 ◦C, Moringa seed pod raw (MOSPR), Zinc-activated carbon of ackee apple pod at 400 ◦C and 500 
◦C respectively and Moringa seed pod activated carbon (MOSPAC) [66,120,125].

Fig. 4. (a-c): XRD diffraction patterns of (a) Fe(0)@FeS as well as CNF-Fe(0)@FeS; (b) PKSAC-AgNPs; and (c) PTMAC [84,92,126].
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sample. SEM on the other hand uses electrons from the sample which are 
either reflected or even knock-off to produce an image of the sample’s 
surface [130,131].

3.3.1. SEM characterization
The SEM image of the raw mango pod (Fig. 6a) was closed and 

characterized by a porous structure that is very poor. However, when the 
mango pod passed through the chemical activation process, the result of 
the SEM analysis carried out on it showed excellently developed pores 
with very good porous structure (Fig. 6b) [74]. The SEM images in 
Fig. (6c& 6d) reveals the morphology of the carbon-based nano
composite (PKSAC-AgNPs). The presence of pores in the cracks affirms 
that the carbon-based nanocomposite could be efficient for environ
mental clean-up processes such as adsorption [44].

Similar to this, Fig. 7(a-f) showed the morphology of bare ZnO prior 
to the addition of CSAC (coconut shell activated carbon) to the as- 
synthesised ZnO matrix to create CSAC-ZnO@600, as shown by [108]. 
At different magnifications, Figs. 7(a-c) and 7(d-f) show the spherical 
morphology of ZnO, whereas Fig. 7(d-f) shows the combination of 

spherical and rod-like morphology of CSAC-ZnO, which is corroborated 
by the TEM images. Generally, it was observed that morphological 
modification can be actualized by introducing an environmentally 
benign agro-residue source carbon as base material such as observed in 
CSAC–ZnO.

3.3.2. TEM characterization
TEM generates visuals that allow you to see even the tiniest surface 

or nanoparticle features. The TEM pictures from earlier research are 
displayed in Figs. 8 and 9. Fig. 8a exhibits a characteristic spherical 
nanopore of ZnO nanoparticles. The enhanced rod-like shape of the as- 
synthesised carbon-based CSAC-ZnO is shown in Fig. 8(b-c). The 
carbon-based CSAC-ZnO heterostructure’s inter-spatial lattice spacing 
was shown in Fig. 8(d–F).

As shown by the experiments by Dada et al., 2023 in Fig. 9(a-c), 
information on electron mapping may be gained from the high resolu
tion TEM. The presence of the component elements—carbon, zinc, and 
oxygen—as well as their distinctive colours were verified by the High 
Angle Annular Dark Field (HAADF) imaging. Furthermore, the carbon- 

Fig. 5. (a-c): EDX elemental constituents (a) Acid-modified mango pod; (b) STMAC and (c) PTMAC [71,126].

Fig. 6. (a-f): SEM surface morphology of MOSPR; Moringa seed pod activated carbon (MOSPAC); Palm kernel shell activated carbon; Raw mango pod and Acid- 
modified mango pod [71,84,120].
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based nanocomposite shown in Fig. 9(d-h) has a crystallinity that is 
confirmed by the Selected Area Electron Diffraction (SAED) pattern from 
the HR-TEM. The lattice spacing of 0.316 and 0.386 nm, which corre
spond to the (111) and (110) planes of pyrite FeS2, respectively, is 
clearly visible in Figs. 9(g-h) [108]. The TEM pictures in Fig. 8(g–h) 
demonstrated the sample BiOBr’s nanoscale structure. The clear grain 
deposition on the activated carbon was visible in the picture. It 
confirmed that the material was highly crystalline (BiOBr). (002), (110), 
and (211) were the corresponding values for the spacing of 0.40 nm, 
0.27 nm, and 0.40 nm, respectively [132].

3.4. The X-ray photoelectron spectroscopy (XPS)

An effective method for determining the surface properties of 
carbon-based materials and their nanocomposites is X-ray photoelectron 

spectroscopy (XPS). It makes use of the photoelectric effects concept, in 
which an X-ray photon is used to bombard a surface. Because it uses an 
ultra-high vacuum, the sample that will be probed must first be evacu
ated before analysis can begin. Benefitably, XPS could analyse particles 
as tiny as 1–10 nm. The elemental components, electrical state, binding 
energies, and thickness of the materials may all be usefully determined 
via XPS. Many factors, including formal oxidation status, local bonding 
environment, and nearby atom hybridization, influence the typical 
binding energy of any element [108,133].

From earlier research conducted by [108], the ZnO doped with 
carbon (CSAC-ZnO), the XPS spectra of CSAC-ZnO are shown in Fig. 10
(a–d), where the core peaks of Zn, O, and C are present together with 
their hybridization of Zn 2p, O 1 s, and C 1 s. Zn 2p3/2 and Zn 2p1/2 of 
ZnO were found to have binding energies of 1041.25 eV and 1021.2 eV, 
respectively. Zn–O, –OH, and C–O bonds had binding energies of 529.7, 

Fig. 7. (a-f): The SEM pictures of ZnO@600 ◦C at (a) 2 µm (b) 5 µm (c) 10 µm and SEM pictures of CSAC-ZnO@600 at (a) 2 µm (b) 5 µm (c) 10 µm [108].

Fig. 8. (a–f): TEM morphological image (a) ZnO pure (b) TEM image of CSAC doped-ZnO (c) High resolution TEM image of CSAC-doped-ZnO; and (d, e, & f) SEAD 
pattern of ZnO and CSAC-ZnO [108].

A.O. Dada et al.                                                                                                                                                                                                                                 Biotechnology Reports 44 (2024) e00860 

8 



530.6, and 531.8 eV, whereas C–C, C–OH, and C–O bonds have binding 
energies of 284.5, 286.1, and 288.7 eV. This might provide more evi
dence in favour of the FTIR’s finding that the functional groups found 
are present[134].

4. Cationic dyes

Dyes can be categorized based on the structures of the materials, 
their origin or source of the materials and the nature of the chromo
phore. Based on their source, dyes could be divided into natural dyes and 
synthetic dyes [135–138]. Natural dyes are obtained from natural 
sources, while synthetic dyes are derived from organic and inorganic 
compounds. Based on their charges, dyes can be classified into cationic 
dyes and anionic dyes (Fig. 11). Dyes are characterized by their deep 
colour and good solubility when put in a solution. They form clear so
lutions and can be applied to materials to give fastness [34]. Several 
industries (such as cosmetics, fabrics, paper, food, printing, etc.) use 
dyes to give colour to their products. Textile industries are found in most 
countries, and 93 % of their used water comes out as coloured waste
water. This is due to the presence of high concentrations of organic dye 
compounds and some heavy metals [1,8,139].

Cationic dyes are organic dye compounds that have polluted our 
environment significantly over the years [140–143]. These dyes could 
be separated into positively charged ions and negatively charged ions in 

an aqueous solution. They can work together with the negative group 
found on the fibre molecules to form a salt. In the process of forming the 
salt, they become firmly attached to the fibre, hence the fibre becomes 
dyed. Cationic dyes are coloured cation-releasing dyes in solution [144]. 
Identified as different types of cationic dyes are heterocyclic com
pounds, triarylmethane, anthraquinone, and azo. Examples of triaryl
methane dyes are Malachite Green, Rosaniline, Fuchsin, Methyl violet, 
and Phenolphthalein. Pigment Yellow 108, pigment blue 60, pigment 
Red 177, anthrapyrimidine yellow, Indanthrone blue, and anthraqui
none red respectively and are examples of anthraquinone dyes [143]. 
Some of the cationic dyes which have been extensively used in adsorp
tion studies are Malachite green [37,145], Rhodamine B [32,120,146,
147], Crystal violet [55,148,149] and Methylene blue [27,52,83]. 
Others are; Basic brown 1, Basic Violet 10, Basic Violet 10, Basic Violet 
14, Basic Blue 9, Basic Blue 54, Basic Violet 3, and Basic Green 4 [138]. 
Cationic dyes are basic dyes that originate from a class of synthetic dyes. 
They are characterized by shades of colours that are bright when they 
are used on textile materials and some of their chemical structures are 
shown in Fig. 12. Cationic dyes are also very soluble in water and hence 
are problematic to the environment. They have a high affinity when 
used for wool, silk, and acrylic materials. They are not easily removed by 
the usual primary treatments [138]. Table 3 shows a list of some cationic 
dyes, the agricultural wastes they are used with and their removal ef
ficiencies. In a past study, nanocomposites were studied for the 

Fig. 9. (a–c): Electron mapping image of (a) HAADF for Carbon (b) HAADF for Zinc (c) HAADF for Oxygen, (d–f) SEAD pattern of CSAC-ZnO [108]; (g-h): TEM image 
of BiOBr composite and FeS respectively [92,132].
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photodegradation of a cationic dye under a visible light source. The 
composites ZnO/algae and Co– ZnO/algae were used to degrade mala
chite green dye. The study further revealed that after 10 min, the 
nanocomposites fully degraded 5 mg/L of the malachite green at a pH of 
7 [150]. In this section, cationic dyes were widely discussed.

5. Methods of dyes removal and operational techniques for 
adsorption of cationic dyes

The sequestration of cationic dyes from wastewater remains an 
interesting area of research. This has led to the suggestion and appli
cation of several removal techniques, which are presented in this sec
tion. Dyes removal has been categorized into chemical, biological and 
physical methods. Presented in Table 2 are various types of methods of 

dye removal, advantages and disadvantages as examined by researchers.
Research has shown that some of the conventional methods for 

treating dyes-laden effluents have not been satisfactory, in the area of 
removal capacity of the methods employed [8,138,143]. Treatment 
processes such as oxidation, ozone treatment, photo-degradation, 
adsorption, etc. have been employed. Amongst these techniques, 
adsorption is mostly preferred based on its advantages such as; its ease of 
operation, cost-effectiveness, and adaptation to a wide range of envi
ronmental pollutants among others. Adsorption refers to the process in 
which a solid material holds in molecules of a liquid or gas form a thin 
layer on the solid. It is usually based on a given surface (a solid) which 
accommodates the development of a film of the adsorbate (may be liquid 
or gas). Adsorption is referred to as a surface-based process while ab
sorption emphasizes more on the volume of the material. Several 

Fig. 10. (a–d): XPS spectra of CASC-ZnO@600: (a) survey spectrum; (b)–(d) high-resolution spectra of the respective Zn 2p, O 1 s and C 1 s core levels [108].

Fig. 11. Various dyes categories and classifications.
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researchers have investigated the efficacy of adsorption in the elimina
tion of certain endocrine disrupting chemicals (EDCs). Different pa
rameters are important when adsorption processes are to take place. 
Imperative operational techniques like initial concentration, pH, ionic 
strength, co-existing ions, contact time, adsorbent dose, stirring speed, 
etc. are all important parameters to be considered when investigating 
the adsorption of cationic dyes [161–163].

The procedures, importance as well as some general findings have 
been listed below in Table 3. Most often, the temperature is usually 
varied when carrying out an adsorption study [66,164]. Studying this 
parameter helps us to determine if a reaction is endothermic or 
exothermic. The pH explains the acidity or basicity of the reaction. In 
adsorption studies, HCl and NaOH are used to either increase acidity or 
reduce the acidity of a solution. The temperature has a lot to do with the 
success of an adsorption process.

The adsorption of a dye known as methylene blue using modified 
activated carbon at different pH levels was done by Kuang and his col
leagues in 2020 [165]. They reported that adsorption capacities were 
favourable when the pH was in the alkaline range as well as when it was 
in its natural range. They reported that the increase in pH resulted in a 
simultaneous increase in the adsorption removal rate and capacities of 
the adsorbent. Their report included the fact that when the pH value is 
high, the hydroxyl groups (O–H) and carbonyl groups (C = O) which 
are on the adsorbent can attract the cationic dye molecules (methylene 
blue). According to their report, 100 mL of three different methylene 
blue concentrations (10, 30, and 50 mg/L) was prepared under different 
adsorbent doses (ranging from 5 to 100 mg) to determine the effect of 
the adsorbent dose. The study exhibited a rise in the uptake rate of 
methylene blue, as the mass of the adsorbent increased. However, at 
high adsorbent doses, there was a decline in the adsorption rate. This 

was reported to be based on the presence of insufficient molecules of dye 
in the solution. As the effect of initial concentration was also deter
mined, the result of the study showed a decrease in the rate of decol
ourization (from 96.6% to 58.7%) and an increase in adsorption 
capacity (from 64.4 to 195.8 mg/g). The effect of contact time was also 
checked in the same study, which involved the removal of methylene 
blue. The researchers reported an increase in the removal rate and 
adsorption capacity of methylene blue when contact time was increased. 
They reported that when the initial concentration of the dye is lowered, 
a lesser time is needed to achieve equilibrium [165]. Since, we are 
concentrating more on the cationic dyes, the contact time of an 
adsorption process basically refers to the amount of time an adsorbent 
use in contact with the dye solution. The removal rate can either 
decrease or increase based on the contact time between the adsorbent 
and the adsorbate. The effect of initial dye concentration in an adsorp
tion process can be well studied when the adsorbent dosage remains 
constant. Initial concentration can be varied from 10 to 50 mg/g. The 
rate of adsorption can be faster at high concentrations before it attains 
equilibrium. How porous the activated carbon sample is, goes a long 
way in determining the level of adsorptive affinity of the adsorbent in an 
adsorption process [166].

The effect of adsorbent dose on adsorption capacity was explained in 
2019 by some researchers who looked into the adsorption of phenol. 
Their adsorbent was silver-gold nanoparticle-assisted mango seed. They 
reported an increase of 58.6% and 72.4% in the capacity of adsorption 
when the adsorbent dose was increased from 0.1 - 0.5 g. This could be 
due to an increase in the adsorption site. From previous studies carried 
out by various researchers, list of cationic dyes, their operational con
ditions for maximum adsorption at optimum conditions as well as the 
removal efficiency are listed in Table 4. From Table 4, least percentage 

Fig. 12. Structural representation of selected cationic dyes.
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removal efficiency of 75% was observed in Malachite green adsorption 
onto Functionalized maize cob (FZMC) [167] while 100% removal ef
ficiency was observed for adsorption of methylene blue onto waste black 
tea powder [5].

6. Adsorption isotherm, kinetics and thermodynamics 
modelling in brief

Specifically, the adsorption isotherm, kinetics, and thermodynamics 
modelling are the focal points of this section.

6.1. Isotherm modelling

The interactions that take place between the adsorbents and the 
adsorbate can be better understood by using isotherm models. Lang
muir, Freundlich, Temkin, and Dubinin-Kaganer-Raduskevich (DKR) are 
the four main two-parameter isotherm models that are often used to 
describe equilibrium data. Table 5 shows the list of various adsorbents 
used for cationic dyes adsorption as well as best isotherm that well 
described the equilibrium data in a batch adsorption studies. Ranking of 
the monolayer adsorption capacity (Qmax) of those adsorbents were 
also explored. The previous section described the nitty-gritty of most 
commonly applied four isotherm models. Non-linear models are 
frequently more precise in representing adsorption data, particularly 
when the adsorption does not completely adhere to the assumptions of 
adsorption models. Non-linear models are suitable for analyzing real 
experimental data and are frequently employed in situations where a 
high level of accuracy is necessary. Linear models may incorporate 
inaccuracies as a result of the translation process, but they simplify the 
mathematical calculation of the different adsorption parameters and 
foster quick approximations. The non-linear equations and the linear 
equations of the isotherms and kinetic models are further described 

below [174,175].

6.1.1. Langmuir isotherm model
The Langmuir model gives a general assumption that one gas 

molecule is adsorbed in each of the adsorption sites. This is a monolayer 
adsorption model with the uptake of dyes and other contaminants at 
finite, specific, and identical localized sites with no interaction between 
adsorbed molecules and adjacent sites. Another remarkable fact about 
Langmuir is that it has been seen to fit most studies much more than 
other employed models. A study in 2018 revealed that data from the 
equilibrium adsorption were in line with the Langmuir model. The value 
of R2 was 0.988 which is close to 1. The researchers adsorbed malachite 
green dye making use of palm kernel shells as the adsorbent. The study 
confirmed that the Langmuir isotherm fitted the adsorption process 
better [101]. In 2016, a study by Dada et al. confirmed that Langmuir 
isotherm best described the experimental data obtained from the use of a 
nanocomposite derived from bamboo and manganese, which was called 
bamboo-supported manganese (BS-Mn). A cost-effective approach was 
used to manufacture a nanoparticle, iron-doped ZnO nanoparticles 
(Fe–ZnO) using shrimp-shell. Langmuir isotherm was reported to best 
describe the data generated with a maximum monolayer capacity of 
83.81 m/g [105]. The non-linear and linear models of Langmuir 
isotherm equation are presented in Eqs. (1) and (2). 

qe =
qmKLCe

1 + KLCe
(1) 

Langmuir’s isotherm is generally represented by this linear equation; 

Ce

Qe
=

1
QmaxKL

+
Ce

Qmax
(2) 

RL =
1

1 + KLC0
(3) 

Table 3 
Relevant operational parameters and brief descriptions.

Operational 
Parameters

Established procedure & Principle of the 
Procedure

Importance General findings References

Effect of Initial 
concentration

First, the amount of solute to be used would 
be weighed and set aside. This should be 
followed by the determination of the number 
of grams present in a mole of the solute. Also, 
the solvent to be used should be measured. 
Concentrations could be varied between 10 
and 50 mg/L. Calculations should be done 
using this formula.

It directs the operational pathways. It serves 
as a main driving force to overthrow all mass 
transfer resistance of the cationic dyes. It 
determines the uptake of the adsorbate by 
the adsorbent.

Initial concentration was used for the 
photodegradation studies by Wu& Zhang in 
2004. The Rhodamine blue solution changed to 
a colourless solution, showing that an effective 
photodegradation had occurred. 
When concentration is low, adsorption is 
always higher.

[151]

Effect of contact 
time

Plotting adsorption percentage against 
adsorption time

The data gotten from the adsorption process 
at specific time (t) help in the study of 
adsorption dynamics

The equilibrium time is dependent on the 
concentration

[5,57,152]

Effect of 
temperature

The temperature will be varied with 
percentage adsorption.

It aids both desorption and adsorption 
studies.

As temperature increases, adsorption rate 
decreases.

[5,153]

Effect of pH 1 g of each sample will be weighed and put in 
beakers. These samples will then be boiled for 
5 mins. After which, it will be allowed to cool 
down, so the temperature can reduce to room 
temperature. Then the pH will be taken.

Useful in determining effect of temperature, 
contact time and adsorption rate.

As pH increases, adsorption rate may be higher 
or lower.

[16,147,
154,155]

Effect of ionic 
Strength

This could be done with the use of NaCl 
solution of different which have different 
ionic strengths. This can range from 0.001 M 
to 1.0 M.

It helps in determining the measure of the 
concentration of ions in that solution.

The ionic strength has been discovered to 
increase as the current increases. Also, 
efficiency is proportional to electrolyte ionic 
strength.

[156,157]

Effect of co- 
existing ions

This is carried out within a binary solution 
containing the adsorbate and one cation or 
anion at a chosen pH.

To know if there is an increase or decrease in 
adsorption capacity.

It shows the impact of cations and anions on 
the adsorption of the adsorbate.

[158]

Effect of 
adsorbent 
dose

Different doses will be prepared and will be 
utilized during the adsorption process.

The increase in adsorbent dose often leads to 
an increase in adsorption percentage.

Sometimes, a competition between the 
adsorbate could result to a decrease in 
adsorption percentage even if the adsorbent 
dose is increased.

[147,159,
160]

Effect of stirring 
speed

Different agitation or stirring speeds will be 
worked with. It could be between 120 rpm 
and 240 rpm. Removal efficiencies will be 
observed

Useful in determining optimum agitation 
speed

Significant changes may either occur or not 
during this process.

[143]
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Where;
Qe= The quantity of adsorbate that is adsorbed per unit weight of 

adsorbent at equilibrium (mg/g)
Ce = This is the concentration of adsorbate at equilibrium in solu

tion after adsorption (mg/L)
Qmax = Maximum adsorption capacity (mg/g)
KL = Langmuir adsorption equilibrium constant (L/mg)
RL= dimensionless separation factor
C0 = Initial adsorbate concentration
RL gives an insight into the nature of adsorption and whether an 

adsorption process was favourable or not favourable. Significantly, the 
separation parameters specifically situate the adsorption process to be 
favourable when RL is greater than zero but less than unity (0<RL<1), 
unfavourable when RL is greater than unity (RL>1), adsorption is linear 
when RL is equal to unity (RL=1) and irreversible adsorption occurs 
when RL is equal to zero [167,176]. In a study on the adsorption of 
malachite green onto the peel gotten from Luffa aegyptica, the RL fell 
between 0 and 1 denoting that the adsorption process was favourable at 
a temperature of 303 K and initial concentrations ranging from 25 to 100 
mg/g [171]. Also, the values obtained for RL in the study using func
tionalized mango for rhodamine B dye removal were between 0 and 1, 
which also denoted the favourable adsorption process (scavenging).

6.1.2. Freundlich isotherm
Freundlich model helps to estimate the adsorption concentration of 

the adsorbent when it absorbs the adsorbate used. Some of its assump
tions are; surface roughness, heterogeneity, and adsorbate-adsorbate 
interactions. This model sometimes doesn’t fit some studies. Gener
ally, this isotherm helps in describing the adsorption characteristics of a 
heterogeneous surface. In 2014, a group of researchers used durian seed 
to chemically prepare activated carbon to adsorb Malachite green (MG) 
dye. The experimental data were analysed using eight different kinetic 
models. However, the Freundlich isotherm was discovered to be the best 
fit for the experimental data. With the R2 of 0.9995, it showed the 
favourability of the adsorption process [173]. In 2019, a study was 
carried out and the outcome showed that adsorption isotherms for 
methylene blue and phenol were the best fit for the Freundlich model. 
The R2 was 0.881 and 0.978 respectively [27]. 

Freundlich isotherm is non − linearly represented by : qe = KFCe
1/nF

(4) 

It is linearly expressed as Eq. (5): 

logqe = logkF +
1
nF

logCe (5) 

qe =the quantity adsorbed at equilibrium
Ce = Equilibrium concentration of adsorbate (mg/L)
kf = Freundlich constant representing adsorption capacity
nF= Adsorption intensity
The 1

nF 
is a parameter in the Freundlich equation that shows the 

heterogeneity of the adsorbent’s surface. Heterogeneity increases with a 
decrease in the value of 1/n. When the value of 1

nF
is below unity, then it 

shows a normal adsorption process. The adsorption process has been 
well described utilizing the Freundlich adsorption intensity (1/n) which 
is also used to determine the strength of the adsorption process. 
Adsorption is said to be normal and favourable when the value of 1/n is 
below unity. Cooperative adsorption is obtained when the value of 1/n is 
above unity. However, n being equal to unity is an indication of inde
pendence of the partition between the two phases of concentration [33,
170].

6.1.3. Temkin isotherm model
In this model, the behaviour of the interaction between the adsorbent 

and the adsorbate is emphasized. This model proposes that the heat of 
adsorption of all molecules in the layer decreases linearly with the 

Table 4 
List of some cationic dyes and their operational conditions for maximum 
removal efficiencies.

Cationic dyes Adsorbents 
used

Equilibrium 
conditions at 
optimum.

Removal 
efficiency

References

Rhodamine B Moringa 
oleifera seed 
pod

pH = 3.01, contact 
time = 120 mins, 
initial conc. =
1000 mg/L, 
Temp = 303 K, 
adsorption uptake 
= 1014.99 mg/g 
Adsorbent dose=
96.43 mg/g

94.76% [32]

Malachite 
green

Zea Mays Cob 
(FZMC)

pH = 8, contact 
time = 120 mins, 
initial conc. = 500 
ppm, 
Temp = 298 K, 
Qmax of FZMC =
64.52 mg/g

75.11% [167]

Rhodamine B 
and 
Malachite 
green

Modified 
Irvingia 
gabonensis nut 
waste (MIg)

pH = 6, contact 
time = 120 min, 
initial conc. = 500 
ppm, 
Temp = 26 ◦C, 
Adsorbent dose =
250 mg/g

99.90% [168]]

Methylene 
blue

Waste black 
tea powder

pH = 3 – 11, 
contact time = 60 
mins, initial conc. 
= 1000 mg/L, 
Temp = 26 ◦C, 
Adsorbent dose =
302.63 mg/g

100% [151]

Methylene 
blue

Coconut coir 
dust

pH = 6, contact 
time = 20 min, 
initial conc. = 50 
mg/L, shaking 
speed = 200 rpm, 
Temp = 27 ◦C, 
Adsorbent dose =
0.1 g

99.50% [169]

Methylene 
Blue

Cucumis 
sativus peel 
(CSP) waste

pH = 8, contact 
time = 120 min, 
initial conc. = 100 
mg/L, Temp = 298 
K, Adsorbent dose 
= 4 g/L

81.40% [170]

Malachite 
green

Luffa aegyptica 
peel (LAP)

pH = 7, contact 
time = 150 min, 
initial conc. =
25–100 mg/L, 
Temp = 303 K, 
Adsorbent dose =
0.6 g/L

89.20% [171]

Methylene 
blue

Corn cob 
sources waste 
from plant

pH = 6.1, contact 
time = 24 hrs, 
initial conc. = 50 
mg/L, 
Temp = 308 K, 
Adsorbent dose =
0.5 g/L

97% [172]

Malachite 
green

Durian seed pH = 8, contact 
time = 120 min, 
initial 
conc. = 100 mg/L, 
Temp = 298 K, 
Adsorbent dose =
0.25 g/L

97% [173]

Malachite 
green

Palm kernel 
shells

pH = 6, contact 
time = 40 min, 
Temp = 328 K, 
Adsorbent dose =
0.5 g/L

– [148]
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surface coverage [146,177,178]. The non-linear and linear eqautions of 
Temkin model is expressed in Eqs. (6) and (7). 

The non − linear equation is given as : q
e =

RT
bT

ln (KTCe)
(6) 

The linear equation of the Temkin model is given as; 

q
e =

RT
bT

ln AT +
RT
bT

ln Ce
(7) 

Where;
bT = Temkin constant (It is related to the adsorption temperature). 

Its unit is J/mol
R = Gas constant (which is 8.314 J/mol)
T = Absolute temperature in Kelvin
B = Temkin constant
KT = Temkin isotherm equilibrium binding constant. It is measured 

in L/g

6.1.4. Dubinin-Radushkevich (D-R) adsorption isotherm
The D-R equation for micro-porous solids was founded by Dubinin 

and his colleagues.D-R isotherm helps to determine the adsorption 
mechanism, unlike Langmuir and Freundlich who do not suggest 
adsorption mechanisms. The isotherm can be used for micro-porous 
solids which are characterized by uniform microporous structures. A 
major use of this isotherm is that it helps to distinguish between 
chemical adsorption (i.e., chemisorption) and physical adsorption (i.e., 
physisorption) [179,180]. Given in Eq. (8) is the D-Rmodel:

The non-linear model is expressed as: 

qe=qm exp (− kε2 ) (8) 

The linear equation is expressed as expressed in Eq. (9): 

lnQe = lnQm − AD− Rε2 (9) 

Where:
Qe = The amount of adsorbate at equilibrium
Qm = Theoretical isotherm saturation capacity (mg /g)
AD− R = isotherm constant related to sorption energy (mol2kJ2)

ε = Polanyi potential (kJ2mol-2)
However, ε can be derived from the following 

ε = RTln
(

1 +
1
Ce

)

(10) 

Where:
Other parameters are as previously defined. Experimental parame

ters are generated from the plot of lnQe against ε2. Research has 
demonstrated that the energy of adsorption might be assessed utilizing E 
= -[1/√2AD-R] and this may be used to classify the adsorption mecha
nism as either physisorption if E < 8 kJmol− 1 and chemisorption if E > 8 
kJmol− 1 [167,154].

In Table 5, the best fitted isotherm model for each carbon-based 
nanocomposite and a variety of Qmax values for activated carbon 
derived from agro-waste are comparatived. The Langmuir and Freund
lich models were found to be the most effective in illustrating the 
properties of the materials utilized, out of all the isotherm models that 
were mostly fitted to the equilibrium data.

6.2. Adsorption kinetics, mechanisms of cationic dyes

The kinetics and mechanistic study of the adsorption process are very 
important because the information obtained helps determine the rate 
and the ruling mechanism. The parameters evaluated could also be 
applied in thermodynamics studies. Listed in Table 5 are the list of 
selected adsorbent previous used for adsorption of cationic dyes with 
pseudo-second order being the best kinetic model that best analysed the 
kinetics data.

6.2.1. Pseudo-First kinetics model
Generally, pseudo-first order expression is applied in the adsorption 

kinetic study to investigate the rapid rate of interaction in a solid-liquid- 
based system. Although, most adsorption processes are not always best 
described by this model based on low regression coefficient (R2) values. 
The non-linear and linear equations of Pseudo-first order adsorption 
kinetics are presented in Eqs. 11 and (12).

Its non-linear equation is given as: 

Table 5 
Best fitted isotherm, kinetic, thermodynamics modelling with maximum monolayer adsorption capacities of different agro-residue.

S/ 
N

Adsorbent used Isotherm 
model 
best fitted

Qmax 

(mg/g)
Kinetics model best 
fitted

Thermodynamics Parameters References

1 Raphia hookerie fruit epicarp Freundlich 666.67 Pseudo Second 
order

ΔG◦ = − 3.122 kJ/mol, ΔH◦ = 11.74 kJ/mol, ΔS◦ =

49.23
[98]

2 Functionalized thuja cone carbon (FTCC) Freundlich 83.4 Pseudo Second 
order

ΔG◦ = − 15.67 kJ/mol, ΔH◦ = 49.48 kJ/mol, ΔS◦ =

− 0.11
[146]

3 Palm kernel Langmuir 225 Pseudo Second 
order

ΔG◦ was negative [101]

4 bamboo-supported manganese (BS-Mn) 
nanocomposite

Langmuir 44.64 Pseudo Second 
order

ΔG◦ = − 31.73 kJ/mol, ΔH◦ = 202 kJ/mol, ΔS◦ =

107.2
[120]

5 Bamboo (Bambusa vulgaris) Freundlich 558.29 – – [103]
6 Fe/ZnO-shrimp 

shell nanocomposite
Langmuir 83.81 Pseudo Second 

order
ΔG◦= − 71.60 kJ/mol, ΔH◦ = 29.02 kJ/mol, ΔS◦ =

0.142
[62]

7 Corn cob powder Langmuir 46.28 Pseudo Second 
order

ΔG◦ = − 7.6 kJ/mol, ΔH◦ = 37.44 kJ/mol, ΔS◦ =

158.783
[122]

8 Novel biosynthesized silver nanoparticles 
(AgNPs)

Langmuir 59.85 Pseudo Second 
order

ΔG◦ = − 6.13 kJ/mol, ΔH◦ = 62.11 kJ/mol, ΔS◦ =

− 184.01
[133]

9 Rice Husk Biochar-Based Magnetic 
Nanocomposite

Langmuir 185.6 Pseudo Second 
order

– [53]

10 Moringa Oliveira seed pod activated carbon 
(MOSPAC)

Langmuir 1250 Pseudo Second 
order

ΔG◦ = − 27.381 kJ/mol, ΔH◦ = 127.562 kJ/mol, 
ΔS◦ = 507.894

[73]

11 Ocimum gratissimum leave (OGL) Freundlich 77.52 Pseudo Second 
order

ΔG◦ = − 5.759 kJ/mol, ΔH◦ = 1.178 kJ/mol, ΔS◦ =

− 127.786
[147]

12 durian seed-based activated carbon Freundlich 445.6–532.3 Pseudo Second 
order

ΔG◦ = 11.43 kJ/mol, ΔH◦ = 10.64 kJ/mol, ΔS◦ =

12.56
[138]

13 Coconut coir dust Freundlich 29.50 Pseudo Second 
order

ΔG◦ = ?7.80 kJ/mol, ΔH◦ = 37.56 kJ/mol, ΔS◦ =

112.2
[134]

14 Coconut Shell-Based Activated Carbon Langmuir 214.63 Pseudo Second 
order

ΔG◦ = − 30.91 kJ/mol, ΔH◦ = 25.69 kJ/mol, ΔS◦ =

111.88
[48]
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qt = qe
(
1 − e− k1 t) (11) 

Its linear equation is given in Eq. (12) as: 

log(qe − qt) = log qe −
k1t

2.303
(12) 

Where qe refers to the quantity of the substance that is adsorbed at 
equilibrium per unit weight of the adsorbent. It is measured in mg/g. qt 

refers to the quantity of pollutant adsorbed at any chosen time (mg/g) 
and k1 is the pseudo-first-order rate constant. Its unit is min-1. The model 
of the pseudo-first-order is always better compatible with weak con
centrations of the aqueous solution. Most of the time, this model does 
not fit the most adsorption kinetics studies.

6.2.2. Pseudo-Second order kinetics model

Its non − linear equation is given as : qt =
q2

e k2t
1 + qek2t

(13) 

The linear equation of pseudo-second–order is generally expressed in 
Eq. (14); 

t
qt

=
1

k2q2
e

+
t
qe

(14) 

When t moves towards 0, h2 is defined as: 

h2=k2q2
e (15) 

t
qt

=
1
h2

+
t
qe

(16) 

Where;
h2 = initial adsorption rate for pseudo-second-order. The plot for the 

pseudo-second-order will be t/qt against t. Most data of adsorption ki
netics are best described by a pseudo-second-order model with R2 very 
close to unity [177,178].

6.2.3. Elovich model
This model is used largely for systems in which the exterior part or 

surface of the adsorbent is heterogeneous in nature. The Elovich model 
describes how gas molecules are adsorbed into the adsorbent’s surface 
[171]. The Elovich model explains the chemisorption of gases and 
therefore, aids in chemisorption kinetics. This model is represented by 
these equations below: 

The non − linear equations are; qt =
1
β

ln(αβ) +
1
β

ln(t) (17) 

qt = ln
(

α
β

)

+
1
β

ln(t) (18) 

Where qt is the amount of adsorbate that is adsorbed at any time t, α 
refers to the initial adsorption rate (mg/g.min), β refers to the surface 
coverage extent and the activation of energy for chemisorption (g/mg). 
The t is the contact time (min), while 1β refers to the number of sites that 
are vacant for adsorption.

6.2.4. Intraparticle diffusion model
This model describes the external mass transfer, bulk transportation, 

and pore diffusion behaviour of the solute molecules [136]. The intra
particle diffusion equation is represented with this equation; 

qt = kidt0.5 + C (19) 

Where; kid is the intraparticle diffusion rate constant (mg.g− 1min0.5)
C refers to the intercept indicating the boundary thickness
qt is the amount of solute adsorbed per unit weight of adsorbent per 

time, (mg/g), and t0.5 is the half adsorption time (min0.5)
Top-fitting kinetics and mechanism models are shown in Table 5. It 

was evident that the adsorption dynamics were dominant when the 
majority of the adsorption rate best suited pseudo-second-order and 
intraparticle diffusion.

6.3. Thermodynamics modelling of cationic dyes

The thermodynamic parameters usually show the possible nature of 
adsorption. These parameters are; Gibbs free energy (ΔGo), enthalpy 
(ΔHo), and entropy (ΔSo). The thermodynamics reveals whether 
adsorption is feasible or not. Thermodynamic functions aid in compre
hending the efficiency of a dye removal process by assessing three 
crucial factors: spontaneity, heat transfer, and entropy. The spontaneity 
of a process, as determined by the Gibbs free energy, indicates whether 
the process occurs spontaneously and this could be determined based on 
the experimental behaviour of the system. A negative value of Gibb’s 
free energy denotes the feasibility and spontaneity of the thermody
namics system while the positive value indicates non-spontaneity and a 
non-feasible system. The adsorption process’s regulating mechanism has 
always been crucial for evaluating chemical reactions and estimating 
mass transfer [29,181]. A low number indicates that the dye is quickly 
and effectively removed. Heat exchange, specifically enthalpy, indicates 
whether a process absorbs or releases heat. This information allows us to 
determine if higher or lower temperatures are more effective in 
removing dye. Entropy is a measure of randomness, and it represents the 
level of disorder in a process. A higher level of disorder usually corre
sponds to more effective removal of dye. Through the examination of all 
of these factors, we can assess the efficacy of the process and identify 
strategies to enhance its effectiveness [71,177,181]. A study in 2020 
reported that the thermodynamic parameters affirm the spontaneity, 
randomness and feasibility of the adsorption process [124]. The data are 
usually subjected to Van’t Hoff’s equation (Equ. 14 and 15). As long as 
the research is conducted at various temperatures and a consistent, ideal 
concentration, the Kc values could be obtained from the ratio of Qe to Ce 
(Qe/Ce). A linear plot of log Kc against 1/T helps in extrapolating the 
values of ΔH0 and ΔS0 . If the value of ΔGo is negative, feasible as well as 
spontaneous reaction suffices and non-feasible/non-spontaneous if the 
value of ΔGo is positive. Eqs. (22) or (23) could be used to determine the 
values of ΔGo. The process is reported endothermic if the values of 
enthalpy (ΔH0) is positive while the negative value of ΔH0 categorized 
the reaction as exothermic in nature. The measure of the degree of 
disorderliness is ΔS0 which is the randomness of the system. The 
negative and positive values will denote the increase or decrease in the 
randomness/disorderliness of the adsorption system. When it is nega
tive, it means the system is less disorderly (or we say entropy has 
reduced), however, when the value obtained is positive, the system is 
said to be more disorderly (i.e., there is an increase in the degree of 
disorderliness or increase in entropy). As reported by Dada et al. [182], 
the mechanism could be determined from the parameters of activation 
energy (Ea) using the Arrhenius equation (Eq. 21) [30,138]. 

logKc =
ΔS

2.303R
−

ΔH
2.303RT

(20) 

ln Kc = ln A −
Ea
RT

(21) 

ΔG = − 2.303RTlog Kc (22) 

ΔG = ΔH − TΔS (23) 

The value of Kc could also be obtained from the Langmuir adsorption 
isotherm or pseudo-second-order rate constant for studies carried out at 
different temperatures. The reaction is reported to be exothermic with 
negative Ea and endothermic reactions with positive Ea. The mechanism 
is physisorption if the value of Ea lies between 5 – 20 kJ mol-1, and 
chemisorption mechanism if the value of Ea exists in the range of 20 – 
400 kJmol− 1 [28]. From Table 5, it could be inferred that 99% of studies 
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carried out were feasible with a negative value of Gibb’s free energy.

7. Conclusion and future prospect

This review has emphasized the environmental impacts of cationic 
dyes and the use of carbon-based nanocomposites developed with low- 
cost agricultural wastes as precursors for adsorbing cationic dyes. 
Various techniques for the development of both activated carbon and 
carbon-based nanocomposites were explored. The unique properties of 
both the carbon precursor and carbon-decorated nanocomposites were 
demonstrated from the spectroscopic, morphological and crystallized 
characterization using FTIR, XRD, SEM, TEM, EDX and XPS. The 
application of the developed carbon-loaded nanocomposites in efficient 
adsorption of endocrine disruptive cationic dye compounds, conditions 
for operational parameters for effective adsorption as well as the pre
vailing modelling for analysing equilibrium, isotherm, kinetics, and 
thermodynamics data were investigated. Most equilibrium data fitted to 
isotherm models were best described by Langmuir and Freundlich 
isotherm models. Observation from previous studies demonstrated that 
the Freundlich isotherm model best described most cationic dye 
adsorption using agro-waste-based carbon while the Langmuir isotherm 
model best described adsorption equilibrium data when carbon- 
decorated nanocomposites were used for cationic dye adsorption. Ki
netic data were generally best fitted to pseudo-second order model and 
most thermodynamics studies demonstrated feasibility, spontaneity, 
degree of randomness as well as the domination of the endothermic 
nature of the system. This review provided more insight into the effec
tive removal of cationic dyes from wastewater using nanocomposites 
based on carbon derived from agricultural residues, the prevailing 
conditions and adsorption data analytical modelling. The review is very 
simplified and encompassing, such that it provides the technical know- 
how and knowledge required for effective agro-based activated carbon 
and carbon-based nanocomposite syntheses, characterization, adsorp
tion processes and adsorption data modelling. The future prospects 
could focus on the in-depth as well as operation of applied carbon-based 
nanocomposites to anionic dyes, pharmaceutical and personal care 
products (PPCPs), pesticides, herbicides, Per-and polyfluoroalkyl sub
stances (PFAS) and other endocrine disruptive compounds.
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