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a b s t r a c t
Biochar- and zeolite-supported iron oxide catalyst (BC-Fe and Z-Fe, respectively), were prepared 
from industrial by-products using a solvent-free method. The effectiveness of the prepared cat-
alysts was tested by conducting batch experiments to remove methyl orange (MO) dye from dye-
laden water. The optimum process variables for a maximum removal efficiency were identified 
using the Box–Behnken design of experiments (DoE) technique. The variables chosen were contact 
time, adsorbent dosage, pH, and initial adsorbate dosage. BC-Fe has a removal efficiency of 95% 
at a high acidic pH with a lower adsorbent concentration (3–5 g/L), as compared to that of the 
Z-Fe adsorbent (4–5 g/L). The higher surface area and pore volume of BC-Fe (66.998 m2/g, 17 cc/g) 
than that of Z-Fe (50.039 m2/g, 13.07 cc/g) resulted in a better removal efficiency with a low adsor-
bent dosage. Statistical verification was performed to check the real-time robustness of the devel-
oped Box–Behnken DoE model. The methyl orange (MO) dye adsorption was best described by 
the Langmuir, Freundlich and Temkin adsorption isotherms. Kinetic studies revealed that the 
pseudo-second-order kinetic model with rate constants of 0.01156 (BC-Fe) and 0.02063 g/mg·min 
(Z-Fe) was the best fit for adsorption. Thermodynamic studies revealed that the adsorption is 
spontaneous and endothermic with an increase in randomness at the solid–liquid interface.
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1. Introduction

Rapid industrialization has resulted in the generation 
of huge quantities of waste. The lack of proper segregation 
and processing of these wastes results in water and air pollu-
tion. The idea of converting waste to energy was developed 
earlier, and research to properly utilize these energy forms 
is progressing. Industries are generating large amounts of 
biomass waste, which are a good energy source that can be 
used in various applications. Waste-to-energy conversion is 
considered the most efficient method for reducing the pol-
lutant load on water bodies, soil, and air. Biomass can be 
converted into carbonaceous forms for use as adsorbents 

and supports in various physical and chemical processes. 
Various studies have been conducted using C produced 
from biomass to remove pollutants, such as color, turbidity, 
heavy metals and their derivatives, and dyes, from chemical 
industry effluent water [1–5].

Methyl orange (MO) is a water-soluble acidic anionic 
azo dye used in the textile industry as a dye pigment, food 
industry, printing, paper manufacturing, pharmaceuticals, 
analytical chemistry laboratory experiments, and other 
commercial applications. It is mainly used in analytical 
chemistry laboratories as an acid–base indicator. MO can 
function as a weak acid when the aqueous solution has 
a pH of approximately 6.5 (5 g/L, H2O, 20°C) [6], making 
it suitable for use as an acid–base indicator. Wastewater 
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containing MO has a poor biochemical purification abil-
ity; thus, it is difficult to degrade. It is a threat to human 
health and damages the ecological balance owing to its 
carcinogenicity and mutagenicity [7]. Other health hazards 
include vomiting, breathing problems, and diarrhea [8]. 
Upon ingestion, it is metabolized to aromatic amines, which 
may lead to intestinal cancer [9,10]. The release of MO dye 
into water bodies reduces the penetration of sunlight into 
aquatic streams, which destroys aquatic plants and other 
organisms. Thus, it is necessary to develop an economi-
cal and efficient method for removing dye pigments from  
wastewater.

Various conventional methods include chemical and 
electrochemical methods [11], membrane separation [12], 
physical methods such as adsorption [2,3], and biological 
treatment methods. Adsorption is considered a simple, effi-
cient, and cost-effective method, as compared to the other 
methods. High surface area and porosity are key elements 
to be considered when selecting an adsorbent for specific 
use [13]. Minerals, organic and inorganic materials such 
as activated clay minerals and C, industrial by-products, 
zeolite (Z), polymer materials, and metal oxides are com-
monly used adsorbents for the removal of pollutants from 
wastewater [4,13–17]. The major drawback of adsorption 
technology is the difficulty and cost of adsorbent regener-
ation after the specified purpose of removing pollutants 
from wastewater. This can be overcome by using indus-
trial by-products, which is considered waste from the 
production unit, as raw materials for the adsorbent.

This study focuses on the use of industrial by-products, 
such as biomass from the Ayurveda industry and spent 
Z from the fluid catalytic cracking (FCC) unit of a petro-
leum refinery, for the support of metal oxides. Iron oxide, 
obtained as a by-product of an acid regeneration plant in 
the TiO2 manufacturing industry, is used as a catalyst for 
the removal of MO from wastewater. Metal oxides and 
supports are thermally and mechanically derived from 
industrial by-products to enhance the sorption capacity 
of adsorbents. A supported catalyst was prepared using a 
two-step process. The first step included the production 
of a support for the metal oxide. The second-step included 
the incorporation of a metal oxide into the support using 
a planetary ball mill.

The raw material from the Ayurveda industry includes 
the roots of medicinal trees and shrubs for making 
“Dashamoola Kashayam” and “Dashamoola Arishtam”. 
According to Ayurveda, “Dash” means ten and “moolam” 
are roots. The roots of trees include Kasmari (Gmelina arborea), 
Agnimantha (Premna mucronata and Premna integrifolia), 
Patala (Stereospermum suaveolens), Shyonaka (Oroxylum 
indicum), and Bilva (Aegle marmelos), and shrubs include 
Shalaparni (Desmodium gangeticum), Brihati (Solanum 
indicum), Kantakari (Solanum xanthocarpum), Gokhru 
(Tribulus terrestris), and Prishnaparni (Uraria picta). The 
health benefits of Dashmoola are numerous and are used as 
medicine for major issues, including arthritis, asthma, head-
ache, puerperal problems, Parkinson’s disease, gout, muscle 
spasm, and lower back ache. It can absorb almost all forms 
of toxicity in the human body. They are referred to as the 
best adsorbent combination available in nature according 
to the ancient medical science, Ayurveda [17].

The adsorptive properties of these roots alone or in 
combination have not yet been explored. After medicinal 
production, these roots are generally burned in open air. 
These waste materials were used as raw materials to pro-
duce biochar (BC). Even though adsorbents are considered 
a successful material for the removal of pollutants, raw 
adsorbents without any modification result in low sorption 
efficiencies. The sorption efficiency can be improved by sur-
face modification through thermal treatment or by attach-
ing chemical functional groups to the binding sites on the 
surface of the adsorbent [18–20]. Iron oxide was attached 
to the binding sites of the BC/regenerated Z to study the 
variations in the MO dye removal efficiency using these  
supports.

Liu et al. [21] found that metal oxides act as adsorbents 
and catalysts for the oxidation of MO dye. They concluded 
that the presence of metal oxides degrades MO dye in 
wastewater through oxidation in the presence of solar light. 
Makeswari and Saraswati [22] studied the photocatalytic 
degradation of methylene blue and MO dyes using a chitosan 
bimetal oxide composite and found that MO was highly 
degraded (74.05%) by the chitosan-bimetal oxide adsorbent. 
Saeed et al. also revealed the possibility of the photocata-
lytic and thermal degradation of MO dye using Co-ZnO 
and ZnO nanoparticles (NPs) catalysts, respectively [23,24]. 
Therefore, it appears to be feasible to combine adsorption 
with the catalytic degradation of MO dye from wastewater 
in the presence of heat/light or other energy forms. Thus, 
this paper focuses on a comparative study of the sorption/
catalytic capacities of the developed composites, Z-Fe and 
BC-supported iron oxide (Z-Fe and BC-Fe, respectively), 
for the removal of MO dye from dye-laden water.

2. Material and methods

2.1. Reagents

The chemical reagents used in this study were of ana-
lytical grade, and distilled water was used for the prepara-
tion of MO dye solutions of different concentrations. The 
residual concentration of MO dye was determined using a 
UV spectrophotometer (HITACHI U-2900 UV-visible dou-
ble beam spectrophotometer) at a wavelength of 506 nm 
for pH < 3 and 464 nm for pH > 4. Absorption at various 
concentrations was noted for the prepared stock solutions, 
and a calibration curve was plotted. The residual MO 
concentration was calculated from the calibration curve.

2.2. Synthesis of adsorbent

2.2.1. Synthesis of BC-Fe

Ayurvedic waste materials, such as solid residue from 
the medicine manufacturing unit, were collected from a 
nearby Ayurveda medicine manufacturing unit in Kerala. 
The waste material contained stems and roots of differ-
ent plants obtained after the preparation of Dashmoola 
Kashayam/Arishtam. The wet sample was stirred for sev-
eral weeks. After drying and grinding, the sample was 
sieved to a uniform size of 105 µm, which is less than the 
particle size range at which BC is produced. Studies were 
conducted using a particle size range of 0.2–2 mm [25]. The 
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literature does not agree on the effect of particle size on 
BC yield. Iron oxide (Fe2O3) from acid regeneration plants 
is one of the major wastes generated by the TiO2 manufac-
turing industry. Fe2O3 was collected from a nearby TiO2 
manufacturing company. The collected Fe2O3 sample was a 
dark red dry powder.

BC from the collected biomass was prepared by slow 
pyrolysis in a tubular furnace. The tube used in the tubu-
lar furnace was made of quartz glass, had a length of 
1,200 mm, and was purchased from HiTech Ceramics, 
Chennai. The outer and inner diameters of the tube was 
50 and 45 mm, respectively. The biomass was heated to a 
maximum temperature of 500°C at a heating rate of 6°C/
min for 3 h. A Nitrogen gas flow was maintained at 50 mL/
min to provide an inert atmosphere inside the tubular fur-
nace [25]. An increase in the gas flow rate beyond 50 mL/
min reduces the vapor residence time inside the fur-
nace and restricts the initiation of the repolymerization 
process, which results in a low BC yield.

Fe2O3 was incorporated into the BC using a planetary 
ball mill. The prepared BC (100 g) was placed in the jar of 
the planetary ball mill, 5% Fe2O3 (5 g) was added to the BC, 
and 200 g of zirconium balls were placed inside the jar. The 
planetary ball mill equipment was operated at 400 rpm 
for 2.5 h. The rotation direction was altered every 0.5 h to 
increase the efficiency of the ball mill. After the incorpora-
tion of Fe2O3 into the prepared BC sample, it was washed 
with deionized water to remove impurities. Washing was 
repeated three to five times to increase the purity of the 
prepared sample. The incorporated sample was dried 
overnight in an oven at 105°C to remove the moisture 
content present in the sample.

2.2.2. Synthesis of Z-Fe

The spent Z catalyst from the FCC unit of a nearby refin-
ery, which was readily available in a 63 µm sieve size, was 
collected. The collected waste was oven-dried at 120°C. The 
Z catalyst was regenerated by mixing it with a mixture of 
acids at 10% concentration (acetic acid to oxalic acid weight 
ratio 1:1) in a magnetic stirrer at 45°C for 1.5 h. After acid 
treatment, the Z was separated by filtration and dried 
at 110°C in an oven [26]. Fe2O3 was incorporated into the 
pores of the regenerated Z by placing 500 g of regenerated 
Z, 25 g of Fe2O3 (5% of Z), and 1,000 g of zirconium balls 
in a jar. The samples were milled in a planetary ball mill 
at 400 rpm for 2.5 h.

2.3. Characterization of the adsorbents

The phase structure of the BC, prepared catalyst BC-Fe, 
and the regenerated Z and Z-Fe catalysts were studied using 
powder X-ray diffraction (XRD). The thermal stabilities of 
the prepared BC, Z, and composite catalysts were analyzed 
using thermogravimetric analysis (TGA). The weight loss 
of the prepared materials when subjected to heat was ana-
lyzed using a SDT Q600 V20.9. Fourier-transform infrared 
spectroscopy (FTIR) analyses of Z, Z-Fe, BC, and BC-Fe were 
conducted using an ALPHA II Compact FTIR spectrom-
eter at the analytical instrument facility in Amrita Viswa 
Vidyapeedam, Coimbatore. The functional groups present 

in the prepared samples were analyzed using a spectrome-
ter. The chemical composition and structural characteristics 
of the prepared materials were identified using scanning 
electron microscopy (SEM) images and energy-dispersive 
X-ray spectroscopy (EDS) analyses. The SEM-EDS image 
mapping of the prepared samples was performed using a 
ZEISS Gemini SEM 360 at the analytical instrument facility 
in Amrita Viswa Vidyapeedam, Coimbatore. The Brunauer–
Emmett–Teller (BET) analysis of BC, BC-Fe, and Z-Fe was 
conducted at the analytical facility at the Center for Material 
for Electronics Technology (C-MET), Thrissur. The specific 
surface areas of the prepared BC and composite catalysts 
were calculated using the BET method based on Nitrogen 
adsorption/desorption isotherms measured at a bath 
temperature of 77 K in QuadraSorb Station 2 version 6.

2.4. Experimental methods

2.4.1. Statistical analysis

Batch experiments were conducted to study the effects 
of contact time, pH, initial MO concentration, and adsor-
bent dosage. The Box–Behnken method, design of experi-
ment (DoE) technique, was used in this study to determine 
the optimum process variables to obtain the maximum 
removal efficiency. Minitab 16 software was used to gener-
ate combinations of process variables to optimize the vari-
ables affecting adsorption. In this study, four variables were 
selected, namely contact time, initial concentration of MO, 
initial adsorbent concentration, and pH. Three levels of con-
tact time, initial concentration of MO dye, initial adsorbent 
concentration, and pH were selected based on the design 
table suggested by the Box–Behnken DoE method and 
are listed in Table 1.

The 27 combinations of variables were selected, and an 
adsorption study was conducted in all combinations with 
both supported catalysts. Table 4 presents the experimen-
tal results. The contact time was varied from 10 to 90 min, 
the initial concentration of MO dye from 20 to 200 ppm, the 
initial adsorbent dosage from 1 to 5 g/L, and the pH from 
2 to 6. The removal efficiencies of the two adsorbents were 
determined using specified sets of process variables given 
by Minitab 16. Based on the regression analysis, the exper-
imental results were used to fit the general mathematical 
model expression given by Eq. (1).
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Table 1
Variables used for the Box–Behnken design

Variables Levels used, actual (coded)

Low 
(–1)

Medium 
(0)

High 
(1)

pH 2 4 6
Initial MO dye concentration 20 110 200
Initial absorbent concentration 1 3 5
Contact time 10 50 90
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The quality of fit of the polynomial model equation 
was determined using R2 and adjusted R2 values. Statistical 
verification was performed to verify the robustness of the 
developed model in real-time situations. Regression coeffi-
cient estimation, p-tests, and ANOVA tests were performed 
for statistical verification with a 95% confidence level.

2.4.2. Adsorption isotherms

The adsorption isotherms were plotted after conduct-
ing batch adsorption studies which varied the initial MO 
dye concentration from 20–200 mg/L. All other parame-
ters were obtained from the optimum results obtained by 
the response Surface Method (RSM) analysis. The equi-
librium concentration of the MO dye was analyzed using 
a UV-visible double-beam spectrophotometer at a wave-
length of 506 nm. The adsorbent capacity and removal effi-
ciency under the optimized conditions (pH: 2, contact time: 
60 min, adsorbent dosage: 4 g/L of Z-Fe and 3 g/L BC-Fe) 
were determined using Eqs. (2) and (3) at 30°C:

q
C C V

me
e�

�� ��0  (2)

R
C C

C
e�

�� ��0

0

100
 (3)

where qe is the equilibrium adsorption capacity (mg/g), R is 
the percentage removal efficiency, C0 is the initial MO dye 
concentration (mg/L), Ce is the equilibrium MO dye con-
centration (mg/L), V is the volume of the solution (L), and 
m is the mass of the adsorbent (g).

The adsorption isotherm can be used to develop the 
relationship between the amount of dye adsorbed per unit 
mass of adsorbent and the amount of dye remaining in 
the solution after adsorption. Three adsorption isotherms, 
namely the Freundlich, Langmuir and Temkin isotherms 
were explored. Adsorption occurs on heterogeneous sur-
faces with unequal binding sites, and the surface energies 
are best described by the Freundlich isotherm [27]. The 
linear form of the Freundlich isotherm is given by Eq. (4):

ln ln lnq K
n

Ce f e� �
1  (4)

where Kf and n are the Freundlich constants related to the 
adsorption capacity and adsorption intensity, respectively. 
The removal ability of the adsorbent over the concentration 
range of the dye solution is best described by the value of 
1/n. For highly concentrated dye solutions, the applicability 
of the adsorbent is ideal if the value of 1/n is >1. However, 
the applicability of the adsorbent for the entire range of 
dye solutions is possible when the value of 1/n is <1 [28].

The Langmuir isotherm is the best fit for monolayer 
adsorption. According to Langmuir, there are a fixed num-
ber of active binding sites on every adsorbent surface, and 
adsorption stops when these sites are occupied by the 
adsorbate. The model assumes that there is no transmi-
gration of the adsorbate on the adsorbent surfaces, which 

have uniform energies [29]. The Langmuir isotherm is 
expressed as:

q
q K C
K Ce

m L e

L e

�
�1

 (5)

where qm is the maximum monolayer coverage capacity 
(mg/g), and KL is the Langmuir isotherm constant (L/mg).

The Langmuir isotherm defines a dimensionless con-
stant or separation factor (RL):

R
K CL
L

�
�
1

1 0

 (6)

The value of RL determines whether the adsorption 
is favorable [30]. An RL value >1 indicates that the adsorp-
tion is unfavorable; RL = 0 indicates irreversible adsorption, 
and RL values between 0 and 1 indicate favorable adsorp-
tion. A straight-line plot of 1/qe and 1/Ce indicates that 
the adsorption follows the Langmuir isotherm.

The Temkin adsorption isotherm considers the interac-
tion between the adsorbate and the adsorbent. The Temkin 
adsorption isotherm refers to the adsorption on energetic 
and non-equivalent adsorption sites. It is assumed that 
the sites with high energy are first occupied by the adsor-
bate, and the heat of adsorption decreases linearly with 
the coverage of adsorbate over the adsorbent surface [31]. 
The linear form of the Temkin isotherm is expressed as:

q B K B Ce T e� �ln ln  (7)

where KT is the Temkin isotherm equilibrium constant (L/g) 
and B is a constant related to the heat of adsorption (J/
mol). The straight line plot of qe and lnCe indicates that the 
adsorption follows the Temkin isotherm. Table 8 lists the 
fitting results for all the isotherms.

2.4.3. Adsorption kinetics

Kinetic studies were conducted by taking samples at 
regular intervals ranging from 10 to 90 min at an adsorbent 
dose of 4 g/L of Z-Fe and 3 g/L of BC-Fe at a temperature 
of 30°C and pH of 2. The adsorbent dose, initial dye con-
centration, and pH were fixed according to the optimum 
results obtained from the RSM analysis. The amount of dye 
adsorbed on the adsorbent at equilibrium, qe (mg/g), was 
calculated using Eq. (2). The amount of adsorption at time 
t, qt (mg/g), was calculated using Eq. (8):

q
C C V

mt
t�

�� ��0  (8)

where C0 and Ct (mg/L) are the liquid-phase concentrations 
of the dye initially and at time t, respectively, V is the volume 
of the solution (L), and m is the mass of the adsorbent (g).

The rate and mechanism of adsorption can be inferred 
from the kinetic data. To analyze the adsorption kinetics 
of MO dye using BC-Fe and Z-Fe, the pseudo-first-order,  
pseudo-second-order and intraparticle diffusion were 
tested. The fitting results are presented in Table 9.



219R. Ranjana et al. / Desalination and Water Treatment 277 (2022) 215–233

A pseudo-first-order equation can be expressed in the 
linear form as:

ln lnq q q K te t e�� � � � � �1  (9)

where qe and qt are the amounts of MO dye adsorbed at 
equilibrium and time t (min), respectively, and k1 is the rate 
constant of adsorption (min–1). A linear plot of ln(qe – qt) 
vs. time was used to determine the rate constant k1 [29].

The pseudo-second-order kinetic model describes the 
dependency of the adsorption capacity of the adsorbent on 
time and can be determined using on Eq. (10):

t
q k q

t
qt e e

� �
1

2
2  (10)

where qt and qe are the amounts of MO dye adsorbed at equi-
librium and time t (min), respectively, and k2 is the pseudo- 
second-order rate constant (g/mg·min). The linear plot 
of t/qt against t was used to determine qe and k2 from the 
slope and intercept, respectively [15,32].

The intraparticle diffusion kinetic model was used to 
describe the diffusion-controlled liquid/solid adsorption 
kinetics [15]. The dependency of the adsorption capacity 
of the adsorbent on time can be determined using Eq. (11):

q k t Ct � �3
0 5.  (11)

where k3 is the intraparticle diffusion rate constant 
(mg/g·min1/2) and C is a constant related to the thickness 
of the boundary layer.

2.4.4. Thermodynamic studies

A thermodynamic study of the adsorption was con-
ducted by varying the temperature of adsorption under 
the optimized process conditions obtained from the RSM 
analysis. The temperature was varied from 303–318 K. 
The equilibrium adsorption capacities of the adsorbent (qe) 
were calculated at various temperatures. Thermodynamic 
parameters, such as the change in free energy (ΔG) (kJ/
mol), enthalpy (ΔH) (kJ/mol), and entropy (ΔS) (J/mol·K) for 
the adsorption of the dye on the surfaces of the adsorbents 
can be calculated using Eqs. (12) and (13) [16]:

lnq m
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H
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e
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� � � � �G H T S  (13)

where m is the adsorbent dosage in mg/L.
The values of ΔH and ΔS are calculated from the slope 

and intercept of lnqem/Ce against the 1/T plot. The value 
of ΔG can be calculated using Eq. (13). The feasibility and 
spontaneity can be confirmed by the negative values of ΔG 
and positive values of ΔS. An increase in the absolute val-
ues of ΔG suggests that adsorption is favorable at higher 
temperatures [15,16]. The value of ΔH determines whether 
adsorption is endothermic or exothermic. The absolute 

value of ΔH determines whether the adsorption of the MO 
dye is physisorption or chemisorption [27]. Table 10 lists 
the thermodynamic parameters.

3. Results and discussion

3.1. XRD analysis

The phase structures of BC and the prepared sup-
ported catalyst (BC-Fe) were studied using powder XRD. 
Major peaks and reflections were identified between the 
2θ values of 20° and 30°, indicating the high C content in 
the analyzed sample [33]. The cellulose in the plant residue 
contained in Ayurvedic by-products undergoes pyrolysis 
and is responsible for the peak at 2θ = 22.9°, and it shows 
a peak of 3.86 Å [34]. The diffraction peaks of BC at 20.77°, 
21.74°, and 27.58° in Fig. 1a were attributed to the pres-
ence of quartz, sylvite, and calcite, respectively [35]. These 
results suggest that some inorganic phases were occluded 
within the C matrix of the BC. The BC XRD peaks exhib-
ited a mixture of sharp peaks and broad humps for all 2θ 
values; thus, the BC can be defined as semi-amorphous. 
Fig. 1a also shows the XRD spectrum of BC-Fe. Two addi-
tional crystalline peaks, as compared to the XRD spectra 
of BC, were observed in the BC-Fe XRD spectra at 33.37° 
and 35.85° [35]. These peaks represent the Fe2O3 particles in 
the BC. The ash content and tarry materials trapped within 
the pores of the BC sample were responsible for the vari-
ous sharp crystalline peaks in the XRD spectra of BC and 
BC-Fe [35]. It was found that BC-Fe was more crystalline 
than BC because the XRD spectra of BC-Fe had sharper  
peaks.

The XRD spectra of the spent Z after regeneration of 
the Z catalyst and Z with metal oxide incorporation were 
obtained. Fig. 1b compares the XRD patterns of spent Z 
and Z, confirming the removal of several metals via regen-
eration. Thus, it can be confirmed that the sample was 
regenerated using a mixed acid treatment [26]. The aver-
age crystallinity of the regenerated Z was similar to that 
of fresh Z [26]. An X-ray diffractogram was recorded 
at 2θ = 3°–79° with a chart speed of 0.001 min–1. The peaks 
at 15.782° shown in Fig. 1b represents Al, which indi-
cates that there was not much change in the structure. The 
peaks at 23.260° in Fig. 1b represent silica, indicating that 
there is no such change in the structure [36]. The peak at 
34.915° [35] shown in Fig. 1b indicates the presence of Fe2O3  
in the Z-Fe composite.

3.2. TGA analysis

A TGA analysis was conducted between 20°C–1,010°C at 
a heating rate of 10°C/min. Fig. 2 shows the graphs obtained 
from the TGA analysis of the BC, BC-Fe, Z, and Z-Fe sam-
ples. The TGA curves of the BC and BC-Fe samples showed 
an initial weight loss of 10% up to 100°C. This was due to 
the loss of moisture bound in the prepared BC and BC-Fe 
composite. The mass loss after 100°C in both samples is 
due to the decomposition and degradation of impurities, 
volatile matter, and C into CO, CO2, and CH4 [37]. The deg-
radation of lignocellulosic fractions that did not decom-
pose during pyrolysis was also responsible for the weight 
loss that occurred at 200°C–400°C [38].
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The TGA curve of the regenerated Z in Fig. 2 shows 
that it was thermally stable. The TGA curve showed that 
the total mass loss was approximately 9.104%, which may 
be attributed to the loss of water in the Z. The TGA curve 
of Z-Fe in Fig. 2 shows that it was thermally stable and 
the total mass loss was approximately 12.54%, which was 
attributed to the loss of water in the Z. The two samples 
showed only a slight difference in their thermal stability. 
This result agrees with the results obtained by Salamaa et al. 
[39] in their study on the synthesis and characterization of 
Z and Z-encapsulated Fe compounds for the photocat-
alytic oxidation of direct blue-1 dye.

3.3. FTIR analysis

Fig. 3a presents the FTIR spectra of BC and BC-Fe. Both 
spectra showed major peaks at 2,450–2,000; 3,700–3,000; 
1,700–1,200 and 700–450 cm–1. The broad peaks at 1,500 and 
1,200 cm–1 indicate the presence of C=C bonds. The peaks at 
approximately 1,700–1,000 cm–1 represent the C–O groups 
in the sample. The peaks at approximately 1,000 cm–1 in 
the BC-Fe spectra are not clearly visible because of the 
removal of the C–O bond after the incorporation of Fe2O3. 
The peaks at 2,500–2,000 cm–1 indicate the C–C triple bond 
in the materials. Another major broad peak is visible in the 
FTIR spectra at approximately 3,500 cm–1, and confirms 
the presence of O–H groups in the prepared BCs. It can 
be observed that the intensity of these peaks in the BC-Fe 
decreased, implying that the O–H groups were replaced by 
Fe after the incorporation of Fe2O3. Concurrently, the peaks 
representing the Fe–O bonds were strengthened after the 
incorporation of Fe2O3 (peaks at 600–450 cm–1). A reduc-
tion in the weak peak centered at approximately 750 cm–1 
was also observed, which indicates that some of the Si–O 
bonds in the BC were removed after the incorporation of 
Fe2O3. These results further support the findings obtained 

from the SEM-EDS analysis. The SEM-EDS results showed 
that there was a significant reduction in the concentration 
of silica after the modification of BC by the incorporation  
of Fe2O3.

Fig. 3b shows the FTIR spectra of the regenerated Z and 
Z-Fe. The FTIR spectrum of regenerated Z showed a large 
broad band at 1,080 cm–1 and another band at 455 cm–1, which 
were attributed to the Al–O and Si–O functional groups, 
respectively. The FTIR spectrum only had bands correspond-
ing to the Si–O and Al–O functional groups, indicating that 
the regeneration of the Z catalyst was successful. The FTIR 
spectra of Z-Fe showed a large broad band at 1,062 cm–1, and 
other bands at 2,203; 2,030; 523, and 450 cm–1. The band at 
450 cm–1 represents the Si–O functional group, the band at 
523 cm–1 represents the Fe–O functional group, and the large 
broad band at 1,062 cm–1 represents the Al–O functional 

Fig. 1. XRD spectra of the adsorbents (a) BC and BC-Fe and (b) spent Z, Z, and Z-Fe.

Fig. 2. TGA curves of BC, BC-Fe, Z, and Z-Fe.
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group. The presence of the Fe–O functional group confirms 
the incorporation of Fe2O3 into Z. These findings corre-
spond with the findings published by Salamaa et al. [39].

3.4. SEM-EDS analysis

The chemical composition and structural characteristics 
of the prepared BC, Z and catalysts were identified using 
SEM images and EDS analyses. Fig. 4a presents SEM micro-
graphs of the BC, which shows that BC had a porous struc-
ture and a smooth surface. This indicated that the prepared 
BC had an original morphological structure. It is clear that 
a heterogeneous and porous surface developed after pyrol-
ysis [40]. Fig. 4b shows SEM images of the BC-Fe. Fig. 5 
clearly shows that the surface of the BC-Fe composite was 
rough, and that Fe was distributed in the pores and sur-
face of the BC. Iron particles can be clearly observed on the 
surface, confirming the successful incorporation of Fe. The 
SEM micrographs indicated that the prepared catalyst had 
a homogeneous distribution of Fe in the BC matrix.

Fig. 4c and d present the elemental spectra of the BC 
and BC-Fe samples, respectively, obtained using EDS. 
EDS detects X-rays from the samples excited by the highly 
focused and high-energy primary electron beams pen-
etrating the sample. The elemental compositions of the 
prepared BC and BC-Fe were identified using EDS. From 
Fig. 4c, the major components of BC were C (47.9%) and 
O (28.1%). The other identified elements in the BC sam-
ple were Ca (10.7%), K (4.9%), Si (2.3%), Mg (1.5%), Al 
(1.3%), Cl (1.3%), P (1.2%), and Fe (0.8%). The content of 
Fe in BC was very low, as compared to that of other ele-
ments, before the incorporation of Fe2O3. The EDS spectrum 
of the BC-Fe sample (Fig. 4d) shows that the content of all 

elements, except C and Fe, decreased. The composition of 
Fe in the BC-Fe was 15%. The BC EDS spectrum showed 
a negligible Fe peak, indicating that Fe atoms were clearly 
incorporated in the BC-Fe sample. The Fe atoms replaced 
other elements, such as Mg, Al, Ca, K, and Cl, during the 
incorporation of Fe2O3. Therefore, the composition of these 
elements in BC-Fe decreased, as compared to the sam-
ple before incorporation. The SEM-EDS layered images 
of BC-Fe (Fig. 5) show that Fe atoms were distributed 
on the surface and pores of BC-Fe, confirming the fairly 
homogeneous incorporation of Fe2O3 in the prepared BC.

Fig. 6a–d show SEM-EDS images of the regenerated Z 
and Z-Fe. The observed size was in the range of nanome-
ters at ×2,000 for Z and ×3,500 for Z-Fe. The particle size 
was reduced by milling, and the results showed an appro-
priate incorporation of Fe particles into the Z matrix.

3.5. BET surface area analysis

Fig. 7 shows the BET analysis results for the BC and 
BC-Fe samples. The figure shows that the surface area of 
BC was 38.052 m2/g with a pore volume of 12.008 cc/g, and 
that of BC-Fe was 66.998 m2/g, with a pore volume of 17 cc/g. 
BC-Fe exhibited a significantly larger surface area than 
BC. Notably, the total surface area of the BC-Fe increased 
after modification. A larger specific surface area indicates 
that the material has more adsorption sites. This indicates 
that the adsorption capacity of BC-Fe was greater than that 
of BC. The increase in the surface area of the BC after the 
incorporation of Fe2O3 may be due to the redox reactions 
between the Fe species and the BC C matrix. The formation 
of H2O and CO2 contributes to the development of microp-
orosity [41]. The increase in the surface area of BC-Fe may 

Fig. 3. FTIR spectra of (a) BC and BC-Fe and (b) Z and Z-Fe.
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also be due to the ball milling during Fe2O3 incorporation. 
During ball milling, the Fe2O3 particles were crushed into 
the BC matrix and produced more pores. Consequently, 
the Fe2O3-incorporated samples exhibited a larger specific 
surface area than the raw BC sample [39,42]. Fig. 8 shows 
that the surface area of Z-Fe was 50.039 m2/g. The large 
surface area indicated the presence of more pores, with a 
total pore volume of 13.07 cc/g. Table 2 lists the results of 
the BET surface area analysis. The surface area of Z-Fe was 
lower than that of the fresh Z catalyst, but it provided a 
sufficient surface area for the adsorption of MO dye [26].

3.6. Statistical analysis

The traditional optimization method does not show the 
combined effects of different input variables. Therefore, this 
study used RSM to optimize different variables and deter-
mine the combined effect of different input parameters 
[43,44]. Ozturk et al. [43] optimized the Cd2+ ion adsorp-
tion using pumice by varying the operating parameters, 
such as pH, initial adsorbate concentration, and tempera-
ture, using a central composite design. They developed a 
full quadratic model for Cd2+ ion adsorption. A similar 

Fig. 4. SEM micrographs and EDS spectra of (a,c) BC and (b,d) BC-Fe.

Fig. 5. SEM-EDS layered images of BC-Fe.
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trend was observed in this study for the removal of MO dye 
using BC-Fe and Z-Fe. The results from the physical experi-
ments show that all four variables affected the removal effi-
ciency of both adsorbents, and a full quadratic model was 
fitted for MO dye adsorption.

Based on the regression analysis, the experimental results 
were used to fit the general mathematical model expres-
sion given in Table 3 for BC-Fe and Z-Fe, respectively.

Fig. 9 shows contour plots of the % removal efficiency 
of the prepared adsorbents under various process parame-
ters. The contour and main effect plot shows that a removal 
efficiency of approximately 95% was possible at a very 
high acidic pH of approximately 2 with a contact time of 

60–80 min using BC-Fe and Z-Fe [45,46]. These results agree 
with the findings of the adsorption study of Pb and MO 
dye removal using BC and BC-Fe by Tobias et al. [45].

From the adsorption study using the BC-Fe, an increase 
in contact time after 60 min had less effect on the removal 
of MO dye. A removal efficiency of approximately 95% was 
possible at low adsorbent concentrations for a contact time 
of approximately 60 min. This efficiency can be improved 
by increasing the adsorbent concentration, thereby reducing 
the contact time. However, for a cost-effective process, it is 
better to increase the contact time with a smaller amount of 
adsorbent. Additionally, to achieve 95% removal efficiency, 
less contact time is required for a small initial concentration 

Fig. 6. SEM micrographs and EDS spectra of (a,c) Z and (b,d) Z-Fe.

Fig. 7. Multi-point BET surface area analysis of (a) BC and (b) BC-Fe.
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of adsorbate, and more contact time is required for a high ini-
tial MO dye concentration. The removal efficiency was high 
under highly acidic conditions. A 95% removal of MO dye 
was possible at approximately 3–5 g/L at a pH of 2–5. Above 
this pH level, the removal efficiency decreased to approx-
imately 90%. Thus, the optimum value for 95% removal 
efficiency was at a concentration of 3 g/L of adsorbent at a 
pH of 2. There was not much interaction between the initial 

Fig. 8. Multi-point BET surface area analysis of Z-Fe.

Table 2
BET surface area and pore volume of the adsorbents

Sl. No. Samples Surface area (m2/g) Pore volume (cm3/g)

1 BC 38.052 12.008
2 BC-Fe 66.998 17
3 Z-Fe 50.039 13.07

Table 3
Regression analysis of BC-Fe and Z-Fe for the adsorption of MO

Material Response R2 (%) Adjusted R2 (%) Model equations in uncoded form

BC-Fe
% Removal 
efficiency

98.13 95.96
96.6585 + 0.4878X1 – 6.7940X2 – 5.0661X3 – 0.0263X4 – 0.0037X1

2 + 0.3838X2
2 

+ 0.885X3
2 + 0.0003X4

2 + 0.0369X1X2 + 0.0092X1X3 – 0.0007X1X4 + 0.2292X2X3-

 – 0.0068X2X4 + 0.0014X3X4

Z-Fe
% Removal 
efficiency

98.75 97.3
91.69 + 0.5X1 – 5.18X2 – 3.61X3 – 0.047X4 – 0.0037X1

2 + 0.1250X2
2 + 0.656X3

2 + 0.000
3X4

2 + 0.0344X1X2 + 0.0062X1X3 – 0.0006X1X4 + 0.25X2X3 – 0.0042X2X4 + 0.0014X3X4

where X1 is the contact time, X2 is the pH, X3 is the adsorbent concentration, and X4 is the initial MO dye concentration. The R2 and R2
adj. 

values of the response for both composite catalysts that were obtained at approximately 98% and 95% showed a very good fit with 
the experimental data using the RSM model.
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MO dye concentration and pH value for the removal effi-
ciency. Additionally, it was clear that the removal efficiency 
increased with the adsorbent concentration. The main 
effect plot supports the observations from the contour plot. 
Table 4 shows that the MO removal efficiency of the BC-Fe 
was higher than that of the Z-Fe for each combination of  
variables.

A similar trend was observed for the MO dye removal 
efficiency of Z-Fe. This trend can be attributed mainly to 
the small difference in surface area and the same affinity of 
the Fe particles towards the MO dye [45]. The MO removal 
efficiency was higher when using the BC-Fe than when 
using Z-Fe with a lower amount of adsorbent. This result 
shows the significance of the surface area of the adsorbents 
in the adsorption studies.

The contour plot of Z-Fe shows that a removal efficiency 
of 90%–95% is possible for a contact time of 40–90 min 
for a pH range of 2–5. If the pH is increased, the contact 
time also needs to be increased to obtain a 90%–95% MO 
dye removal efficiency. Thus, the contour plot shows that 
there is an interaction between variables, such as contact 
time and pH, for the removal of MO dye. Furthermore, a 
removal efficiency >95% was possible when the adsorbent 
concentration and contact time were increased. The higher 
the adsorbent concentration, the more sites and MO-Fe 

interactions are available for the adsorption of MO dye. 
Therefore, the contact time and adsorbent concentration 
also showed an interaction with the removal efficiency. 
removal efficiencies >95% could be achieved by increas-
ing the contact time with a smaller amount of adsorbent. 
The removal efficiency decreased to 90% with an increase 
in the MO dye concentration. The contour plot shows a 
low significance of removal efficiency by increasing the 
adsorbent concentration rather than that of a decrease in 
pH. A removal efficiency of 90% is possible for the maxi-
mum adsorbate concentration at a pH of 3. The efficiency 
could be improved to 95% by lowering the pH and initial 
adsorbate concentration. The significance of the adsorbent 
concentration on the removal efficiency can be considered 
low for the Z-Fe, which can be clearly seen from the P-value 
and significance level of each process variable on the % 
removal efficiency given in Table 7. The main effect plot 
also agreed with the contour plot findings. The P-values for 
each process variable and their interaction, along with the 
significance level, are given in Table 5. From Table 5 it is 
clear that a significance level >95% or P-value < 0.05 has a 
significant influence on the removal efficiency of the adsor-
bents. Thus, the influence of process variables and their 
interactions on the removal efficiency can be determined 
from the P-values predicted by the software [47,48].

Fig. 9. Contour and main effect plot of the adsorption of MO dye using (a,b) BC-Fe and (c,d) Z-Fe.
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Based on the variance analysis (ANOVA) test, the full 
quadratic model was found to be suitable for the % removal 
efficiency. Tables 6 and 7 present the ANOVA results for 
the % removal efficiency. The P-values of the regression, 
linear, and square terms for both adsorbents were <0.05, 
indicating that these terms are significant in the model. 
An insignificant lack of fit is desirable, as it indicates that 
anything left out of the model is not significant, so a model 
that fits can be developed.

3.7. Adsorption isotherms

Three adsorption isotherms (namely, the Langmuir, 
Freundlich, and Temkin isotherms) were plotted by calcu-
lating the equilibrium adsorption capacity (qe) in mg/g and 
the equilibrium concentration of the MO dye (Ce) in mg/L 
for both adsorbents, as shown in Figs. 10–12, respectively.

Table 8 tabulates the parameters related to the three 
adsorption isotherms.

From Table 8, all the three isotherms Langmuir (R2 = 0.9794 
for BC-Fe and 0.989 for Z-Fe), Freundlich (R2 = 0.9795 for 
BC-Fe and 0.9722 for Z-Fe) and Temkin isotherms (R2 = 0.9976 
for BC-Fe and 0.9991 for Z-Fe) were fitted well with high R2 
values. As per Langmuir adsorption isotherm monolayer 

adsorption is followed by BC-Fe and Z-Fe. The values of 
1/n obtained from the linear plot of the Freundlich iso-
therm were 0.2212 and 0.2911 for BC-Fe and Z-Fe, respec-
tively. Because the 1/n value is less than one, the developed 
composites can be applied to the entire range of dye solu-
tions. Kaith et al. [28] found that the capture of methylene 
blue from industrial effluent using a K2Zn3[Fe(CN)6]2·9H2O 
NP-reinforced gum xanthanpsyllium hydrogel nanocom-
posite followed the Freundlich adsorption isotherm with a 
1/n value of <1. This ensured that the developed adsorbent 
was applicable to the entire range of dye solutions.

From Table 8 it is clear that the highest R2 value was 
obtained for the Temkin isotherms of both adsorbents. 
The Temkin constant (KT) indicates the equilibrium bind-
ing constant for the maximum binding energy, and B is the 
heat of sorption for both composites. From the large value 
of R2, it can be concluded that there is a strong interaction 
between the adsorbate and adsorbent molecules [31].

3.8. Adsorption kinetics

The adsorption kinetics of the MO dye onto the devel-
oped adsorbents were investigated using pseudo-first- 
order, pseudo-second-order, and intraparticle diffusion 

Table 4
Box–Behnken experimental design table with the experimental response values of BC-Fe and Z-Fe

Run 
no.

pH Contact 
time

Initial adsor-
bent conc.

Initial MO 
dye conc.

% Removal effi-
ciency – BC-Fe

Predicted % removal 
efficiency – BC-Fe

% Removal effi-
ciency – Z-Fe

Predicted % removal 
efficiency – Z-Fe

1 2 10 3 110 83.538 82.793 81 83
2 2 90 3 110 95.189 94.139 93 96
3 6 10 3 110 68.235 69.147 66 69
4 6 90 3 110 91.705 92.312 89 93
5 4 50 1 20 93.000 93.693 91 93
6 4 50 5 20 100.000 100.373 98 99
7 4 50 1 200 89.000 88.489 87 91
8 4 50 5 200 97.000 96.168 95 97
9 4 10 3 20 75.000 76.414 75 82
10 4 90 3 20 99.000 98.669 98 99
11 4 10 3 200 75.000 76.710 75 80
12 4 90 3 200 89.000 88.965 89 92
13 2 50 1 110 96.000 95.284 94 97
14 6 50 1 110 84.966 85.715 82 85
15 2 50 5 110 100.000 100.630 98 94
16 6 50 5 110 92.633 94.727 90 93
17 4 10 1 110 76.269 75.136 74 77
18 4 90 1 110 90.000 90.918 88 83
19 4 10 5 110 83.000 80.842 81 79
20 4 90 5 110 99.678 99.570 97 94
21 2 50 3 20 97.178 97.664 97 94
22 6 50 3 20 95.000 92.364 92 95
23 2 50 3 200 94.000 95.396 92 95
24 6 50 3 200 86.951 85.224 84 88
25 4 50 3 110 89.000 89.000 88 93
26 4 50 3 110 89.000 89.000 88 93
27 4 50 3 110 89.000 89.000 88 93
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kinetic models. Figs. 13–15 show the linear plots of all kinetic 
models and Table 9 lists the parameters corresponding 
to the kinetic model.

From the above plots, the R2 value was high for the pseudo- 
second-order kinetic model (0.9998 for both BC-Fe and 
Z-Fe). The R2 value was close to unity for the pseudo-second- 
order kinetic model [27]. Mittal et al. [27] found that the 
adsorption of an anionic dye (Congo red) follows pseudo- 
second-order kinetics with an R2 value close to unity 
(0.99). This indicates that the pseudo-second-order kinetic 
model with rate constants of 0.01556 g/mg·min (BC-Fe) 
and 0.02063 g/mg·min (Z-Fe) was the best fit for this study. 
The pseudo-second-order kinetic model assumes that the 

rate-limiting step is chemisorption and predicts the behav-
ior over the entire range of adsorption. Under these con-
ditions, the adsorption rate depends on the adsorption 
capacity and not on the concentration of the adsorbate [49].

3.9. Thermodynamic studies

The effect of temperature on the adsorption process 
was studied by varying the temperature from 303–318 K 
under the optimum conditions obtained using RSM anal-
ysis. From Fig. 16, it was clear that an increase in tempera-
ture increased the adsorption capacity of both adsorbents. 
This indicated that the adsorption was endothermic (ΔH– 
+ve) for the selected temperature range. By evaluating 
the thermodynamic parameters, it was possible to ensure 
the spontaneity of the adsorption process using Eqs. (12) 
and (13). The values of ΔH and ΔS were calculated from 

Table 5
P-value and significance level of each process variable on the 
% removal efficiency

Term BC-Fe Z-Fe

P-value Significance 
level

P-value Significance 
level

Constant 0 100 0 100
X1 0 100 0 100
X2 0.002 >99 0.004 >99
X3 0.008 >99 0.015 >99
X4 0.046 >95 0.102 >89
X1X1 0 100 0 100
X2X2 0.05 95 0.413 >59
X3X3 0 100 0.001 >99
X4X4 0.013 >98 0.002 >99
X1X2 0.004 >99 0.002 >99
X1X3 0.4 60 0.477 >50
X1X4 0.012 >98 0.006 >99
X2X3 0.299 >71 0.168 >83
X2X4 0.175 >82 0.292 >70
X3X4 0.772 >30 0.720 >29

Table 6
Variance analysis for the % removal efficiency of BC-Fe

Source DF Seq. SS Adj. SS Adj. MS F P

Regression 14 1,801.35 1,801.35 128.668 45.10 0
Linear 4 1,293.78 266.72 66.681 23.37 0
Square 4 435.94 435.94 108.985 38.20 0
Interaction 6 71.63 71.63 11.939 4.18 0.017
Residual error 12 34.23 34.23 2.853 – –
Lack of fit 10 34.23 34.23 3.423 – –
Pure error 2 0 0 0 – –
Total 26

where DF is the degrees of freedom of the terms used, Seq. SS is 
the sequential sum of squares of the terms used, Adj. SS is the 
adjusted sum of squares of all the terms, Adj. MS is the adjusted 
mean squares of the terms, F and P-value is the test statistic used 
to determine whether the model is missing higher-order terms that 
include the predictors in the current model.

Table 7
Variance analysis for the % removal efficiency of Z-Fe

Source DF Seq. SS Adj. SS Adj. MS F P

Regression 14 1,764 1,764.42 126.03 67.97 0
Linear 4 1,316.5 235.65 58.9 31.77 0
Square 4 389.9 389.92 97.48 52.57 0
Interaction 6 58 58 9.67 5.21 0.007
Residual error 12 22.25 22.25 1.854 – –
Lack of fit 10 22.25 22.25 2.225 – –
Pure error 2 0 0 0 – –
Total 26

where DF is the degrees of freedom of the terms used, Seq. SS is 
the sequential sum of squares of the terms used, Adj. SS is the 
adjusted sum of squares of all the terms, Adj. MS is the adjusted 
mean squares of the terms, F and P-value is the test statistic used 
to determine whether the model is missing higher-order terms that 
include the predictors in the current model.

Table 8
Isotherm parameters of MO dye adsorption using BC-Fe 
and Z-Fe

Isotherms Adsorbents Parameters Value R2

Langmuir

BC-Fe
qm (mg/g) 33

0.9794KL (L/mg) 14.2
RL 0.0011

Z-Fe
qm (mg/g) 34.6

0.989KL (L/mg) 1.405
RL 0.0084

Freundlich
BC-Fe

Kf (mg/g·(mg/L)–1/n) 25.028
0.9795

1/n 0.2212

Z-Fe
Kf (mg/g·(mg/L)–1/n) 20.697

0.9722
1/n 0.2911

Temkin
BC-Fe

KT (L/mg) 420.502
0.9976

B (J/mol) 4.6272

Z-Fe
KT (L/mg) 51.49

0.9991
B (J/mol) 6.069
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the slope and intercept of lnqem/Ce against the 1/T plot 
given in Fig. 17. The value of ΔG can be calculated using 
Eq. (13). Table 10 lists the thermodynamic parameters.

The positive values of the calculated ΔS indicate an 
increase in randomness at the solid-solution interface 

during adsorption. Feasibility and spontaneity were con-
firmed by the negative ΔG values and the positive ΔS values, 
respectively. The increase in the absolute values of ΔG with 
increasing temperature indicates that adsorption is favor-
able at higher temperatures [15,16]. The value of ΔH deter-
mines whether adsorption is endothermic or exothermic. 
The high absolute values of ΔH reveal that the adsorption 

Fig. 10. Linear plot for the Langmuir adsorption isotherm of 
BC-Fe and Z-Fe.

Fig. 11. Linear plot for the Freundlich adsorption isotherm of 
BC-Fe and Z-Fe.

Fig. 12. Linear plot for the Temkin adsorption isotherm of 
BC-Fe and Z-Fe.

Fig. 13. Linear plot for the pseudo-first-order model.

Fig. 14. Linear plot for the pseudo-second-order model.

Fig. 15. Linear plot for the intraparticle diffusion model.
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of the MO dye is chemisorption [27]. This result agrees with 
the results obtained by Mittal et al. [27] for the adsorption of 
anionic dyes using bottom ash and de-oiled soya. The heat 
of adsorption was >40 kJ/mol using the adsorbent de-oiled 
soya (ΔH = 56.429 kJ/mol), which favors chemisorption.

4. Comparison of the adsorption of MO dye by BC-Fe and 
Z-Fe with other adsorbents

The dye uptake capacities of the developed BC-Fe and 
Z-Fe were compared with those of Z, BC, and other adsor-
bents reported in the literature [50]. The removal efficiencies 

of Z and BC were determined under the optimum conditions 
given by the RSM analysis (pH = 2, contact time = 60 min, 
initial MO dye concentration = 100 ppm, and initial adsor-
bent dosages of 3 g/L for BC and BC-Fe and 4 g/L for Z and 
Z-Fe). Table 11 lists the reported removal efficiency and 
adsorbent capacity of the developed supports and com-
posites. The composites exhibited a reasonable adsorption 
capacity, as compared to other developed adsorbents. The 
data in Table 11 indicates that the incorporation of Fe2O3 
increases the removal efficiency, even though the absor-
bent capacity is less than that of the other adsorbents. 
Additionally, by comparing the UV absorption spectra of the 

Table 9
Pseudo-first-order, pseudo-second-order, and intraparticle diffusion model constants and correlation coefficients for MO dye 
adsorption onto BC-Fe and Z-Fe

Kinetic model Adsorbents Parameters Value R2

Pseudo-first-order
BC-Fe

k1 (min–1) –0.029
0.371

qe (mg/g) 17.67258178

Z-Fe
k1 (min–1) –0.0216

0.3563
qe (mg/g) 6.74

Pseudo-second-order
BC-Fe

k2 (g/mg·min) 0.015555614
0.9998

qe (mg/g) 31.54574132

Z-Fe
k2 (g/mg·min) 0.020625832

0.9998
qe (mg/g) 23.09468822

Intraparticle diffusion
BC-Fe

k3 (mg/g·min1/2) 0.5883
0.9561

C 25.697

Z-Fe
k3 (mg/g·min1/2) 0.4288

0.9712
C 18.796

Table 10
Thermodynamic parameters for the adsorption of MO dye on BC-Fe and Z-Fe

Dye concentration Adsorbents ΔH ΔS ΔG (kJ/mol) at temperatures

(mg/L) (kJ/mol) (kJ/mol·K) 303 K 308 K 313 K 318 K

100 BC-Fe 111.657 0.387 –5,813.09 –7,751.54 –9,689.99 –11,628.4
100 Z-Fe 67.118 0.239 –5,455.87 –6,653.46 –7,851.05 –9,048.64

Table 11
Comparison of the adsorption efficiency and capacity of other adsorbents with BC-Fe and Z-Fe for the removal MO dye

Adsorbent % Removal efficiency Adsorption capacity (mg/g) References

Activated C from popcorn 48.5 969

[50]

Activated C from waste tire rubber 80 588
BC from chicken manure 100 41.99
Magnetic lignin-based C NPs 90.7 113
α-Fe2O3 NPs 90 28.9
ZIF-67 nanostructure 70.2 75.59
BC 85 28.33

This study
Z 68 17
Z-Fe 95 23.75
BC-Fe 95 31.67
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as-prepared and degraded MO solutions shown in Fig. 18, 
it was observed that the height of the absorption peak at 
506 nm was drastically reduced. A shift of the 271 nm peak 
to 254 nm indicates that the –N=N– bond was completely 
decomposed, corresponding to the disappearance of the 
orange color in the solution, and a new benzene ring was 
formed with a smaller molecular weight as a reaction prod-
uct after the degradation reaction [51]. This reveals that 
the MO dye was not only adsorbed to the sites of the com-
posites but also degraded, resulting in a higher removal  
efficiency.

5. Economic appraisal

Biomass, spent Z, and Fe2O3 were collected from nearby 
industries at no cost; however, collection and transporta-
tion costs need to be considered. However, the total cost of 
these composites is lower than that of commercially avail-
able activated C, Zs, and catalysts. Therefore, the regenera-
tion and recovery of these may not be cost effective. Some 
means of chemical fixation, such as fire bricks and fillers 
in cement, can be used to dispose of these composites. A 
rough assessment of the capital cost of these composites 
for the removal of MO dye was made without considering 
the regeneration and disposal costs of these materials. This 
analysis considered only the saturation capacities of the 
composites. Using the saturation capacity values of vari-
ous available adsorbents, the relative cost of the adsorbent 
for adsorbing 1 g of MO dye was calculated. This procedure 
has been followed by numerous researchers to calculate 
the adsorption cost [49,52–54]. Table 12 presents the eco-
nomic cost and adsorption capacity of MO dyes for various  
adsorbents.

6. Conclusions

A comparative study on the MO dye removal efficiency 
of BC-Fe and Z-Fe derived from industrial by-products 
was performed. The effects of various operating param-
eters, such as contact time, pH, adsorbent dosage, and 
initial adsorbate dosage, on the removal efficiency were 

Fig. 16. Effect of temperature on dye removal using BC-Fe and 
Z-Fe composites.

Fig. 17. Plot of lnqem/Ce vs. 1/T for BC-Fe and Z-Fe.

Fig. 18. UV-visible absorption spectra for the as-prepared and 
degraded MO solution using BC-Fe and Z-Fe.

Table 12
Cost and adsorption capacity of BC-Fe and Z-Fe, as compared to other adsorbents, for the adsorption of MO dye

Adsorbent Adsorption 
capacity

Price/g of adsorbent as 
compared to BC-Fe price

Price/adsorbed gram of MO as 
compared to BC-Fe price

References

BC-Fe 31.67 1 1 This study
Z-Fe 23.75 0.75 1 This study
Chitosan/rectorite/carbon 
nanotubes

50.75 17.08 10.65 [55]

Fe3O4/CNTs 2.760 15.5 177.85 [56]
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studied. The Box–Behnken – DoE technique was used 
in this study to determine the optimum process vari-
ables to obtain the maximum removal efficiency. It was 
observed from the investigations that all variables influ-
enced the MO dye removal efficiency. MO removal was 
significantly influenced by the pH of the water. A highly 
acidic pH favors the removal of MO, with a removal effi-
ciency >95%. The optimum conditions for the maximum 
removal efficiency for BC-Fe were found to be a pH of 
2, contact time of 60 s, and adsorbent concentration of 
approximately 3–5 g/L for a maximum adsorbate dosage 
of 100 mg/L [46]. The optimum conditions for the maxi-
mum removal of MO dye using the Z-Fe composite was 
found to be a contact time of 40 s with an adsorbent dos-
age of approximately 4–5 g/L at a high acidic pH. This can 
be justified by the results obtained from the BET surface 
area analysis of both derived materials. The surface area 
of BC-Fe was 66.998 m2/g with a pore volume of 17 cc/g 
which is greater than that of the surface area (50.039 m2/g) 
and pore volume (13.07 cc/g) of Z-Fe. This resulted in a 
better dye removal efficiency with a lower concentration 
of BC-Fe than that of Z-Fe. Langmuir, Freundlich and 
Temkin isotherms were fitted to describe the equilibrium 
of the adsorption process. The removal of the MO dye fol-
lowed pseudo-second-order kinetics. This revealed that 
the MO dye was chemically adsorbed onto the surfaces 
of BC-Fe and Z-Fe. The thermodynamic parameters ΔH, 
ΔS, and ΔG were calculated. The positive values of ΔH 
and ΔS revealed that adsorption was endothermic and 
random in nature. Because ΔH was >40 kJ/mol, adsorp-
tion proceeded via chemisorption. The negative values 
of the change in free energy showed that the adsorption 
was spontaneous, and its magnitude increased with tem-
perature. Thus, it can be concluded that the presence 
of metal oxides significantly affect the rate of MO dye 
removal from dye-laden water. The future scope of this 
study includes scaling up to a pilot plant study to estab-
lish the efficacy of the derived composite adsorbents, 
regeneration capacity, evaluation of the residual concen-
tration in the treated water, and removal efficiency with  
different dyes.

Symbols

β0 —  Constant term of mathematical model equation
βi —  Coefficient of linear terms of variables in mathe-

matical model equation
xi —  Linear terms of variables in the mathematical 

model equation
βii —  Coefficient of square terms of variables in the 

mathematical model equation
xi

2 —  Square terms of variables in the mathematical 
model equation

βij —  Coefficients of the interaction terms of variables 
in the mathematical model equation

xixj —  Interaction terms of the variables in the mathe-
matical model equation

qe — Equilibrium adsorption capacity, mg/g
R — Percentage removal efficiency, %
C0 —  Initial MO dye concentration in solution, mg/L

Ct —  Liquid-phase concentrations of the dye at time t, 
mg/L

Ce — Equilibrium MO dye concentration, mg/L
V — Volume of the solution, L
m — mass of the adsorbent, g
Kf, n — Freundlich constants
qm —  Maximum monolayer coverage capacity, mg/g
KL — Langmuir isotherm constant, L/mg
RL — Separation factor
KT — Temkin isotherm equilibrium constant, L/g
B —  Constant related to the heat of adsorption, J/mol
qt —  Amounts of MO dye adsorbed at time t, mg/g
k1 — Pseudo-first-order rate constant, min–1

k2 —  Pseudo-second-order rate constant, g/mg·min
k3 —  Intraparticle diffusion rate constant, mg/g·min1/2

C —  Constant related to the thickness of the bound-
ary layer

ΔG — Change in free energy, kJ/mol
ΔH — Change in enthalpy, kJ/mol
ΔS — Change in entropy, J/mol·K
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