
Biosorption Potential of Arachis hypogaea-Derived Biochar for Cd
and Ni, as Evidenced through Kinetic, Isothermal, and
Thermodynamics Modeling
Fozia Batool,* Rahman Qadir, Fatima Adeeb, Samia Kanwal, Ehab A. Abdelrahman, Sobia Noreen,
Bedur Faleh A. Albalawi, Muhammad Mustaqeem, Muhammad Imtiaz, Allah Ditta,*
and Humaira Yasmeen Gondal

Cite This: ACS Omega 2023, 8, 40128−40139 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Biochar derived from plant biomass has great potential
for the decontamination of aqueous media. It is the need of the hour
to test biochar derived from economical, easily available, and novel
materials. In this regard, the present study provides insight into the
sorption of two heavy metals, i.e., cadmium (Cd) and nickel (Ni),
using native Arachis hypogaea and its biochar prepared through
pyrolysis. The effect of different factors, including interaction time,
initial concentration of adsorbate, and temperature, as well as sorbent
dosage, was studied on the sorption of Cd and Ni through a batch
experiment. Characterization of the native biowaste and prepared
biochar for its surface morphology and functional group identification
was executed using Fourier transform infrared (FTIR) spectroscopy
and scanning electron microscopy (SEM). Results revealed the
presence of different functional groups such as −OH on the surface
of the adsorbent, which plays an important role in metal attachment. SEM reveals the irregular surface morphology of the adsorbent,
which makes it easy for metal attachment. Thermogravimetric analysis shows the stability of A. hypogaea biochar up to 380 °C as
compared with native adsorbent. The adsorption efficacy of A. hypogaea was found to be higher than that of native A. hypogaea for
both metals. The best adsorption of Cd (94.5%) on biochar was observed at a concentration of 40 ppm, an adsorbent dosage of 2 g,
a contact time of 100 min, and a temperature of 50 °C. While the optimum conditions for adsorption of Ni on biochar (97.2%
adsorption) were reported at a contact time of 100 min, adsorbent dosage of 2.5 g, initial concentration of 60 ppm, and temperature
of 50 °C. Results revealed that biochar offers better adsorption of metal ions as compared with raw samples at low concentrations.
Isothermal studies show the adsorption mechanism as physical adsorption, and the negative value of Gibb’s free energy confirms the
spontaneous nature of the adsorption reaction. An increase in entropy value favors the adsorption process. Results revealed that the
sorbent was a decent alternative to eliminate metal ions from the solution instead of costly adsorbents.

■ INTRODUCTION
Since the beginning of the modern era, environmental pollution
is posing adverse effects on the globe and has now turned into a
major ecological problem.1,2 Several factors including global
warming, depletion of the ozone layer, desertification, discharge
of industrial effluents, and toxic compounds have increased the
intensity of this issue.3 We are living in an era where tons of
waste, especially industrial effluents, are produced every day and
get dissolved in the drinking water and groundwater.4 These
wastes carry heavy metals (HMs) that might be dangerous even
in small quantities. Our soil, air, and water mediums are severely
contaminated by HMs like magnesium (Mg), nickel (Ni),
mercury (Hg), cadmium (Cd), chromium (Cr), lead (Pb), and
arsenic (As) and therefore there is a dire need to protect the
aquatic environment from such HMs due to their non-

biodegradable and toxic nature.5,6 HMs are persistently present
in our environment, as they cannot be degraded by biological or
any other organism.7 Their presence in water in an ionic form
can affect aquatic life and sometimes endanger aquatic life.8

HMs, such as Cd and Ni, although present in low
concentrations, adversely affect human beings and cause
respiratory problems, immunological weakness, kidney and
liver disorders, hypertension, genetic and neurological changes,
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cancer, and even lead to death.9−11 HMs have a toxic nature that
links to protein-containing compounds and thus affects their
efficiency as well as their structures.12,13 Several methodologies,
such as precipitation, sorption, electrochemical techniques,
filtration, sublimation, and floatation, have been employed and
amended to eliminate the toxic HMs from wastewater.12,14−16

Among these methods, adsorption is the most economical and
easy approach for the removal of unwanted metals from
wastewater.17,18

One of the most critical points in the use of adsorbents is the
suitability of their porous structures, adsorption velocity, and
total adsorption capacity. A wide variety of solid materials can be
used as organic carbon and adsorbents, but biochar (BC) is the
most economical and cost-effective carbonaceous product.19−21

Major biomass materials used to prepare biochar are peanut
shells, ryes, grass, rice husks, garlic stalk, straw, metropolitan
solid waste, and wood waste products. An increase in the carbon
content improves the biochar resistance to microbial decom-
position. Presently, researchers are trying to investigate its usage

Figure 1. FTIR spectra of native A. hypogaea and A. hypogaea biochar before and after adsorptionA clear shift in the band position of−OH is observed
before and after the adsorption of metal ions from 3319 to 3325 and 3373 cm−1 for Ni and Cd ions attachment on native A. hypogaea, respectively.
Similarly, for biochar, the −OH peak was obtained at 3340 cm−1, which shifted to 3486 and 3317 after Ni and Cd attachment with the surface of the
adsorbent. A similar trend is reported by other researchers.33,34
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as a soil conditioner.22 Favorable as well as encouraging use of
this material in waste administration has been found. Nowadays,
groundwater is continuously being deteriorated due to HMs and
other pollutants. Recent studies have shown that biochar can
adsorb harmful metals such as Cd, Hg, Cr, Pb, Zn, Cu, and Ni
from wastewater.23,24

However, it is pertinent to observe the behavior of sorbent by
correlating the sorbent equilibrium with selected parameters
under specified conditions.25 Such correlations can be studied
by employing the equilibrium isotherms that in turn sort out the
monolayer/multilayer sorption processes based on the inter-
action between the sorbent and its surface.26−28 Similarly, the
spontaneity of the adsorption process can be explained based on
thermodynamic studies. Other factors, such as suitable temper-
ature range and the nature of both sorbent and sorbate at
equilibrium, can also be explained using these studies.29,30

In the present study, the adsorptive removal of Cd and Ni
from the aqueous medium was tested using the raw biomass of
Arachis hypogaea peels and its biochar. To our knowledge, no
study has been conducted that involved the use of the raw
biomass of Arachis hypogaea peels and its biochar as adsorbents.
The synthesis of biochar was carried out from locally available
waste biomass, i.e., peels of Arachis hypogaea (commonly known
as peanut). The waste biomass could be easily obtained from
house dustbins and from factories that use peanuts in their
products such as biscuits and bakeries. The prepared biochar
was further employed in the adsorption of Cd and Ni from the
aquatic medium under selected parameters such as pH, initial
concentration of sorbate, contact time, and concentration of
sorbent. Moreover, isothermal, kinetic, and thermodynamic
studies were conducted to observe the nature of the reaction.

■ RESULTS AND DISCUSSION
The adsorption potential of biochar synthesized from synthetic
A. hypogaea and native A. hypogaeawas used to eliminate Cd and
Ni from the aqueous solution.

Characterization of Sorbent. Characterization of the
sorbent is a crucial factor of measurement. Surface morphology
and functional groups present in the sorbent can be
characterized by employing scanning electron microscopy and
Fourier transform infrared spectroscopy, respectively.

Fourier Transform Infrared (FTIR) Spectroscopy.
Results obtained from FTIR analysis of AH and AHB before
and after the adsorption of Cd and Ni are listed in Figure 1. The
hydroxyl group peak appears in the range of 3501−3009 cm−1,
while the hydroxyl group (O−H) adsorption band appears at
3346 cm−1 and also on 3319.49 cm−1 before the sorption for
biochar as well as native A. hypogaea. Inter- and intramolecular
hydrogen bonding is accountable for stretching along with the
broadening of the band of −OH in the FTIR spectrum. For the
C−H bond, the range was 2920−2900 cm−1. A peak observed at
2341.58 cm−1 might be linked with C�N. Peaks in the range of
2001−1550 cm−1 are due to the C�C stretching vibrations in
both adsorbents. For adsorption purposes, a significant role is
played by the−OH group and heteroatoms to attach sorbate on
the surface.31,32

Scanning Electron Microscopy (SEM). The surface
morphology of A. hypogaea is determined by scanning electron
microscopy. Images of SEM of biochar and native A. hypogaea
are shown in Figure 2. It is indicated from the images that the
surface of the sorbent is rough and irregular, which enhances the
speed of HM adsorption on the sorbent surface.33,35

Thermogravimetric Analysis.Thermogravimetric analysis
was performed to analyze the thermal stability of native A.
hypogaea and its biochar. Results given in Figure S1 show that a
loss of 5.5% of the weight was observed for native A. hypogaea
from room temperature up to 150 °C due to moisture content
present in the native adsorbent. This kind of weight loss is not
observed for biochar samples, as it is already treated at high
temperatures and contains no moisture content. A significant
weight change was observed from 250 to 320 °C due to the
decomposition of major constituents of native A. hypogaea.
These components are cellulose, hemicellulose, and lignin,
which contribute a major part in the mass of A. hypogaea.
Cellulose starts decomposing at 275 °C and hemicellulose above
150 °C, while lignin shows degradation at 250 to 500 °C.36,37 So
change in weight represented by arrow 1may be due to cellulose
and hemicellulose, while arrow 2 shows weight loss due to lignin
decomposition. In A. hypogaea biochar a major weight change
was observed at 350 °C due to lignin loss. Research outputs are
in good agreement with the reported data.38

Absorption Study and Optimization of Parameters.
The absorption study was based on the batch absorption
method, and the surface parameters such as initial concentration
of sorbate, interaction time, and concentration of sorbent were
optimized to verify the best adsorption conditions for the
sorbent (Figures S2 and S3). The stirring speed of the orbital
shaker was kept at 150 rpm to observe the adsorption of Cd and
Ni on raw and biochar A. hypogaea.

Effect of pH. Adsorption of metal ions is highly dependent
on the pH factor as surface charge and metal ion attachment on
the surface are decided by this factor. To optimize the factor of
pH for the removal of Cd and Ni ions on AH and AHB, the
experiment was performed in the pH range 1−7, as shown in
Figure S2. Asmetal ions start precipitation in the basic pH range,

Figure 2. SEM image of A. hypogaea (a, b) Native A. hypogaea, (c) A.
hypogaea Biochar.
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the adsorption experiment was not extended above pH range 7.
Adsorption efficiency was found to be small at low pH, as the
oxygen of the adsorbent surface is protonated by an acidic pH
range. However, a positive trend in the adsorption rate was
observed by increasing the pH of the adsorption solution, and
maximum adsorption potential was achieved at pH 6 for both
metal ions. The optimization of other parameters (concen-
tration of sorbate, contact time, amount of adsorbent, and
temperature) discussed below was conducted at pH 6.

Concentration of Sorbate. To estimate the effect of
changes in the concentration of HMs, solutions of varying
concentrations such as 20, 40, 60, 80, and 100 ppm were
prepared by adding 1 g of sorbent and stirring at a speed of 150
rpm for biochar and native A. hypogaea. These solutions were
placed in an orbital shaker for 90 min and filtered. Atomic
absorption spectroscopy was further employed to analyze the
adsorption of Cd and Ni.
It was observed that the amount of Ni adsorption was found

gradually increased with an increase in Ni ion concentration, and
the maximum amount of Ni was adsorbed at 80 ppm initial
concentration for both biochar and native A. hypogaea. By
increasing Ni ion concentration more ions are available to attach
on the surface of the adsorbent, so a positive trend in adsorption
was observed but further raise in concentration have no
prominent effect on the rate of adsorption as the surface of
the adsorbent is completely saturated by metal ions and nomore
spaces are available to attach metal ions.36,39 The removal of the
Cd ion concentration increased because of the positive effect of
both biochar and native A. hypogaea; however, adsorption on
biochar was found higher for both metal ions. Biochar provides
an increase in surface area and hence more active sites for the
attachment of these metal ions (Figure S3). These findings are in
line with Tong et al.40 and Tungala et al.41

Contact Time. Contact time has been found to increase the
ratio of metal adsorption for both metal ions on biochar and

native A. hypogaea. Contact time was varied from 20 to 100 min
and metal attachment enhanced as contact time was increased.
Adsorption was found to reach 94% at 100 min of contact time
for Ni on biochar and 81% on native A. hypogaea. Similarly, the
Cd adsorption rate was found to be promising (93.5%) for
biochar and 82% for nativeA. hypogaea. Initially, a sharp increase
in adsorption rate was observed when contact time was
increased from 20 to 40 min, but then adsorption increased
slowly as active sites are gradually occupied by metal ions and
less number of spaces are available. A similar trend is observed
for the adsorption of other metal ions in reported data.42

Amount of Adsorbent. The amount of adsorbent is also
considered to have a promising effect on the adsorption of metal
ions. The amount of adsorbent was varied from 0.5 to 2.5 g and
the adsorption experiment was repeated with 150 rpm shaking
speed and 80 min contact time. Initially, a sharp increase in
adsorption rate was observed for all the metal ions, as the
amount of adsorbent provides attachment points to these metal
ions and adsorption potential was found significant.

Temperature. The adsorption process is greatly affected by
the temperature of the adsorption media, as an increase in
temperature mostly causes an upshift in the adsorption rate due
to an increase in the random movement of the metal ions. A
similar trend was shown by Cd and Ni in the present study, as
the temperature was raised, adsorption was found to increase up
to 40 °C. However, further increases in temperature to 50 °C
have found no significant addition to the adsorption rate; even
for Cd on native A. hypogaea, a decrease in adsorption was
observed. Due to an increase in temperature, the entropy of the
system increased and this random movement of agro-waste
particles enhanced their adsorption efficiency. The results are in
line with Wu et al.30

Isothermal Study. Adsorption isotherms are generally
proposed to properly correlate the interaction between the
sorbate concentration and its accumulation on the surface of the

Figure 3. Freundlich isotherm for the adsorption of Cd and Ni on A. hypogaea (AH) and A. hypogaea biochar (AHB).
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sorbent at a maintained temperature. In this regard, a particular
design may be optimized to remove the effluents from the
aqueous system and different adsorption systems such as
Langmuir, Freundlich, Redlich−Peterson, Temkin, and Elovich
can also be utilized.37,42,43

Freundlich Isotherm of Adsorption. Freundlich adsorp-
tion isotherm is based on the concept of multilayer adsorption

on sorbent and is developed for the heterogeneous system. This
is completely explained by the linearized formula.

q n C Cln 1/ ln loge e m= +

where Cads (mol g−1) and Ce (mol g−1) be there for equilibrium
concentrations of sorbate, whereas Cm (mmol g−1) depicts the
multilayer adsorption and 1/n stands for the constant degree of

Figure 4. Langmuir adsorption isotherm of Cd and Ni on raw A. hypogaea (AH) and A. hypogaea biochar (AHB).

Table 1. Linear Parameters of Isothermal Models for the Sorption of Cd and Ni

adsorption parameters for Cd removal adsorption parameters for Ni removal

models raw A. hypogaea A. hypogaea biochar raw A. hypogaea A. hypogaea biochar

Freundlich

KF (mg/g) 0.35 8.53 0.14 15.80
n 0.55 1.92 0.50 2.86
R2 0.85 0.68 0.90 0.72
Langmuir
Qo (mg/g) 1.26 6.02 0.64 23.26
KL/b −30.42 356.67 −8.31 1057.08
RL −0.00033 2.80 × 10−05 −0.0012 9.46 × 10−06

R2 0.54 0.93 0.73 0.96
Dubinin−Radushkevich
kad (mol2/kJ2) 9.59 × 10−06 1.15 × 10−06 1.40 × 10−05 3.22 × 10−07

qs (mg/g) 40.45 32.69 37.34 39.25
R2 0.84 0.52 0.82 0.96
Temkin
Β (J/mol) 36 11.70 29 8.30
KT 0.24 1.37 0.17 7.94
R2 0.79 0.84 0.79 0.84
Elovich
Qm (mg/g) −31.75 −1.79 −28.74 20
KE 0.22 0.22 −0.26 0.22
R2 0.74 0.83 0.92 0.41
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concentration of adsorption.38,44 Figure 3 presents the
Freundlich isotherm for the adsorption of Ni and Cd on biochar
A. hypogaea and native A. hypogaea, respectively.
Freundlich adsorption capacity (KF) indicates the feasibility

of the system, if its value is ranging from 1 to 20, then the

adsorption process is considered favorable, and here in the
current work, KF was 8.5 and 15.7, for Cd and Ni adsorption on
A. hypogaea Biochar, respectively. Similarly, other parameters
such as adsorption intensity (n) at 1.9 and 2.85 and the values of
R2 (0.685 and 0.72) for Cd and Ni, respectively, were found to

Figure 5. Dubinin−Radushkevich isotherm for adsorption of Cd and Ni on raw A. hypogaea (AH) and A. hypogaea biochar (AHB).

Figure 6. Temkin adsorption isotherm for Cd and Ni on raw A. hypogaea (AH) and A. hypogaea biochar (AHB).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02986
ACS Omega 2023, 8, 40128−40139

40133

https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02986?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


be significant and might be linked to the fitness of the model
applied.

Langmuir Adsorption Isotherm. In this model, the
relationship of adsorption concentration is studied and is
usually applied to monolayer adsorbents that have homoge-
neous and smooth surfaces. Each site is held by onemolecule at a
constant energy level of the adsorption system. However,
practically it is not possible hence all particles have equal
surfaces and there is no interaction of adsorbate with
molecules.45,46

Adsorption of sorbate on saturated sorbent at specific
homogeneous places is considered by the Langmuir isotherm.
To calculate the Langmuir model, the distribution of metal ions
between liquid and solid surfaces was calculated by the equation
given below, which shows the relationship of linearity.

C q C Q Q/ / 1/e e e b= +

Here, Q stands for the adsorption capacity of the sorbent and b
(L mol−1) for perpetual energy for sorption. This process is not
temperature-dependent. Figure 4 shows the Langmuir isotherm
for the adsorption of Ni and Cd on biochar and native biomass.
The initial concentration of RL (a dimensionless value) offers

the applicability of the model for a system and if it ranges
between 0 and 1, the system is more suitable for the adsorption
and the results given in Table 1 lie within this range.
Furthermore, the value of R2 was also near 1, which
authenticates the validity of themodel used for the present work.

Dubinin−Radushkevich Isotherm. Dubinin−Radushke-
vich isotherm is based on the empirical model that is muchmore
generalized than Langmuir due to the exclusion of a
homogeneous surface and constant sorption potential (Figure
5).
This isotherm generally deals with the adsorption of vapors on

heterogeneous systems (solid/liquid), and the results are

presented in Table 1. Here the slope of the plot gives the
value kad, and the intercept is qs. The model offered good
feasibility of the adsorption system with a high value of R2
(0.959) near 1. This isotherm has found very promising
applications in determining the nature (physical and chemical)
of adsorption. The relationship used to determine the Dubinin
isotherm was

q q kln( ) ln( )e s ad
2=

Temkin Isotherm. As the contact between the sorbent and
sorbate weakens, the value of the model or isotherm also
decreases by keeping the heat of the adsorption variable (Figure
6). To determine Temkin isotherm, the following relationship is
used.

Q RT Q K RT Q C( / )ln ( / )lnTe e= +

In this equation, “R” is the universal gas constant (8.314 J mol−1
K−1), T is the temperature (30 °C or 303 K), and ΔQ gives the
value of heat transferred in J mol−1, while KT is constant in the
Tempkin model.
The information on binding energy is given by the equilibrium

constant of bindingKT, as given in Table 1. The model expresses
the exothermic nature of the adsorption reaction as the value of
B is greater than zero because heat is released in the
process.37,47,48

Elovich Isotherm. As per Elovich’s model, the mechanism
of adsorption was based on the chemical reactions, which are
responsible for adsorption (Figure 7). The following relation-
ship was used for the Elovich isotherm model:

q C K Q q Qln / ln /e e E m e m=

The plot of ln qe/Ce versus qe gives an R2 value that is close to
unity, whereas the value of KE (intercept) and Qm (slope of the
plot) represent the initial adsorption rate and adsorption

Figure 7. Elovich isotherm for adsorption of Cd and Ni on raw A. hypogaea (AH) and A. hypogaea biochar (AHB).
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constant, respectively. Furthermore, the value of R2 was also
close to unity, which authenticates the applicability of themodel.

Thermodynamic Studies. Literature shows that temper-
ature has a promising effect on the adsorption capacity of the
adsorbent.38 Adsorption of both metal ions was measured at
variable temperature ranges by employing native A. hypogaea
and A. hypogaea biochar as given in Table 2. Temperature was
found to have a positive impact on the adsorption rate; as the
temperature increases, diffusion of particles becomes high and
adsorption is increased.

A plot of ln Kl vs 1/T was obtained for metal ions adsorption
on both adsorbents, as given in Figure 8. The value of enthalpy
(ΔHo) and entropy (ΔSo) was obtained from slope and
intercept, respectively. Gibb’s free energy was calculated by
employing the equation.
A negative value of Gibb’s free energy reflects the spontaneous

nature of the adsorption process and positive results for Entropy
and Enthalpy show the endothermic nature of the reaction as
well as an increase in randomness during the adsorption
process.45

Kinetic Studies. The time required for the adsorption
process to attain equilibrium is determined by kinetic studies.
For this purpose, pseudo first order (PFO) and pseudo second
order (PSO) kinetic models were applied to the results to
determine the mechanism of adsorption (Figure 9). For PFO
kinetics, contact time was plotted against ln(qe − qt), and for
PSO kinetics contact time was plotted against t/qt.
Results show that adsorption of Cd on native A. hypogaea

follows PSO kinetics with a R2 value of 0.91, and for A. hypogaea
biochar, better results were obtained with the PFOmodel, giving
a R2 value of 0.929 (Figure 10). Similarly, for the adsorption of
Ni on native and A. hypogaea biochar, PSO order kinetics fit
better with R2 0.9 and 0.97, respectively. According to the PFO
kinetic model, physisorption is the rate-limiting step in the
adsorption mechanism, and the PSO model describes the
adsorption capacity of the system. The results are in line with
Kochar et al.49 and Ke et al.50

Adsorbent Reuse/Regeneration. Adsorbents used in the
present work can be regenerated and reused for the removal of
pollutants with a satisfactory removal percentage, as shown in
Figure 11. A. hypogaea (AH) and A. hypogaea biochar (AHB)
were regenerated by treating with 0.1 M HCl for 1 h. The
adsorbent was thoroughly washed with HCl to remove adsorbed
metal ions from the surface and again utilized for metal uptake.
Adsorbents were found to be stable, and regenerated adsorbents
perform satisfactory uptake of metal ions. Regeneration adds
value to the adsorption mechanism in terms of reduction in cost
and waste management.

■ CONCLUSIONS
The present work utilized a seed waste material for the
decontamination of Cd and Ni from wastewater. A comparison
of the metal removal efficiency of native A. hypogaea and its
biochar wasmade to remove Cd andNi from the aqueousmedia.
The adsorption efficiency of native A. hypogaea was 82.5 and
84.8%, while that of A. hypogaea biochar was 94.5 and 97.2% for
Cd and Ni, respectively. Isothermal and kinetic studies reveal
that the adsorption system follows multilayer adsorption with a
physisorption mechanism. Thermodynamic studies revealed the
spontaneous nature of adsorption with an increase in the system
entropy. This study adds a significant contribution in terms of
plant waste material reuse for environmental decontamination.

■ MATERIALS AND METHODS
Preparation of Biochar from A. hypogaea L. Arachis

hypogaea (AH) seed cover was washed with deionized water to
remove any surface impurities. After proper drying of AH, it was
crushed into a powder, and then the powder was changed into
biochar by the process of pyrolysis. For pyrolysis, it was kept in a
furnace under an anaerobic environment at 450 °C for 1.5−2 h.
This treatment changes it into a dark brown color biochar called
A. hypogaea biochar (AHB), which is harmless and easy to use
for sorption. Dried AH and AHB were ground and passed
through a 100-mesh sieve to obtain uniform particle sizes (2
mm) of adsorbents. Fine particle size offers more surface area for
adsorption. Prepared adsorbents were stored in airtight bags for
further use. Two HMs, i.e., Ni and Cd were selected as sorbents
to evaluate the adsorption potential of native A. hypogaea and A.
hypogaea biochar.

Characteristics of Biochar Adsorbent. Functional group
and surface analysis methods were applied to determine the
characteristics of biochar. Functional group analysis was
performed by Fourier transform infrared spectroscopy (FTIR;
Model No: Shimadzu FTIR 8400S, Kyoto, Japan) by employing
a diffused reflectance infrared technique (DRIFT). In this
technique, the adsorbent was mixed with potassium bromide
(KBr) to obtain a FTIR spectra. The surface morphology was
analyzed by SEM (FEI Nova, Nano-SEM 450, Lausanne,
Switzerland). In brief, the electron beamwas skimmed through a
raster-scan design, and the image was made through the
positioning of the beam, which responded with a concentration
of the recognized signal. The resolution of the SEM was
approximately 1 nm. The thermal stability of native A. hypogaea
and A. hypogaea biochar was determined to evaluate the effective
use of adsorbent under different temperature conditions by
employing a thermal analyzer (Model No: Mettler Toledo Star
SW 9.01, Greifensee, Switzerland).

Adsorption Experiment. Sorption was performed by batch
adsorption methods to estimate the effect of different factors

Table 2. Thermodynamic Parameters for Adsorption of Cd
and Ni

thermodynamic parameters measured based on
experimental results

metals adsorbed
temp
(K)

ΔG°
(kJ mol−1)

ΔH°
(kJ mol−1)

ΔS°
(J mol−1 K−1) R2

Cd adsorption on
raw AH

293 −3.099 36.074 111.91 0.92
303 −2.621
313 −0.751
323 −0.023

Cd adsorption on
AH biochar

293 −3.307 25.614 92.12 0.94
303 −3.817
313 −5.134
323 −6.161

Ni adsorption on
raw AH

293 −2.217 8.073 20.20 0.90
303 −1.877
313 −1.657
323 −1.629

Ni adsorption on
AH biochar

293 −1.932 38.211 124.71 0.92
303 −0.375
313 −1.262
323 −1.668
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such as the concentration of sorbate, the time needed for
sorption, and the initial concentration of sorbent.49,50 For
evaluation of adsorption parameters, the contact time (10−70
min), initial concentration (20−100 ppm), and amount of

adsorbent (0.5−2.5 g) were varied, and the adsorbed amount of

metals was studied at equilibrium conditions by an atomic

absorption spectrophotometer (AAS 65000 Shimadzu).

Figure 8. Thermodynamic plot for the adsorption of Cd and Ni on raw A. hypogaea (AH) and A. hypogaea biochar (AHB).

Figure 9. Pseudo-first-order kinetic plot for the adsorption of Cd and Ni on raw A. hypogaea (AH) and A. hypogaea biochar (AHB).
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Equilibrium Isotherms. Adsorption isotherms were de-
signed to study the adsorption pathway as well as the
equilibrium relationship of sorbent with sorbate.51 These
isotherms assist in predicting the behavior of the sorbent and
different parameters such as thermodynamic and kinetic
investigations toward sorption systems.

Isothermal Studies. For thermodynamic studies, the
adsorption experiment was carried out at different temperature
conditions, and the calculated parameters included enthalpy
(ΔH), entropy (ΔS), and Gibbs free energy (ΔG).

Kinetic Parameters. To study the adsorption kinetics, a
linear and nonlinear form of pseudo-first and pseudo-second
order kinetics was applied to the adsorption data.52 Adsorption
of both metals was obtained at variable time intervals, and
kinetic parameters were calculated.
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