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Abstract
The recycling of waste materials in wastewater decontamination has been an attractive discipline in zero discharge and energy 
recovery. Biochar/zeolite nanocomposite has been successfully synthesized as a cheap and eco-friendly material from a solid 
fraction obtained from the thermos-catalytic conversion of green pea agriculture waste (Pisum sativum). A dark-whitish 
solid was obtained from thermal pyrolysis at 450 °C with a heating rate of 27 °C/min for 15 min that was further subjected 
to alkaline chemical activation. The synthesized composites have been examined using Fourier transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray diffraction (XRD), transmission 
emission microscopy (TEM), and Brunauer-Emmet-Teller (BET) analyses. The successful preparation of biochar/zeolite 
nanocomposite was evident from characterization results with an average particle size of 30–40 nm with a high surface area 
of 15.3  m2/g. The material was evaluated as an eco-friendly adsorbent for decolorization of both cationic methylene blue 
dye (MB) and Congo red anionic dye (CR) using the batch technique. The influence of dosage, pH, temperature, initial dye 
concentration, and contact time were studied against the dye adsorption process. It was indicated that the material recorded 
maximum dye decolorization efficiencies of 87.5% at pH of 12 and 84.1% at pH of 2 for MB and CR, respectively. The 
optimum material dosage and contact time for dye decolorization were 5 g/l and 60 min, respectively. Thermodynamic 
parameters were calculated from the sorption process and revealed a negative charge of Gibbs free energy ( ΔGo ) an indication 
of spontaneity and thermodynamic favorability. Positive enthalpy and entropy demonstrated the endothermic behavior and 
the disorderliness. Equilibrium adsorption results best fitted to the Langmuir isotherm model, while MB and CR adsorption 
kinetics were pseudo-second-order reactions.
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1 Introduction

Population and industrial growth increased the utilization of 
dyes by the population to meet sustainable national devel-
opment in industries such as leather, textile, cosmetics, 
paper, and printing using acidic, basic, reactive, direct, and 
dispersive dyes [1, 2]. Dyes constitute two major organic 
compounds of chromophores and auxochromes which are 
responsible for color and intensities, respectively [3]. These 
organic structures are complex, non-biodegradable, carcino-
genic, and teratogenic and have toxicity effects on the envi-
ronment [4, 5]. Without treatment, dye-loaded wastewater 
disrupts natural water’s chemical properties, and adversely 
impacts aesthetics, resulting in the death of aquatic flora and 
fauna and health hazards to humans within the vicinity of 
this polluted discharge [6]. Numerous physical, chemical, 
and biological techniques such as oxidation, photocatalysis, 
phytoextraction, reverse osmosis, electrolysis, membrane 
treatment, and coagulation have been invented to remedi-
ate dye contaminants in wastewater [7–9]. However, these 
methods have associated drawbacks of less performance 
effectiveness, time-consuming, and involvement of high 
operational and maintenance costs [10, 11].

Recent studies have presented adsorption and mass 
transfer operations as the most attractive alternative 
for pollutant separation due to economical scalability, 
effectiveness, environmental benignity, ease of appli-
cations, and abundance of adsorbents [12]. Moreover, 
prominently used adsorbents such as activated carbon 
possess high surface area, porous morphology, and sur-
face chemistry to remove dyes from wastewater [13]. 
Nevertheless, activated carbons are expensive and dif-
ficult to regenerate [14]. Thus, cheap alternative materi-
als such as zeolite, graphene oxides, and natural wastes 
such as mango seed kernel, pineapple leaf powder, wheat 
bran, eggshell, and groundnut shell have been exploited 
[1, 10–15]. These materials are utilized directly or after 
light physicochemical treatment, such as carbonization. 
However, these biomass-derived materials have hydro-
phobic functional groups that make them less sensitive 
and dispersive in aqueous media, causing low adsorption 
capacity, low adsorbate-adsorbent interaction, and dif-
ficulty in regenerations [12].

Biomass, biodegradable organic materials from plants 
and animals, has been instrumental in sustainable develop-
ment through renewable energy resources, carbon seques-
tration, and the production of biomaterials [16]. Biomass 
conversion exploits physical extractions, thermochemical, 
and biochemical conversions into high energy materials 
for electricity, heat, and fuel [1]. Pyrolysis is the most 
attractive technique using anoxic conditions to thermally 
degrade carbon–neutral materials producing enriched 

energy products such as biochar, bio-oil, and syngas which 
are valuable in environmental applications [17]. Catalysis 
exploits the increment of the biomass carbonization pro-
cess by adding reagents such as metal oxides, zeolites, 
and silica-alumina to reduce operational conditions and 
attain high yielded pyrolysis products [18]. This process 
is achieved through an in situ catalytic pyrolysis process, 
where biomass and catalyst are mixed, or an ex situ cata-
lytic pyrolysis process, where pyrolysis vapor passes over 
the catalyst. Zeolite has been the most efficient catalyst 
because of its acidity and shape selectivity. It is benefi-
cial for producing aromatic compounds at temperatures as 
low as 550 °C compared to other catalysts such as metals 
and metal oxides [19]. Moreover, it can produce multiple 
products of bio-oil, syngas, and solid fraction. The liquid 
and gaseous products have been a great interest in energy 
technology. On the other hand, the solid fraction possesses 
residual enhanced functional groups with great potential 
for green sorbent in the ever-growing and demanding mass 
transfer wastewater treatment systems.

This study aims to propose an innovative method of pro-
ducing a valuable solid fraction of biochar/zeolite nanocom-
posite from in situ catalytic pyrolysis of green pea peels 
onto zeolite catalyst followed by alkaline activation. So, 
the agricultural waste will be converted into novel advanced 
and eco-friendly valuable nanocomposite material. This 
nanocomposite was evaluated as a novel adsorbent and its 
effectiveness in decolorization of two different dye types 
from aqueous solutions. The authors deduced that synthe-
sized material will exhibit abundant functional groups and 
sorption sites beneficial for wastewater purification. The 
structural and textural properties of the synthesized material 
were characterized by EDX, SEM, TEM, FTIR, XRD, and 
BET. A detailed study was performed on the effects of dye 
treatment parameters such as temperature, pH, dosage, ini-
tial concentration, and contact time. In an attempt to iden-
tify the dye decolorization process mechanism, adsorption 
isotherm, kinetics, and thermodynamics of the adsorption 
process were evaluated.

2  Materials and methods

2.1  Materials and reagents

Green pea peels (GPP) were collected from Alexan-
dria local market. Zeolite analytical reagent was pro-
cured from the Central Drug Housing, India. Sodium 
chloride (99%) was from the Alpha Chemical, India. 
Sodium hydroxide (97%) was purchased from the 
Alpha Chemical, Egypt. Potassium hydroxide (86%) 
was derived from the Dop Organik, Turkey. Hydrochlo-
ric acid (37% HCl) was procured from the Piochem, 
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Egypt. Nitric acid (67%) was supplied from the KGea, 
Merck, Germany. Ammonium chloride (99%) was sup-
plied from the Acros Organic, Belgium. Methylene 
blue was obtained from the Alpha Chemical, Egypt, 
with chemical formula  C16H18N3SCI, Mw = 319.85 g.
mol−1 (99%). Congo red with the chemical formula 
 C32H22N6Na2O6S2, Mw = 327.34 g.mol−1 (99%), was 
an analytic reagent purchased from the Central Drug 
Housing, India.

2.2  Methods

2.2.1  Preparation of green pea peels (GPPs)

The GPPs wastes were washed with distilled water several 
times to eliminate dirt and contaminants. It was dried 
under sunlight for 48 h, and later in a dryer at 105 °C for 
48 h. Dried GPPs wastes were crushed using an electric 
blender to obtain sizes less than 1 mm, after which they 
were ball milled to sizes less than 212 µm.

2.2.2  Activation of zeolite catalyst

Zeolite was protonated using the method by Ren et al. [20]. 
Ten grams of zeolite was activated at 400 mL of 0.3 M 
NaOH solution and stirred for 2 h at 85 °C. The hierarchical 
porous zeolite material was dried in an oven at 105 °C, and 

the material was cooled and kept in the desiccator for further 
utilization as activated catalytic material.

2.2.3  Catalytic pyrolysis of GPP for production of biochar/
zeolite bio‑composite nanomaterial

The in situ catalytic pyrolysis system consisted of a fixed 
bed system, electric furnace, and stainless-steel tubular 
reactor with dimensions equal to 30 cm in length and 5 cm 
in diameter with a total of 150 ml volume. This reactor was 
loaded with substrates kept inert under a supply of nitro-
gen. A thermocouple is attached to the heating medium 
to observe the temperature. At the start of the pyrolysis 
process, nitrogen at 20 ml/min is purged into the reactor 
system for 5 min to limit any due oxidation process. GPP 
waste and activated zeolite in a mixing ratio of 10:1 were 
placed at the reactor and heated at 450 °C at a ramping rate 
of 27 °C/min for 15 min, as shown in Fig. 1. The pyrolysis 
residue (solid fraction) was weighed, and its yield was 
determined [21]. The yielded solid fractions from the 
catalytic pyrolysis process were further activated using 
1 M of NaOH solution. The alkali activation process was 
performed through the solid fraction treatment with NaOH 
in a mixing ratio (1.0 g/20 ml W/V ratio) under heating 
at 450 °C for 1 h [22]. The prepared adsorbent material 
was designated as an activated biochar/zeolite composite 
(ABZC) nanomaterial.

Fig. 1  Thermal catalytic set-up 
of the process
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2.2.4  Characterization of prepared bio‑composite 
nanomaterial

The physico-chemical properties of the prepared acti-
vated biochar/zeolite composite (ABZC) nanomaterials 
were evaluated. The functional groups incorporated at 
the prepared ABZC were determined by FTIR (Shimadzu 
8400 s, Japan) in a spectra range of 400–4000  cm−1 using 
KBr pellet as a matrix containing 0.1% composite mate-
rial. The morphological changes in prepared material were 
determined using SEM (JEOL, JSM-6010LV, Japan). The 
quantitative elemental compositions and high-resolution 
images were determined by EDX equipped with TEM 
imaging (JEOL, JEM-2100F, Japan). The material crys-
tallinity was analyzed using the Bruker 2D phase XRD 
method in the angle range of 10–80° exploiting Cu-α radi-
ation. Nitrogen adsorption and desorption analyses were 
performed to determine pore properties using Microtrac 
MRB Belsorp Mini X, Japan. The sample was subjected 
to overnight degassing at 180 °C before analysis.

2.2.5  Point of zero charge

The  PHPZC of the prepared ABZC nanocomposite was deter-
mined by methods by K. Mensah et al. [23]. One hundred 
fifty milligrams of adsorbent was added to 100 ml of 0.1 M 
NaCl solution. The pH of the solution was adjusted between 
2 and 12 using 0.1 M  HNO3 and 0.1 M KOH. The solutions 
were shaken by an orbital shaker at 170 rpm for 24 h at room 
temperature to achieve equilibration. The change in solution 
pH was measured and plotted against the initial pH.

2.2.6  Preparation and analysis of adsorbate solutions

Two different industrial dye types of cationic MB and ani-
onic CR were selected as model water pollutants due to their 
draconian environmental and human effects. Stock solutions 
with 500 mg/l initial concentrations were prepared from 
each dye type by dissolving 0.5 g of the dye in 1 l of dou-
bly distilled water and stirred until complete homogeneity. 
Subsequent dilutions from each stock solution have lower 
concentrations of the dye solutions.

The remaining dye solution concentrations after the 
treatment process were determined using a UV–Vis spec-
trophotometer (JASCO 360 spectrophotometer, Japan) 
from a standard calibration curve prepared by measuring 
the absorbance of known dye concentrations at maximum 
wavelengths of 663 nm and 504 nm for MB and CR, respec-
tively. The pH of the solution was determined using a mul-
tiparameter reader (JENWAY 370 pH meter, UK).

2.3  Evaluation of the adsorption performance 
of ABZC nanocomposite toward anionic 
and cationic dyes

The prepared ABZC nanocomposite was tested as a bio-
adsorbent to remove cationic MB and anionic CR dyes 
from synthetic wastewater solutions using a batch adsorp-
tion technique using a batch adsorption technique at 250 mL 
capped volumetric flask agitated at 170  rpm by Orbital 
shaker (INCU Mini shaker, USA). Parameters such as 
adsorption dosage (50–250 mg), initial dye concentration 
(50–250 mg/l), solution pH (2–12), solution temperature 
(20–50 °C), and contact time (0–90 min) were studied. 
The pH of the solution was adjusted using 0.1 M NaOH 
and 0.1 M HCl. Final concentrations of the treated solutions 
were determined for supernatant liquid after centrifugation at 
6000 rpm for 7 min. The final concentrations were calculated 
from a pre-determined calibration curve. Percentage removal 
and uptake capacity  (qt) of the prepared ABZC nanocom-
posite were calculated from the following Eqs. 1 and 2 [24].

where qt is the dye uptake capacity (mg/g) at a time, t; Co is 
the initial dye concentration; Ct is the dye concentration at 
time t; W is the dry weight of adsorbent used; and V is the 
volume of solution.

After dye removal, the resulting solid materials that 
adsorbed dyes were filtered, dried in an oven, and charac-
terized by FTIR and SEM as an attempt to investigate the 
adsorption mechanism.

3  Results and discussions

3.1  Influence of adsorption processing parameters

3.1.1  Influence of contact time

The contact time of the adsorption process is a paramount 
factor that directly influences the kinetics of the reactions. 
Figure 2 revealed the influence of contact time on both the 
CR and MB dye removal onto the prepared ABZC nano-
composite at a constant dosage of 5 g/l with 50 mg/l ini-
tial dye concentration, pH 7, and temperature at 25 °C. In 
both cases, the dye removal process was rapid at the initial 
stages, attaining 73.64% for MB and 31.6% for CR within 
the first 10 min. This high increment can be explained by the 

(1)% removal =
Co − Ct

Co
∗ 100%

(2)qt =
Co − Ct

W
∗ V
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accessibility of sizeable active adsorbent sites to be inter-
acted with the dye molecules [20]. The equilibrium state 
was recorded at 20 and 30 min for MB and CR, respectively. 
After equilibrium, there was a slight increment in dye per-
centage removal with time. This phenomenon is attributed to 
the saturation of ABZC active sites [25]. Considerately, the 
MB and CR sorption equilibration time was fixed at 60 min 
to ensure the completion of the adsorption process.

3.1.2  Influence of adsorbent dosage

The influence of ABZC nanocomposite dosages (5–25 g/l) 
on dye percentage removal was performed at constant initial 
dye concentrations of 50 mg/l, pH 7 at contact time of 60 min, 
and solution temperature of 25 °C. Figure 3 revealed the 
improvement of dye percentage removal from 83.9 to 86.9% 
for MB and from 46.1 to 53.3% for CR with increasing mate-
rial dosages from 5 to 25 g/l. Contrarily, the uptake capacity 
decreases from 83.9 to 17.4 mg/g for MB and from 46.1 to 
10.7 mg/g for CR dye with increasing material dosages from 
5 to 25 g/l. [26]. A rapid increase in percentage MB removal 
to 83.9% and 46.1% for CR dye at a dosage of 25 mg/l is 
attributed to the increment in material surface area and active 
sites available for the adsorption process [27]. Reduction in 
MB and CR dye uptake capacity is attributed to more active 
sites available against few dye molecules to occupy the active 
sites leaving most active sites unoccupied [28].

3.1.3  Influence of initial dye concentration

The influence of initial dye concentrations ranged from 
50 to 250 mg/l was studied at a constant material dosage 

of 5 g/l at neutral solution pH and room temperature for 
60 min. Figure 4 revealed enhanced dye uptake capacity 
with an increment in the initial concentration for both 
CR and MB. Popularly, the adsorption process depends 
mainly on the concentration gradient, presence of adsor-
bent active sites, adequate amounts of MB and CR mol-
ecules, porosity, and surface area of adsorbent beside 
the available functional groups for electrostatic attrac-
tion of pollutants [29]. Consequently, there is a rise in 
dye uptake capacity from 83.2 to 387.9 mg/g for MB 
and from 51.4 to 144.9 mg/g for CR dye with increas-
ing initial dye concentration from 50 to 250 mg/l. The 
increment is attributed to the driving force for mass 
transfers that originated from concentration gradient 
and the ability of more dye molecules to surround active 
sites of the ABZC nanocomposite material at fixed dos-
ages [30, 31].
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3.1.4  Influence of solution temperature

Temperatures’ contribution to the adsorption process is 
instrumental in understanding the thermodynamics of the 
adsorption process. Figure 5 revealed the influence of solu-
tion temperature from 20 to 50 °C in presence of a constant 
ABZC dosage of 5 g/l for 60 min and neutral pH. There was 
a substantial enhancement of MB and CR dye removal from 

82.6 to 90.1% and from 49.0 to 58.1%, respectively. This 
phenomenon may be elucidated by the increment in tem-
perature speeds up the mobility of the MB and CR dye mol-
ecules granting numerous dye molecules to obtain sufficient 
energy to interact with the ABZC active sites. Furthermore, 
the increase in solution temperature may increase the inter-
nal swelling in the adsorbent’s pore structures that allows 
more dye molecules to penetrate the ABZC material [32]. 
Accordingly, the adsorption of MB and CR onto synthesized 
ABZC nanocomposite can be predicted as endothermic.

3.1.5  Influence of solution pH

pH performs an instrumental role in regulating the charges 
on the ABZC surface and the ionization degree of CR and 
MB dye molecules during the adsorption process. Figure 6 
revealed the effect of solution pH at the studied range of 
2–12 using a constant 5 g/l from ABZC dosage. The adsor-
bent’s point of zero charge  (PHPZC) is also determined as an 
isoelectric point (IEP) which describes the point at which the 
surface of the adsorbent is neither basic nor acidic.  PHPZC 
of the composite was estimated as 7.3 from a plot of ΔpH 
versus pH (Fig. 7). At pH ˂  PHPZC, the surface of the ABZC 
is positively charged, while at pH ˃  PHPZC, the surface of the 
ABZC is negatively charged [33]. The behavior is associated 
with protonation and deprotonation, respectively.

It was indicated from Fig. 6 that MB dye removal was 
enhanced from 29.3 to 87.5% with increasing solution 
pH from 2 to 12. On the other hand, CR dye removal 
was amplified from 29.7 to 84.1% by increasing the solu-
tion acidity [20]. At the basic solution, the adsorbent 
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surface acquires negative charges due to deprotonation. 
Thus repulsion force is predominant between the anionic 
CR dye molecules and the negatively charged adsorbent 
surface leading to lower dye removal [34]. Contrarily, 
an attraction is shared between the negatively charged 
adsorbent and the cationic MB molecules increasing the 
dye removal. Similarly, in an acidic solution, positive 
charges are acquired onto the adsorbent surface due to 
protonation. Accordingly, electrostatic repulsion occurs 
between the positively charged adsorbent surface and cati-
onic MB dye molecules, whereas attractive forces occur 
between the anionic CR dye molecules and the positively 
charged adsorbent [35]. Moreover, the decrease in MB 
dye removal at a solution of pH = 2 is may be ascribed to 
the dissolution of aluminum ions in the zeolite matrix that 
may take place at high solution acidity [36].

3.2  Adsorption equilibrium

Adsorption equilibrium isotherms represent the distribu-
tion of MB and CR dye molecules on both solid and liquid 
phases. Therefore, models offer insight into the affinities 
and surface properties of the adsorbents [37]. The interac-
tions between MB and CR dye molecules on the ABZC 
surface with the dye molecules in solutions can be compre-
hensively investigated using adsorption isotherms. Com-
monly applied adsorption isotherms in comprehension of 
the nature of adsorption are described as the following.

3.2.1  Langmuir model

Langmuir’s model describes the adsorption process on the 
homogeneous monolayer surface of the adsorbent. This 
model utilizes significant assumptions of adsorption sites 
being equally probable, and the active sites do not undergo 
interactions with one another until fully occupied the sur-
face. Langmuir model is expressed as Eq. 3 [38].

The expression of the linearized Langmuir model is pre-
sented in Eq. 4 [39]:

where qe (mg/g) refers to the quantity of CR and MB 
adsorbed at equilibrium, Ce (mg/l) is equilibrium concentra-
tion, and kL (L/mg) and qmax (mg/g) are Langmuir constants 
relating to energy of adsorption. Graphical representations 
of 1/Ce versus 1/qe (Fig. S2a i & ii) were straight lines. 
Langmuir constants were obtained from the slopes and inter-
cepts of the graphs, and the results are presented in Table 1.

It was evident from Table 1 that  R2 values were calculated 
as 0.9346 and 0.9779 for MB and CR dyes, respectively, 
exhibiting good linearity and strong evidence of the appli-
cability of Langmuir isotherm for describing the sorption 
process of the studied dye types onto the prepared adsorbent. 
This assumes uniform sorbent distribution and monolayer 
coverage of dye molecules onto the ABZC nanocomposite 
surface. The  qmax value for MB adsorption was recorded as 

(3)q =
q
maxKlc

1 + K
lc

(4)
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Fig. 7  Study of point of zero charge of the adsorbent

Table 1  Adsorption isotherm of the composite after interaction with 
MB and CR

Isotherm parameter 
(type of model)

Parameters Values

MB CR

Langmuir qmax (mg/g) 534.8 163.9
RL 0.4853 0.5123
KL (L/mg) 0.0212 0.0190
R2 0.9346 0.9779

Freundlich Kf 14.09 14.36
1/n 0.7882 0.4218
R2 0.9018 0.9424

Temkin KT (L/mg) 0.1586 0.1673
BT (J/mol) 161.64 37.63
R2 0.7213 0.941

D-R BD  (mol2/kJ2) 0.00002 0.00009
qm (mg/g) 297.97 122.8
E (kJ/mol) 158.11 44.51
R2 0.6826 0.9113
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534.76 mg/g which was higher than that of CR dye adsorp-
tion recorded as 163.9 mg/g. Similarly, the  RL values were 
0.4853 for MB dye and 0.5123 for CR dye; all these values 
are within the range of 0–1 thus describing the favorability 
of the adsorption process.

3.2.2  Freundlich model

The Freundlich model depicts heterogeneous multilayer 
adsorption systems of MB and CR dyes adsorption, con-
sidering an assumption of different active sites with vary-
ing adsorption energies. Freundlich’s model is expressed as 
Eq. 5 [39]:

The linearized expression of the model is investigated 
in Eq. 6:

where kf is the Freundlich constant relating to uptake capac-
ity, whereas n is a constant depicting adsorption intensity, 
both attainable from the graph. The plots of log  qe against 
log  Ce (Fig. S2b i & ii) are straight lines. The estimated 
parameters are presented in Table 1.

The results revealed that the magnitude of parameter 1/n 
was 0.7882 and 0.4218 for MB and CR dyes, respectively, 
which are lower than 1. These results describe the favorable 
adsorption process of the dye molecules onto the ABZC 
surface. It was also evident that  R2 values of 0.9018 for MB 
and 0.9428 and CR dye adsorption were lower than the cor-
responding Langmuir values indicating that these adsorption 
processes do not closely adhere to the Freundlich model.

3.2.3  Temkin model

The Temkin model accounts for the heterogeneous surface of 
the adsorbent while manifesting adsorbate-adsorbent inter-
actions. The model also relies on the following assumptions: 
(i) heat of adsorption of CR and MB molecules in the layer 
diminishes linearly with coverage owing to dyes-composites 
interactions and (ii) a distinct adsorption characteristic is the 
stable distribution of binding energies to the maximum bind-
ing energy. Temkin model is expressed as Eq. 7:

The linear form of the model is linearized in Eq. 8:

where B =
RT

b
 is the Temkin constant relating to the heat 

of adsorption, whereas  KT is the equilibrium constant 

(5)q
e
= k

f
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1

n

(6)logq
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(7)qe =
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ln(K
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C
e
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(8)q
e
= BlnK

T
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responding to the binding energy. Representations of plots 
of  qe versus ln  Ce (Fig. S2c i & ii) are straight lines with 
other constants presented in Table 1.

The values of  R2 were calculated as 0.7213 and 0.941 for 
MB and CR dyes, respectively. These values are less than 
those calculated by Langmuir and Freundlich, indicating that 
the Temkin model does not closely describe these adsorption 
processes. The binding constant value of  KT was calculated as 
0.1673 for CR which was greater than that of MB that equals 
to 0.1586. These results confirm the stronger binding of CR 
dye to the ABZC surface compared with MB dyes molecules.

3.2.4  Dubinin–Radushkevich model

D-R model describes the adsorption phenomenon based on 
pore structure on the ABZC surface. The  BD constant relates 
to the mean free energy per mole of dye transferred from the 
intrinsic distribution in solution to the solid phase. D-R model 
best established whether the mechanism of the adsorption pro-
cess is physical or chemical and is described by Eq. 9 [40]:

The linear illustration of the D-R isotherm is linearized in 
Eq. 10:

where qD is the D-R constant which reflects the degree of 
sorbate adsorption by the ABZC surface, and  BD is a con-
stant relating to the mean free energy of adsorption. E is a 
Polanyi  potent ia l  descr ibed by the equat ion 
� = RTln

(

1 +
1

Ce

)

;
The linearized plots of ɛ2 versus ln  qe (Fig. S2d i & ii) 

yielded a correlation coefficient  R2 of 0.6826 and 0.9113 for 
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Table 2  Kinetics parameters after MB and CR removal

Kinetic parameter (type of 
model)

Parameters Values

MB CR

Pseudo-first order K1  (min−1)  − 0.0021  − 0.00103
qe, exp (mg/g) 83.17 51.44
qe, cal (mg/g) 52.54 73.27
R2 0.9024 0.963

Pseudo-second order K2 (mg/g/min) 0.0085 0.0042
qe, exp (mg/g) 83.17 51.44
qe, cal (mg/g) 87.72 55.25
R2 0.9983 0.9923

Intraparticle diffusion C 18.73 13.16
Kid 10.70 4.788
R2 0.7792 0.7628
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MB and CR dyes, respectively. Other calculated constants 
are presented in Table 2.

It was evident that the magnitude of the calculated cor-
relation coefficient was lower than those obtained from other 
models indicating that D-R was the least fit for these sorp-
tion processes. Additionally, the values of free energy, E, 
were 158.1 kJ/mol for MB and 44.51 kJ/mol for CR dye, 
which were higher than 8 kJ/mol, indicating that the sorption 
was a chemical process [40].

3.3  Kinetic models

The rates at which MB and CR dyes were adsorbed on sorb-
ent surfaces are paramount for evaluating reaction kinetics 
using a theoretical model for associated benefits of design 
and control of adsorption units [41]. Possible pseudo-first-
order, pseudo-second-order, and intraparticle diffusion 
applications were tested, and linear regression coefficient 
 R2 was used to select the best fit model for evaluating the 
nature of the adsorption process.

3.3.1  Pseudo‑first‑order

The first-order model exploits the CR and MB dye uptake 
changes with time, relating to the difference between satu-
ration dye concentrations and the amount of dyes adsorbed 
with time.

Pseudo-first-order was evaluated from a linear expression 
according to Eq. 11 [42]:

where qeandqt (mg/g) are amounts of CR and MB adsorbed 
at equilibrium and time, t, respectively, whereas k1  (min−1) 
is a first-order reaction constant. Values of qe,  K1 and  R2 
calculated from the linearized graphical representations of 
ln (qe-qt) against t (Fig. S3) that fitt first-order are tabulated 
in Table 2.

The graphic illustrations suggested low  R2 values of 
0.9024 and 0.963 for MB and CR dyes, respectively, imply-
ing that the processes were not closely related to the first 
order. Moreover, the values of  qeexp and  qecal substantially 
deviate from each other, confirming that the dye sorption 
processes onto ABZC are not first order.

3.3.2  Pseudo‑second‑order

The second-order model exploits the assumption of chemical 
interactions between CR and MB dyes onto ABZC mate-
rial surfaces. The expression of this model is presented in 
Eq. 12 [43]:

(11)ln
(

q
e
− q

t

)

= lnq
e
− k

1

The illustration of a linearized form of the model is illus-
trated in Eq. 13:

where  k2 (g/mg/min) is the second-order kinetic equilibrium 
constant, qt and qe (mg/g) are the quantities of MB and CR 
adsorbed at the time (t) and equilibrium, respectively. The 
investigation of this model was recorded from the plot of t

qt
 

against t (Fig. S4), revealing straight line graphs and other 
calculated parameters presented in Table 2. The  R2 values 
were 0.9923 for CR dye and 0.9983 for MB dye, indicating 
closer compliance to the second kinetic order than the first 
order. Furthermore, the  qecal and  qeexp in Table 2 are closely 
related in their values, confirming that the kinetics of the two 
dye removal processes were second-order models.

3.3.3  Intraparticle diffusion model

The intraparticle model assumes that the adsorption rate 
depends on the solid adsorbent properties such as size, 
functional groups, shape, surface area, porosity, and sur-
face charge [44]. The expression of the linearized model is 
illustrated in Eq. 14:

where  kid is the intraparticle diffusion rate constant. The lin-
ear graphical illustrations of qt versus  t1/2 (Fig. S5) are to be 
rendered by an adsorption process that follows intraparticle 
diffusion, and the plot must pass through the origin.

From Fig. S5, there are substantial deviations from the 
origin, indicating that the removal of CR and MB dyes may 
not be returned to particular diffusion but other methods 
such as surface diffusion, surface adsorption, and film dif-
fusion may contribute to the process. The non-zero values 
of 18.73 and 13.16 indicated an enhanced effect of boundary 
layers in removing both MB and CR dyes onto ABZC.

3.4  Thermodynamics

Thermodynamic parameters of the adsorption process are 
indicators for evaluating the practicability as they consider 
the energy and entropy to assess the possibility of a sponta-
neous process [45].

The thermodynamic parameters ( ΔGo
= Gibbs free energy change , 

ΔHo
= Enthalpy change and ΔSo = Entropy change) of 

uptake of CR and MB dyes onto the ABZC surface are influ-
enced by the temperature at which the process is occurring:
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where equilibrium constant kL =
CBE

CAE

CAE and CBE are the equilibrium concentrations of CR 
or MB on solution and sorbent, respectively. Entropy and 
standard enthalpy were determined from the Van Hoff 
equation.

The energy of activation Ea was estimated based on the 
relationship between Ea and ΔHo reaction in solution.

ΔSo and ΔHo were obtained from intercept and slope of 
linearized plots of lnKL vs 1

T
 (Fig. S6) and the rest of the 

tabulated data are represented in Table 3.
The calculated ΔGo have negative values in the range of 

0 to − 20 kJ/mol implying that both CR and MB removal are 
spontaneous, thermodynamically favorable, and a physical 
process [46]. The values of ΔHo for both CR and MB dyes 
are within a range of 1 to 93 kJ/mol. The positive values of 
ΔHo confirm that the sorption dye processes are classified 
as endothermic processes [47]. Furthermore, the positive 
ΔSo values revealed increased randomness on dye-ABZC 
nanocomposite interface and good affinity of dyes towards 
ABZC during the adsorption process [48, 49].

As determined from Arrhenius Eq. 19, the activation 
energies involved for MB dye removal ranged from 19.65 to 
19.89 kJ/mol, whereas CR dye removal ranged from 11.82 
to 12.06 kJ/mol. The low value of  Ea further proposes that 
the adsorption processes are governed by physisorption phe-
nomena [50].
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3.5  Characterization of the prepared ABZC 
nanocomposite bio‑adsorbent

3.5.1  XRD analysis

The diffraction pattern analysis of the synthesized ABZC 
nanomaterial and the free activated zeolite catalyst was con-
ducted between Bragg’s angles of 10–80° (Fig. 8). It was 
evident from Fig. 8a that ABZC nanocomposite has a broad 
peak at 20–30°. This broad peak indicated the coexistence 
of carbonaceous material, while the crystalline peaks were 
crystal traces of zeolite. This is further validated by the dif-
fractogram in Fig. 8b that predominated with sharp crystals 
of zeolite type Y or Fajausite materials (ICCD standard No 
071–0987). The main constituents of zeolite crystals were 
quartz  (SiO2) which appears at the characteristic peaks 

Table 3  Thermodynamic 
parameters after CR and MB 
removal performed between 293 
and 313 K

Dye Temp (K) 1

T
(K−1) K

L
lnK

L
ΔG

o(kJ/mol) E
a
(kJ/mol) ΔH

o(kJ/mol) ΔS
o(kJ/mol/K)

MB 293 0.0034 9.504 2.252  − 5.485 19.65 17.21 77.70
303 0.0033 12.68 2.540  − 6.398 19.73
313 0.0032 15.97 2.771  − 7.211 19.81
323 0.0031 18.19 2.901  − 7.790 19.89

CR 293 0.0034 1.925 0.6548  − 1.595 11.82 9.379 37.55
303 0.0033 2.259 0.8151  − 2.053 11.90
313 0.0032 2.468 0.9032  − 2.350 11.98
323 0.0031 2.779 1.022  − 2.745 12.06

Fig. 8  XRD pattern of a ABZC nanocomposite and b zeolite catalyst
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of 21.4°, 27.01°, 36.8°, and 40° (JCPDS 083–2469) and 
alpha quartz  (SiO2) presented at 50.2° and 59.8° (JCPDS 
078–1252). Also,  KAlSi2O6 was represented at the charac-
teristics peaks of 42.7° (JCPDS 26–0893). Finally,  Al2O3 
was indicated at peaks at 46.03° (JCPDS 075–0921).

3.5.2  Transmission electron microscopy and elemental 
compositions

The TEM micrographs and EDX compositions of elements 
at the prepared ABZC nanocomposite were assessed by 
TEM equipped with EDX. The TEM image investigated in 
Fig. 9a revealed rippled and entangled grey surface indicat-
ing the dominance of carbonaceous components in the com-
posite material. The material surface indicated in Fig. 9b and 
c was covered by bright agglomerated particles that may be 
related to zeolite material. Moreover, these micrographs con-
firm the successful preparation of ABZC nanocomposite in 
nano-range with an average particle size of 30–40 nm. The 
EDX results (Fig. 9d) indicated that carbon was the most 
predominant in the composite matrix with 65.8% weight per-
cent. There were sizable quantities of calcium, sodium, and 
silicon which confirm the presence of mesoporous zeolite 
[51]. The minor presence of other metal oxides originated 
from the biomass precursor. These results confirm the suc-
cessful preparation of activated biochar/zeolite nanocompos-
ite material that gives prediction about the material’s ability 
to be evaluated as a good adsorbent toward adsorption of 
various dye types. Moreover, the presence of  SiO2 in the 
composite material postulates the good adsorption potential 
as an active silanol group in the activated carbon matrix that 

possesses the strong potential to interact with both studied 
dye types for their decolorization [52].

3.5.3  BET surface area and pore sizes

The specific surface area analysis and surface morphological 
pore size distribution are vital parameters with a supreme 
influence on the uptake of MB and CR dyes. The porous 
structural properties establish the adsorbent surface’s dif-
fusion rate to material pores during physisorption [53]. The 
total pore volume, specific surface area, and average pore 
diameters of the prepared nanocomposites before and after 
activation are presented in Table 4.

Nitrogen adsorption and desorption isotherm of compos-
ite material before and after activation reveal mesoporous 
solid with a type III isotherm conferring to IUPAC nomen-
clature, with varying pore diameter sizes as shown in 
Fig. 10.

It was evident from Table 4 that the alkaline activation 
reduced the particulate property of mean pore diameter from 

Fig. 9  TEM images (a, b, and 
c) and elemental composition 
(d) of the ABZC nanocomposite 
material

Table 4  BET surface area results of the composite prior and after 
activation

Material BET surface 
area  (m2/g)

Mean Pore 
diameter 
(nm)

Total pore 
volume 
 (cm3/g)

Composite before activa-
tion

1.85 19.84 0.0101

Composite after activation 15.3 3.865 0.0148
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19.84 to 3.865 nm but increased the total pore volume of the 
material from 0.0101 to 0.0148  cm3/g and specific surface 
area from 1.85 to 15.3 m.2/g. These changes indicate that 
KOH reacts with ABZC nanocomposite to release volatile 
compounds initially uncarbonized in the fast pyrolysis pro-
cess [54, 55]. Furthermore, the alkaline activation process 

created additional pores due to reduction and oxidation reac-
tions causing a decrease in pores from 19.84 to 3.865 nm 
[56]. The improvement in material pore volume is attributed 
to the rearrangement of the composite structure due to the 
increasing number of pores [57]

3.5.4  Scanning electron microscopy

The SEM micrograph images of the composite material after 
and before the removal of CR and MB dyes are investigated 
in Fig. 11. The SEM images revealed heterogeneous sur-
faces with dissimilar pore sizes and shapes. The material’s 
morphology confirms the incorporation of the deposits of 
residual zeolite catalyst in the underlying char matrix, as 
revealed in Fig. 11a [58]. The chemical activation of the 
solid fraction introduced the pores as illustrated in the 
images. After adsorption process of both MB and CR dyes, 
a new thick layer coverage of material was deposited on 
the material surface, accompanied by the closure of existing 
pores causing smoothening of the micrograph. These results 
confirm the uptake of the dyes on the adsorbent material 
(Fig. 11b and c) [59].

3.5.5  FTIR analysis

FTIR molecular studies were performed in a wavelength 
region of 400–4000  cm−1 to ascertain functional group varia-
tions of the adsorbent before and after the adsorption process 
(Fig. 12). The spectrum of the adsorbent revealed a broad 
peak at 3419  cm−1 due to O–H vibrational stretching and a 
narrower at 1619  cm−1 ascribing to C = C aromatic stretch-
ing, an intrinsic property of  sp2 graphitic carbon [52, 53]. 
In the fingerprint region, a peak that appeared at 1386  cm−1 
is attributed to S = O symmetrical stretching [60]. Other 
peaks appear at 1048  cm−1 ascribing to Al–O–Si asymmet-
ric vibration stretching and 870  cm−1 accredited to Si–O-Si 
vibrations stretching [61]. The peak at 570  cm−1 corresponds 
to the symmetrical stretching of the zeolite inner tetrahedra 
structure, which results in Si–O-Si deformation [62].
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Fig. 10  N2 adsorption–desorption isotherm and pore distribution 
before and after activation

Fig. 11  SEM image of the composite material before and after dye adsorption, a free composite, b MB composite adsorbed, c CR composite 
adsorbed



14885Biomass Conversion and Biorefinery (2023) 13:14873–14888 

1 3

The adsorption mechanism of CR and MB dyes can be 
described by alterations in the infrared spectra (IR) free dye 
composite and dye-bound composite. Quantifiable and size-
able changes in peaks were experienced for instance changes 
in peak intensities, shifts in peak positions, and disappear-
ance of preexisting peaks. The peak at 3419  cm−1 for the 
free ABZC nanocomposite was shifted to 3427  cm−1 and 
3392   cm−1 after MB and CR interactions, respectively, 
with weakened intensity. This is an indication that the dye 
molecule uptake by the synthesized nanocomposite mate-
rial occurs by physical displacement of water postulating 
hydrogen bonding as the adsorption mechanism.

The peak presented at 1634  cm−1 of the aromatic (C = C) 
groups of ABZC nanocomposite was shifted to the lower 
wavelength of 1605  cm−1 for MB and 1580  cm−1 for CR dye 
adsorption with a reduction in intensity. The MB and CR 
dye molecules possess C = C bonds with � electrons capable 
of interacting with � electrons of the nanomaterial via �-� 
electron stacking [63]. Other peaks at ABZC nanocomposite 
of 1048  cm−1 and 870  cm−1 were shifted to lower positions 
of 1045  cm−1 and 872  cm−1 for MB and 1034  cm−1 and 
754  cm−1 for CR dye molecules. This indicated the interac-
tion of the silanol group in the nanocomposite with the OH 
and  SO3

− of the MB and CR dye molecules via electro-
static interaction as revealed in Fig. S1. Moreover, the  NH2 
group in the CR is potentially protonated to  NH4

+. The situ-
ation initiates an interaction of polar moiety of  NH4

+ with 
Al–O–Al causing a decrease in peak intensity [64]. The peak 
at 570  cm−1 shifted to the lower wavelength of 565  cm−1 for 
MB and 564  cm−1 for CR accompanied by a reduction of the 
spectrum intensity. The vibrating double four rings of zeolite 
structure consist of tetrahedra structure with  (AlO4)5− and 
 (SiO4)4− connected via oxygen atoms. The  Si4

+ possesses 

the potential to be replaced by  Al3+ via isomorphism to pro-
duce negative charges with further potential to bind with the 
cationic surface of MB and CR dyes [65, 66].

The deviations in the FTIR spectra of hydroxyl, aromatic, 
silicate, alumina, and deformed inner zeolite indicated an 
interlinkage between the functional group of the synthe-
sized nanocomposite with a possible strong affinity towards 
adsorption of both MB and CR dyes [67].

3.6  Mechanistic postulation

A mechanism to elucidate the nature of adsorption can be 
proposed by an understanding of surface morphological 
changes, experimental conditions, and FTIR [68]. Accord-
ingly, SEM micrographs demonstrated pore filling of the 
synthesized material by the dye as a possible mechanism. 
The FTIR spectrum of the synthesized free composite mate-
rial and the dye-bound composite material indicated changes 
in positions and intensities of the major functional groups of 
ABZC nanocomposite. This implied Van der Waals forces, 
hydrogen bonding, �-� electron stacking, and electrostatic 
interaction as possible mechanisms [59]. Furthermore, the 
variations of pH as an experimental condition indicated the 
role of protonation and deprotonation to cause electrostatic 
interaction [58].

3.7  Validation of the performance of ABZC 
nanocomposite as adsorbent compared 
with various carbon‑based materials

The uptake capacities of MB and CR dyes onto the com-
posite material were compared with other available materi-
als from the literature as indicated in Table 5. The results 
revealed that the composite material exhibited better uptake 
capacity than most carbon-based materials.

Fig. 12  FTIR spectra of the ABZC composite before and after dyes 
adsorption

Table 5  Comparison of maximum adsorption capacity of the com-
posite with other carbon-based adsorbents

Pollutant Adsorbent qmax (mg/g) References

MB Chitin Alp Kao nanocomposite 476.19 [60]
Bamboo based activated carbon 454.20 [61]
Graphene oxide 714 [62]
Filtrasorb 476 [63]
Green biochar/iron oxide com-

posite
562 [64]

ABZC 534.8 This study
CR Chitin Alp Kao nanocomposite 104.6 [60]

Ball milled bagasse 39.8 [65]
Carbon nanotube 231.8 [66]
Hierarchical nanotube 125 [67]
Neem leaf powder 28.3–41.2 [68]
ABZC 163.9 This study
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4  Conclusions

This study highlighted a success in reusing activated 
biochar-zeolite nanocomposite for uptake of both dye 
types MB and CR. This novel nanocomposite was fabri-
cated as a solid fraction from thermal catalytic conver-
sion of biomass. The nano-diameter of prepared ABZC 
was determined using TEM imaging. Experimental dye 
adsorption parameters such as material dosage, tempera-
ture, and contact time positively influenced MB and CR 
dye removal process. Solution pH exhibited increased 
CR dye removal in the cationic medium, whereas MB 
dye removal was increased in the anionic medium. 
Thermodynamic parameters ( ΔGo

,ΔHo
,ΔSo ) were cal-

culated. The negative ΔGo and positive ΔHo indicated 
the spontaneity and endothermic nature of the process, 
whereas the positive ΔSo indicated disorderliness at the 
solid–liquid interface. Equilibrium experimental data 
were best assessed by Freundlich, Langmuir, Temkin, and 
Dubinin–Radushkevich models. The equilibrium results 
best fitted the Langmuir model with  R2 of 0.9346 for 
MB and 0.9779 for CR dye. The maximum monolayer 
sorption capacities were calculated as 534.8 mg/g for 
MB and 163.9 mg/g for CR dye, indicating that the pre-
pared material had competitive performance against other 
carbon-based adsorbents. The kinetics of the sorption 
process was pseudo-second-order and further hinted 
against intraarticular diffusion as the rate-determining 
step. FTIR studies postulated hydrogen bonding, Van 
der Waals forces, �-� electron stacking, and electro-
static interactions as possible adsorption mechanisms. 
This study is paramount to ensure the recovery of waste 
for beneficial usage.
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