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Abstract

This study illustrated the biochar utilization as an adsorbent to remove the Malachite Green (MG) dye which is known to cause
toxic and hazardous effects. The present research aimed to determine how well biochar adsorbs malachite green dye and com-
prehend the fundamental principles driving adsorption. The iron-impregnated biochar was synthesized using waste biomass of
Teak (Tectona speciose), which is a timber tree, by pyrolysis process at 500 °C. The synthesized biochar was used to remove
MG dye from a synthetically prepared MG solution to evaluate its adsorption efficiency. The bioadsorbent was characterized
using Particle Size Analysis (PSA), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
point of zero charges (pHzpc), Energy Dispersive X-ray (EDX). A batch adsorption experiment for the MG adsorption onto the
MB-t surface was also conducted and it was found that the adsorption rate of MG was highly affected by the dose of biochar,
temperature, working solution pH, time of contact and primary dye concentration. Isotherm study showed that the Temkin was
the best-fit isotherm model to the adsorption process and the Qnmax value was discovered to be 73.539 mg/g. Pseudo-second-
order kinetics was best suited to the process of adsorption, indicating that the chemisorption was the rate-limiting factor. In con-
trast, the adsorption process was exothermic, which was determined through a thermodynamic study. The effective removal
(89.05 %) of MG dye onto biochar (synthesized from Teak biomass the first time applied for dye removal) within 1 hr proved the
bioadsorbent as a promising material for treating contaminated water.
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INTRODUCTION chite green (MG) is a synthetic organic substance

based on triphenylmethane with stable chemical char-
The production of synthetic dyes exceeds 2 x 10° met-  acteristics. It is a water-soluble and cationic dye that is
ric tonnes annually due to the exponential growth in the used in several sectors like the textile industry's paper
use of several dye variations for a wide range of appli- printing and dyeing operations (Islam et al., 2023).
cations (Kumar et al., 2021; Jabar et al., 2023). Mala- However, MG and its metabolites, leucomalachite
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green are extremely genotoxic and carcinogenic, and
they can seriously harm humans, particularly the repro-
ductive and immunological systems (Sinha et al., 2021,
Wang et al., 2022). Meanwhile, it also negatively im-
pacts important elements of soil ecosystems, which will
majorly affect the soil and harm the ecosystem sooner
or later. Several states have banned the use and dump-
ing of of MG in marine ecosystems (Asif et al., 2024).
In the mid-1990s, when MS was ultimately determined
as hazardous and to be banned in seafood (Hader et
al., 2020), their removal/ adsorption became more nec-
essary.

Many physical processes have been developed to elim-
inate MG, including adsorption, filtration, nanofiltration,
flocculation, ion exchange, and various other biological
and chemical treatment techniques. Recently, the ad-
sorption technique has been employed to use carbon-
based nanomaterials to remove many hazardous envi-
ronmental substances (Shukla et al., 2020; Asif et al.,
2024). Researchers prefer adsorption because it is in-
expensive. Adsorption has become a viable technique
because it is simple to use, economical, and more ef-
fective at eliminating contaminants from water (Ajmal et
al., 2020; Tony, 2022). Adsorbents are made from a
variety of raw materials, including agricultural residues
such as rice stalks, corn cobs, wheat stalks, rice husks,
etc., plant residues and other organic wastes were used
to remove several inorganic and organic impurities from
water(Kumar and Ghosh, 2021).

Biochar is the carbon-rich material removed from the
biomass and often pyrolyzed in an anaerobic environ-
ment (Verma and Singh, 2019). Due to its properties,
such as large specific surface area, hydrophobic sur-
face, porosity, and exceptional thermal stability, biochar
has been investigated for decontaminating dye-
containing wastewater. It is a porous, carbon-enriched,
and inexpensive substance produced through the ther-
mal breakdown of organic biomass in an oxygen-limited
environment (Akpasi et al., 2022). However, the mag-
netic biochar produced by pyrolyzing biomass and fer-
rates exhibits promising candidates for adsorption. A
unique technique for modifying the surface characteris-
tics of biochar and enhancing its sorption capacity is
surface modification. Numerous investigations have
demonstrated biochar's extraordinarily high pollutant
removal capability enhanced by metal infusion, includ-
ing Cu, Mn, Fe, Si, Ti, and Mg. Since Fe is a abundant
natural resource and non-toxic to the environment, it is
a desirable modifier to improve the properties of biochar
(Premarathna et al., 2019; Qui et al., 2022; Asif et al.,
2024). The aim of the present study was to investigate
the efficiency of the magnetic biochar for the removal of
malachite green dye from synthetically prepared dye
solution in different conditions like concentration of dye,
temperature influence, pH of the solution and amount of
biochar used to remove MG-dye.

MATERIALS AND METHODS

Reagents and solution

Malachite Green (C,3H,5CIN,; molecular wt.; 364.91 g/
mol) was purchased from Thermo Fisher Scientific In-
dia Pvt. Ltd. and its stock solution was prepared in dis-
tiled water and further diluted to prepare a working
solution as per the required concentration. 0.1 M Sodi-
um hydroxide (NaOH) and Nitric acid (HNOj3) solutions
were used to regulate the solution’s pH. The standard
and working solutions were stored in a dark place at
ambient atmospheric temperature, i.e., 25 °C, Ferric
chloride that was used for the iron-impregnated biochar
was also brought from ThermoFisher Scientific (TFS),
India Pvt. Ltd. The biomass waste for biochar synthesis
was collected from the University campus.

Process of biochar synthesis and activation

The teak plant's organic waste was obtained from Ba-
basaheb Bhimrao Ambedkar (BBA) University Luck-
now, India. Subsequently, the collected wastes were
washed at least three times with deionized water after
being initially cleaned with tap water to remove any
impurities that might have been there on the surface.
After being cut into small pieces, the waste biomass
was dried in a hot air oven at 105 °C for 24 hours to
remove moisture. The dry waste biomass was then
ground to obtain fibres of the same equal size. The
resulting powdered biomass was then sieved with 250
pm mesh. After sieving the waste, biomass powder was
used to produce biochar with magnetic properties. The
process described by Sahu et al. (2022) was used to
synthesise the biochar with magnetic properties after
some modifications.

The FeCl; solution was prepared by adding 15 g of
FeCl; to 150 mL of double distilled water and mixing 30
g of waste biomass powder into the FeCl; solution. This
mixture was stirred with a magnetic stirrer for 60
minutes and kept in a hot air oven at 105 °C for 4
hours. After that, the mixture was filtered with a vacu-
um pump to remove excess FeCl; solution. Subse-
quently, this processed waste biomass material was
pyrolyzed at 500 °C in a muffle furnace for 2 h. Before
using teak magnetic biochar (MB-t) as a bio adsorbent
to eliminate MG from the synthesized dye solution, it
was washed again with double distilled water, then
dried and ground homogenized and stored in a dry
place.

Biochar characterization

The shape, size and structure of synthesized biochar
were estimated using SEM (scanning electron micro-
scope), and the elemental content of the biochar was
characterized by using EDX (JOEL, JSM-6490 LV, Ja-
pan). Functional groups on MB-t were analysed using
FTIR before and after adsorption of MG dye. The size
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of the biochar particles was determined using Zeta Na-
nosizer (Nano ZS-90). The pHzc was determined to
evaluate the surface charge contained by the biochar.
A pH meter was used to measure the pH of the solu-
tions (Water analyser, 371, Systronic).

Batch adsorption experiment

The batch adsorption study was carried out under vari-
able conditions: Dose of bioadsorbent, primary concen-
tration of the solution, pH of the solution, temperature
and contact time of the adsorbent with the adsorbate.
To determine the amount of MB-t , we added six differ-
ent amounts, i.e., 0.1, 0.25, 0.5, 1.0, 1.25and 1.5 g/L in
a 20 mg/L of MG dye solution separately into Erlen-
meyer flask of 250 mL capacity Erlenmeyer flask. The
maximum adsorption of MG was achieved with a dose
of 0.5 g/L, which was used for the rest of the MG sorp-
tion experiments. The concentration study involves dif-
ferent initial concentrations of the solution and in this
study, 5, 10, 15, 20, 25, 30 and 35 mg/L were taken
and for the temperature study, the different tempera-
tures at which the experiment was conducted were
25 °C - 45 °C. The effect of pH (3-10 pH) and contact
time (5-180 min) was also studied . The pH of the dye
solution was maintained with HNO3; and NaOH solution
at a concentration of 0.1 M and the pH of the dye solu-
tion was measured using a pH metre (Water Analyzer,
372 of Systronic, India Ltd.). The experiment was car-
ried out with duplicate sets of samples to analyse the
residual concentration of MG after adsorption. The re-
sidual concentration of MG after adsorption was deter-
mined at 620 nm using a wavelength UV-Vis spectro-
photometer (117, Systronic India Ltd.). The equations
for the percentage of removal and the adsorption ca-
pacity of the adsorbent were calculated by using the
following equation:

. Co — G
Adsorption % = ( ) x 100 Eq. 1
0
mg Co — C,
“(g)="m £q. 2

Here, C; and C, are final dye concentration and initial
MG concentration, correspondingly. The MB-t adsor-
bent capacity and final concentration of adsorbate were
implied by ge and Ce. Volume of adsorbate was sym-
bolised by v (litres) and mass of the MB-t was implied
by m (g/L).

RESULTS AND DISCUSSION

Biochar characterization

Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray (EDX)

When the surface morphology structure was assessed
using SEM, the result showed that the MB-t has an

asymmetrical shape and rough surface, as represented
in Fig. 1a. Elemental composition of MB-t was ana-
lysed using EDX and the result showed that the carbon
content was 42.8 % and 9.2 % of iron (Fig. 1b). This
suggests that a significant amount of iron accumulates
on the surface of the biosorbent, making magnetic bio-
char more efficient in removing malachite green dye
from aqueous solutions with known dye concentrations.
Similar results were reported in a study by Ibrahim et
al. (2019), which found that biochar prepared at a high-
er temperature (500°C) had a higher iron content and a
similar morphology.

pH at point zero charge (pHzpc)

pHzerc helps to define the net surface charge of the pre-
pared biochar. The pHzp¢c of MB-t was discovered to be
2.8 (Fig.1c). The pHzpc represents the value at which
the bioadsorbent exhibits zero surface charge, below
which the bioadsorbent had positive surface charge
and above that point, the bioadsorbent had a negative
surface charge on it.

Particle size analysis (PSA)

The particle size of MB-t was examined by dispersing
MB-t particles in a dispersing medium with pH 7. The
result indicates that the size of MB-t was found to be
between 140-190 nm and comes in the Micrometre
category (Fig. 1d). Zhang et al. (2020) also reported
the biochar particles were found in the range of 100 nm
to 200 nm, which fall into the category of micrometer
scale.

Fourier Transform Infra-red spectroscopy (FTIR)
Surface functional groups of MB-t were evaluated us-
ing FTIR from wavenumber 4000 to 400 cm™. Before
adsorption of MG dye, numerous peaks were obtained
at wavenumber 3600.4, 3390.2 and 3106.7 cm™ that,
denoting the occurrence of hydroxyl group (-OH), the
peak at 2913.9 cm™ and 2329.3 cm™ implies to CHs in
aliphatic compound (Eltaweil et al., 2020). The peaks
found at wavenumber 1498.4 cm” were assigned to
the carboxyl group (-COOH), although the peak found
at 1135.8 cm-1 wavenumber resembles the O=C-O
group. Aromatic hydrogen (C-H) groups were also pre-
sent, which was confirmed by the peaks at wave-
numbers 968.0 and 879 cm™ (Muinde et al., 2020).
The peak at wavenumber 570.8 cm™ was due to the
presence of a band of carboxylic group or Fe-O,
whereas the C-N-C peak existed at wavenumber 474.4
cm™ that confirms the impregnation of iron into biochar
(Verma et al., 2019).

After loading MG dye on MB-t biochar, the FTIR spec-
trum shows new peaks and the shifting of peaks. The
FTIR data shows the occurrence of -OH bond at
3469.3 cm™ wavenumber, CHj; in the aliphatic com-
pound was found at the peak 2913.9 and 2329.3 cm™.
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Fig. 1. a) SEM showing morphological structure of t-MB, b) EDX represents the elemental composition of t-MB, c) pHzpc
oft-MB, d) PSA (particle size of MB-t)and e) FTIR showing surface functional groups of t-MB before and after adsorption

of MG dye

The peak at 1610.2 and 1450.2 correspond to the C=C
and carboxyl groups, respectively (Chen et al., 2023).
The peak at 1313.2 cm™ is assigned for N=N-O in
azoxy compound. The peaks 775.3 and 512.9 cm-1 are
attributed to the bending vibration of C-O bond and Fe-
O group.

The peaks represent OH disappearing, or a decrease
in intensity was observed after the adsorption of dye.
The peak at 2329.3 cm™ also disappeared, and new
peaks were found at wave numbers 1610.2 (C=C),
1313.2 (N=N-0), and 775.3 cm™ (C-O). The adsorption
of MG on MB-t was confirmed by the appearance of
new peaks, change in peak intensities, and shifting of
peaks (1498.4 shifted to 1450.2) (Fig.1e). This could be
because these functional groups are involved in the
adsorption process. This behaviour of adsorption is
similar with the results from other dye adsorption. In a
study, activated biochar was used to remove MG dye,
Wang et al. (2021) found comparable shifts in peaks,
indicating the participation of functional groups on bio-
char surface, including hydroxyl, aromatic groups and

carboxyl groups in the adsorption process. These
spectral alterations correspond to the claim that func-
tional groups aid in binding the dye molecules and con-
firm the successful MG dye adsorption via biochar.

Batch adsorption

Influence of biadsorbent dose

To determine the impact of the dose of bioadsorbent on
MG dye sorption was done at 7 pH, 20 mg/L of initial
dye concentration, the temperature was 25 (1 with dif-
ferent bioadsorbent doses in the range of 0.1 to 1.5 g/L.
Fig. 2a represents that the maximum adsorption of MG
was 89.73 % achieved at 0.5 g/L of dose and the MB-t
adsorption capacity was 4.10 mg/g at 0.5 g/L of dose.
On further increasing the dose of MB-t a very small or
nonexistence enhancement in the reduction of MG hap-
pened. The maximum adsorption capacity of MB-t for
removal of MG was 36.12 mg/g and was decreased
(1.88 mg/g) with increasing the concentration of dose
(Fig. 2a). The removal percentage of dye was de-
creased with increased concentration of MB-t but be-
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yond a certain point, adding more amount of biochar
did not result in removing a greater amount of adsorb-
ate. This was due to the agglomeration of MB-t parti-
cles into clusters, which reduces the surface area and
active site for MG adsorption (Vigneshwaran et al.,
2021).Furthermore, Aziz et al. (2023) showed that the
removal capacity decreased as the biochar concentra-
tion increased. The overlapping of adsorption sites ex-
plained this because of the agglomeration of the bio-
char, which results in reduced adsorption of dye mole-
cules through biochar.

Influence of pH

lonization of MG, surface charge on biochar and rate of
adsorption all are greatly affected by the pH of the dye
solution. As MG’s stability changes with pH, it's pka
(6.9) also affects how it behaves in the environment. As
a result, the adsorption tests in the present study were
conducted in the range pH 4 and 10 with the interval of
1. To study the influence of pH the experiment was
performed with 0.5 g/L dose, baseline MG dye concen-
tration was 20 mg/L while the temperature was 25 °C.
This observation was made at pH 7 at which the maxi-
mum percentage absorption rate of 86.92 % was rec-
orded for the dye as shown in Fig 2b. Alike result was
also reported in research done by Amiri-Hosseini and
Hashempour (2021); Eltaweil et a. (2020) in which
maximum adsorption was obtained at pH and the mini-
mum removal was found at lower pH or in an acidic
medium.

It was observed that a change in the solution's pH re-
sulted in various sorts of ions. The adsorbents' and the
MG molecules' negatively charged surfaces grew as
the pH level rose. Hence, a low value of elimination
efficiency resulted from increased repulsive electrostat-
ic interactions between the MB-t surface and MG dye,
which was negatively charged. The maximum adsorp-
tion was achieved at pH 6 and the explanation for this
trend , the higher H" concentration at acidic (lower) pH
enhanced the positive charge on MB-t surface, which
instigates the repulsion among the positively charged
biochar and MG dye (Chen et al., 2023). Inversely, as
the pH of the solution rose to 6, the OH- groups or neg-
ative charge increased significantly on the MB-t sur-
face; thus, the electrostatic attraction was increased
amongst the positively charged MG and negatively
charged biochar and the adsorption became favoura-
ble. pHzpc of the biochar was 2.3, indicating that the
bioadsorbent had a negative surface charge beyond
this point.

Influence of temperature on adsorption of MG

Temperature is an important factor that may greatly
impact the adsorption process response rate. Every
reaction condition, including net concentration, pH, and
removal ability, was somewhat correlated with the sev-

eral temperatures. The temperature investigation was
conducted at several temperatures, including 25, 35,
45, and 55 °C, while maintaining constant parameters
(dose of 0.5 g/L, initial MG dye concentration of 20mg/
L, and pH of 7). As demonstrated in Fig. 2c, it was dis-
covered that the adsorption capacity reduced with in-
creased temperatures and the percent removal of dye
was also decreased on increased temperature from 25-
55°C. The maximum adsorption of 86.92% at 25 °C
was recorded when MB-t was utilized for the MG re-
moval (Fig. 2c), and then the removal percentage de-
creased with increasing temperature to 82.88 % at
55 °C. This represents that MG removal from the aque-
ous solution by biosorbent is an exothermic process.
The active binding sites present on MB-t might not re-
quire very high temperatures, which improves the re-
moval of MG dye at lower temperatures, whereas the
breakdown of the active binding site on the MB-t sur-
face or the desorption of MG molecules as an outcome
of excessive heat availability may be the cause of the
loss in adsorption capacity at higher temperatures (over
55 °C for MG adsorption, respectively) .As per Vergis
et al. (2019), biochar materials are more efficient in
removing MG-dye at lower or ambient temperatures,
and their adsorption capacity declines with increased
temperature. This was because higher temperatures
restrict the adsorption efficiency by lowering the num-
ber of active sites on biochar surface.

Influence of initial dye concentration and time of
contact

The influence of primary concentration on the removal
of MG through MB-t was done at neutral pH, 0.5 g/L of
dose, 25 °C temperature and different initial concentra-
tion of adsorbate i.e., in the range of 5 mg/L to 30 mg/L.
Fig. 2d shows that MG adsorption was decreased with
enhanced primary MG dye concentration. The maxi-
mum removal was 88.68 %, achieved at lower initial
MG concentration, i.e., 5 mg/L. The adsorption was
reduced from 88.68 % to 78.11 % on increasing prima-
ry dye concentration from 5mg/L to 30 mg/L. The value
of adsorption capacity was increased with increasing
concentration from 8.87 mg/g to 46.87 mg/g at 5 mg/L
to 30 mg/L, correspondingly (Fig. 2e). The equilibrium
was achieved in 60 min of contact time. As the primary
MG dye concentration increased, the adsorption was
reduced because the vacant active sites were saturat-
ed. This trend of adsorption was obtained may be due
to the complete overload of MB-t active binding sites.
The Fig. 2d also shows that, up to 60 minutes, the ad-
sorption increases with time; however, no more in-
crease in adsorption was observed after that. Initially,
the number of molecules of MG dye was very low in the
available active vacant sites of the adsorbent, so the
adsorption was higher and was accessible for more
adsorption of dye. The availability of vacant active
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Fig. 2. Effect of a) Dose of MB-t along with adsorption capacity, b) pH of the solution, c) Temperature, d) Initial MG dye
concentration and e) adsorption capacity of MB-t for MG adsorption

sites on biochar decreased with the increase in the ini-
tial concentration of dye. Similar results were also re-
ported by Bensalah et al.(2020), Zubair et al.(2020),
Khan et al. (2023).

Isotherm Study

An adsorption isotherm elaborates the adsorbents'
equilibrium behaviour with their properties and pollu-
tants removal from the aqueous medium. The isotherm
models such as Freundlich, Temkin, and Langmuir
were used to examine the best fit for the obtained equi-
librium data.

Langmuir Isotherm

The effect of temperature experiments was conducted
at four various temperatures from 25 to 55 °C , and with
varying initial concentrations of MG between 5 to 40
mg/L. Every binding site of the MB-t has an equal affini-
ty for the pollutant in a monolayer with homogeneous
adsorption, as explained by the Langmuir adsorption
model of isotherm (Hu et al., 2023). Additionally, this
model provides an equilibrium saturation point at which
adsorption is terminated Eq. (3) provides the monolayer

adsorption model.
Ce 1 C.

de qob  qq

Eq. 3
Where C, and g, are the final residual dye concentra-
tion after adsorption at the equilibrium point and ad-
sorption capacity of MB-t at equilibrium point and the
units are mg/L and mg/g units, separately. Qo (mg/g)
and b (L/mg), are Langmuir's constants which highlight-
ed the maximal adsorption capacity and rate of adsorp-
tion.

Meanwhile, plotting the plots between C./q. versus C,
yields a (1/Qy) slope that resembled a straight line (Fig.
3a). For a Langmuir isotherm, the following equation

represented the dimensionless separation factor:
1

RL = Eq. 4
1+bCo

Here, b denotes the Langmuir adsorption equilibrium
constant and the measuring unit is L/mg. C, (mg/L) is
the solute's starting concentration, RL implied the di-
mensionless factor for Langmuir model. If the value of
RL is greater than 1 the process is unfavourable, fa-
vourable if the value was greater than 0 and less than
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1, linear when the value was equal to 1 and the adsorp-
tion process was irreversible if the value of RL was
equal to 0. The graph of C./q. against C,'s slope and
intercept was used to compute the b and Qo values.
The linear graph confirmed the research's validity. MG
is adsorbing favourably onto the MB-t based on the
values of dimensionless constraint RL, which was
found to be less than 1. Table 1 displays a plot of the
calculated values of the Langmuir constant.

Freundlich isotherm

Adsorption that is both reversible and non-ideal is por-
trayed by the Freundlich model of adsorption isotherm
(Musah et al., 2022). This model was only applied for
multilayer sorption (Heterogenous) with various binding
energy spectra. The Freundlich isotherm equation is
presented here in its linear format.

Log q., = Log Kf + ~Log C, Eq.5
Here, the adsorption capacity of MB-t is q. (mg/g) at
equilibrium, and the residual dye concentration is writ-
ten as C, (mg/L) at equilibrium. There are two con-
stants for Freundlich isotherm: Ke and n. The process
of sorption favouring or not favouring the Freundlich
model of isotherm is shown by the value of n, while the
ability of MB-t to adsorb MG on it is indicated by Kg
(mg/g (L/mg)1/n). Plotting Inq. versus InC, yields a val-
ue of 1/n (0 to 1), which represents the sorption amount
and the heterogeneity of the MB-t surface (Fig. 3b). If
ther value of 1/n is close to zero, the MB-t surface is
considered more diverse or heterogenous. The ob-
tained values of constant of Freundlich isotherm model
is listed in Table 1.

Temkin isotherms

The impacts of MB-t and MG dye interactions during
the process of adsorption were considered by the Tem-
kin model of isotherm. The heat of adsorption of dye

molecules in a layer reduces linearly with the coverage
because of interaction of MB-t and MG dye molecules
(Temkin & Pyzhev, 1940; Nandiyanto, 2020). This can
be written as follows:

Qe =BIlnKr+BInC,

Here, the Temkin constant is presented by B, which is
linked to the heat of sorption and maximal binding ener-
gy is attributed by Ky, which is Temkin binding constant.
It is possible to determine the value of B and K7 from
the graph obtained by q. vs InC, (Fig. 3c). All the val-
ues for Temkin constraints are tabulated in Table 1.
Adsorption isotherm study showed that R? value for
Temkin isotherm is 0.985 and R? value for Langmuir
isotherm was 0.758 with 73.54 mg/g Langmuir adsorp-
tion capacity. The correlation coefficient value for
Freundlich model of isotherm is R? = 0.96. Results
explained that Temkin isotherm was best fitted for the
removal of MG by adsorbent (MB-t), which illustrates
the heat of adsorption that decreased linearly with in-
creasing coverage as per the electrostatic interaction
between the adsorbate and adsorbent. Similar out-
comes have also been reported by Ahmed et al.(2014)
for the MG-dye through the process of adsorption.
According to the study's findings, the Temkin model
more accurately depicted the actual adsorption process
for MG dye on MB-t biochar than the Langmuir model,
which suggested a finite number of adsorption sites.
This is probably because of the surface heterogeneity
of the biochar and the type of interactions that took
place. On the other hand, the adsorption sites appear
to be heterogeneous, having different affinities for the
dye molecules, according to the Freundlich model,
which has an R? value of 0.96.

Eq. 6

Adsorption kinetics
The adsorption kinetics are crucial for the practical ap-
plicability of MB-t for MG dye removal. To assess the

Table 1. Isotherm parameters for Langmuir, Freundlich and Temkin models for MG dye removal with MB-t

Isotherm Parameters Value
Qo (mg/g) 73.539
) B (L/mg) 0.274
Langmuir R, 0.109
R? 0.9758
K (mg/g(L/mg)1/n) 3.027
Freundlich 1/n 1.497
R? 0.96
B 15.634
Kt (L/mg) 2.964
Temkin br (kJ/mol) 1.086
R? 0.985
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Fig. 3. a) Langmuir isotherm, b) Freundlich isotherm, c) Temkin isotherm model, d) Pseudo-first-order kinetics and e)

Pseudo-second-order kinetics for MG removal

adsorption kinetics pseudo-first-order and pseudo-
second-order kinetics models were used.

Equation 7 is used to calculate the values of pseudo-
first-order kinetic (Verma et al., 2022).

ky
log(qe —q.) = logqe — (2_303) Eq.7

Where g, = adsorbed MG at equilibrium, q; = adsorbed
quantity of MG at time and K; is the rate constant. The
K1, ge and gt values were calculated at every concen-
tration as presented in Table 2. Meanwhile, the graph
was plotted amongst the values of In(qe-qf) and t to
calculate the value of K; (Fig. 3d).

The pseudo-second-order (Goddeti et al., 2020) is ex-
plained below.

t 1 1
q  (k2q2)  \q.
Here, the pseudo-second-order kinetic (K2) rate con-

stant was estimated from the graph of t/q; vs t (Fig. 3e)
and their computed values are given in Table 2. The

Eq. 8

experimental data was best fitted with the pseudo-
second-

order kinetic model with correlation coefficient value
(R?>= 1) for MG adsorption using MB-t, indicating that
the rate-limiting step is chemisorption. It was observed
that the pseudo-first-order kinetics were not fitted to the
experimental data of MG dye adsorption through MB-t
biochar and all the calculated values for pseudo-first-
order and pseudo-second-order are given in Table 2.
Wang et al. (2021) also reported a similar result in
which they used agricultural waste for biochar synthe-
sis for MG-dye removal and found that the adsorption
process is controlled by chemical interactions between
the adsorbent and adsorbate as the adsorption process
best fitted to the pseudo-second-order. Overall, this
study's excellent fit of the pseudo-second-order model
was a clear sign that the MG dye molecules and the
biochar surface formed a chemical interaction during
adsorption.

Intra-particle diffusion model (IPDM)
The Intra-Particle Diffusion Model (IPDM) outlines the
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Table 2. Value of kinetics parameter for MG removal using MB-t

Co (mgl/L) Pseud-first-order kinetics Pseudo-second-order kinetics
Qe k1 2 kz 2
(mg/g) (min-1) R 9e (mglg) (g/(mg min)) R
5 0.660 0.010 0.9061 8.953 0.209 1
10 1.607 0.017 0.7909 17.668 0.168 1
15 1.843 0.008 0.9344 26.316 0.056 1
20 1.127 0.001 0.6377 34.483 0.172 1
25 1.426 0.004 0.8195 40.650 0.061 1
30 2.782 0.013 0.9955 46.948 0.086 1
50 2.65
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Fig. 4. Graph of a) Intraparticle diffusion model and b) Thermodynamics for the MG dye adsorption using MB-t.

three stages involved in the sorption of a contaminant
onto the MB-t surface. Firstly, the adsorbate is ad-
sorbed onto the MB-t surface through the external sur-
face, or prompt adsorption process; secondly, there is
steady adsorption, which illustrates controlled intraparti-
cle diffusion; and thirdly, the adsorbate transfers from
larger pore to micropores, resulting in a decrease in the
adsorption rate and, ultimately, reaching the equilibrium
step (Muinde et al., 2020). This process is represented
by the IPDM, which was anticipated by Weber and Mor-
ris, (1963) via Eq. given below:

q,=k;t'? + C

Here, Ki= rate constant for the intraparticle diffusion
(mg g min™)

C= boundary layer thickness (mg g”')

The values of C and K; are computed from the values of
slope and intercept of q; vs. t"? plots (Fig. 4a) respec-
tively. Plotting g, vs t"?shows

that the origin is passed through if the solute's adsorp-
tion is regulated by the intra-particle diffusion mecha-
nism, as per IPDM. Thus, it was determined that the
MG dye adsorption onto MB-t is facilitated by intraparti-
cle diffusion.

Eq. 9

Thermodynamics
Thermodynamics study was performed to determine
the temperature favourability on adsorption of MG dye.

Gibb’s free energy (AG®), enthalpy (AH°) and entropy
(AS°) are the three main components of thermodynam-
ics. The computation of these constraints of thermody-
namics was performed using following Eq;:

K¢ = % Eq. 10
e
AS AH
InK, == — = Eq. 11
R RT
AG° = —RT InK, Eq. 12

Where, initial MG dye concentration (mg/L) and quanti-
ty of dye get adsorbed by the MB-t (mg/g) is denoted
by C. and q., correspondingly at equilibrium point. K,
stands for the thermodynamic constant, 8.314 J/mol K
is the gas constant value and is denoted by R and T (K)
stands for absolute temperature. The value of all three
parameters of the thermodynamics were calculated by
plotting the graph (Fig. 4b) between the values of InK;
and 1/T (Table 3).

The result of thermodynamics shows that the adsorp-
tion of MG dye was decreased with increasing temper-
ature that depicts the adsorption is exothermic and the
same was confirmed by the positive value of AG®, i.e.,
3.08, 3.19, 3.29, 3.39 kJ for 25, 35, 45 and 55 [, re-
spectively, the positive value of Gibb’s free energy
shows the non-spontaneous process of adsorption for
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Table 3. Parameters of thermodynamic study for MG ad-
sorption using MB-t biochar

;r:r':’();;a' Thermodynamics parameters
AG AH AS
(kJ/mol) (kJ/mol) (J/mol K)
298 3.082 -9.54 -10.37
308 3.186
318 3.289
328 3.393

MG removal using MB-t. The value of AH® (-9.54 J/mol
K) and AS° (-10.37 J/mol K) are negative and that re-
vealed the good affinity of MB-t for MG removal
(Eltaweil et al., 2020). These thermodynamic parame-
ters provide more evidence that the adsorption of MG
dye on MB-t biochar is an exothermic, non-
spontaneous process that happens when the tempera-
ture drops and the dye molecules have a strong affinity
for the biochar surface, as shown by the negative val-
ues of AH® and AS°.

These results are consistent with earlier research that
used biochar to adsorb MG dye, namely Eltaweil et al.
(2020), which obtained similar thermodynamic results.
The exothermic character of the adsorption process
was also demonstrated by the study's negative values
of AH® and AS®, which showed that the system's ran-
domness decreased as the dye was adsorbed. Further-
more, as is common for exothermic reactions, the posi-
tive values of AG® seen in both investigations verify that
the adsorption process for MG elimination is not spon-
taneous and necessitates an external energy input.

Conclusion

The present study proved that MB-t had a greater effi-
cacy in removing MG dye from an aqueous of its known
concentration and can be utilised for the adsorption of
MG from contaminated water in future industrial appli-
cations. EDX analysis revealed that the material is suc-
cessfully infused with iron, making the adsorbent mag-
netic and easily recovers using a magnetic field. The
biochar particle size was found in the 140-190 nm
scale. The maximum adsorption was 89.73 % achieved
with 0.5 g/L of dose. The highest MG sorption occurred
at pH 6, and the equilibrium time for MG adsorption
was achieved within 60 minutes of contact time. The
adsorption percentage was 88.68 % at 5 mg/L dye con-
centration and reduced with increased (30 mg/L) prima-
ry concentration of dye. The qmax value was 73.539 mg/
g, which was obtained from Langmuir model of iso-
therm calculation. Pseudo-second-order kinetics shows
the greatest fit for the adsorption data, which revealed
that the process of adsorption is chemisorption, which
was the rate-limiting factor. Intraparticle diffusion was

not the only controlling factor in the adsorption of MG
dye from synthetically prepared dye solution as the
trendlines did not pass the origin. Thermodynamic
study shows the non-spontaneous process of Dye ad-
sorption onto MB-t surface. FTIR results illustrated that
various function groups of the surface of biochar were
required to eliminate MG dye from synthetically pre-
pared dye solution. The overall study concluded that
this biochar can be the best alternative to the expen-
sive adsorbents commercially available in the market
for treating water contaminated with dye.
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