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Application of acidic treated peanut shell biochar in methyl 
orange removal from aqueous medium: Elucidating 
isotherms, kinetics and proposed mechanism

Jamt.ejournal.unri.ac.id

ABSTRACT: The urgent need for sustainable water treatment solutions has driven 
global scientific efforts toward developing novel materials. Biochar, a low-cost material 
produced from biomass waste, represents a promising and versatile adsorbent class. In 
this study, acid-treated peanut shell biochar (PS-BC) was synthesized and evaluated for 
the removal of the methyl orange (MO) dye from aqueous solution. Characterization 
via Fourier Transform Infrared Spectroscopy (FT-IR) confirmed the presence of 
carbonaceous groups, such as C=O, C-O, C=C and derived phosphoric groups, such 
as P=O. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-
EDS) revealed a mesoporous and macroporous structure, while X-ray Diffraction 
(XRD) indicated a predominantly amorphous material containing amorphous SiO2 
phases. The adsorption was followed by monitoring 464 nm band of MO in UV-Vis 
spectroscopy, and the adsorbent achieved a maximum removal of above 89% of MO 
within a 60-minute experiment. The adsorption kinetics were analysed in pseudo-
first and pseudo-second models, which the adsorption was described better by the 
pseudo-first-order model. Also, adsorption isotherms (Langmuir, Freundlich and 
Temkin) were studied, and the equilibrium data closely fit the Langmuir isotherm 
model, pointing to monolayer adsorption onto a homogeneous surface. The FT-IR 
analysis of post-adsorbed PS-BC confirmed bands associated with MO, such as N=N, 
SO3- and change in aromatic C=C, indicating the possible adsorption pathways. These 
results confirm the successful application of the acid-treated PS-BC as an efficient and 
eco-friendly adsorbent for organic pollutant removal from water.
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1.  INTRODUCTION

 Nowadays, the environment is continuously impacted by the increasing release 
of pollutants into aqueous matrices, where, in many cases, these pollutants are not 
effectively removed by conventional water treatment processes. With growing en-
vironmental concerns, emerging contaminants have been a topic that has attracted 
the attention of several researchers and environmental protection regulations over 
the years [1–3].

Emerging contaminants (ECs) are pollutants derived from compounds com-
monly used in daily products, such as personal care products, plasticizers, pharma-
ceuticals, pesticides, surfactants, and others, which are hardly removed by conven-
tional water treatment mechanisms [4, 5]. This occurs because ECs exhibit diverse 
chemical properties and are usually found in aqueous matrices at very low concentra-
tions, which hinders their detection and removal measures [6]. 

In this context, aqueous contamination by synthetic dyes continues to increase 
due to their widespread demand in industries such as food, leather, polymers, cos-
metics, electronics, and textiles [7, 8]. Currently, approximately 700.000 tons of 
synthetic organic dyes are produced worldwide each year, highlighting the rele-
vance of this issue, as many of these dyes may be improperly discharged into aquatic 
matrices, thereby contributing to increased water pollution [9]. 
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2. EXPERIMENTAL
2.1. Material. In The peanut shells were collected from lo-

cal market in Itajubá, Minas Gerais, Brazil. Phosphoric Acid was 
purchased from Sal-R (purity >85%). Sodium hydroxide (purity 
>97%) was purchased by Synth. Methyl Orange powder was pur-
chased from Dinâmica (purity >98%).

2.2. Methods. 2.2.1. Synthesis of peanut shell biochar. 
Peanut shells collected from the local market in Itajubá, Minas Ge-
rais, Brazil, were washed with distilled water. After dryage, the pea-
nut shells were treated with H3PO4 (1.0 mol L-1) for 60 minutes, 
followed by a dry process for 24 hours. The dry treated biomass 
was thermally treated in a sealed ceramic container, heating at a 
rate of 5 ºC min-1 until it reached 600 ºC, a temperature which was 
set to 3h of thermal treatment. The resulting pH was treated with 
NaOH (1.0 mol L-1) in an aqueous suspension to pH~7, to reduce 
the effects of PS-BC in altering pH values in removal experiments. 
The methodologic steps are represented in Figure 1.

2.2.2. Characterization. The prepared biochar was charac-
terized by Fourier Transform Infrared Spectroscopy, FT-IR with 
attenuated total reflectance module (Spectrum 100, PerkinElmer®) 
from 650 cm-1 to 4000 cm-1, with 16 scans; X-ray Diffraction, XRD 
(X'pert PRO, PANalytical®) from 10º to 80º of 2θ, 0.02º s-1(with Cu 
X-ray source), and Scanning Electron Microscopy with Energy Dis-
persive Spectroscopy, SEM-EDS (EVO-MA 15, Zeiss®). The MO 
UV-Vis spectrum was analyzed using UV-Vis spectroscopy (K37, 
KASVI®) at 464 nm detection.

that required experimental control and had relatively high energy 
consumption [22]. Furthermore, recent trends in biochar research 
implies its modification, with metallic compounds for example, as 
reported by Sunthar et al., which demanded multi-step synthetic 
process[23].

Unlike the conventional synthesis of engineered biochar might 
require multiple thermic stages or expansive chemical functionali-
zation, the use of phosphoric acid allows the obtaining of low-cost 
and simple activated biochar [20]. The use of phosphoric acid is 
justified by its several advantages, such as its effectiveness at mod-
erate pyrolysis temperatures, its lower environmental impact, its 
ability to produce high-quality adsorbents, and its low cost [24, 
25]. Also, studies have shown that phosphoric acid can act as an 
activating agent in carbon production, enhancing the porosity of 
carbonaceous structures in biochar, thereby improving their ad-
sorption properties [26]. In addition, the application of this chem-
ical activator increases the density of surface functional groups and 
enhances the surface roughness characteristics of treated biochar, 
highlighting the effectiveness and advantages of this process [27].

In this context, this present study aims to evaluate the appli-
cation of peanut shell biochar (PS-BC), synthesized with phos-
phoric acid pre-treated peanut shell through a one-step pyrolysis 
treatment. This approach prioritizes a simplified synthetic route to 
obtain PS-BC, for the removal of the synthetic dye methyl orange 
from aqueous solutions. The obtained material was characterized, 
and the removal performance was assessed, along with kinetic and 
isotherm studies, under specific conditions designed to ensure ef-
fective dye removal.

Regarding Methyl Orange, it is widely used in the textile in-
dustry due to its characteristic color, which can be easily applied 
to various types of fabrics. In addition, it is commonly employed 
in laboratories as a pH indicator in titrations. Owing to its high sol-
ubility, it readily dissolves in water, making it a potential contam-
inant of aquatic environments even at low concentrations. In this 
context, different methods have been studied and applied for its 
removal from solutions, including advanced oxidation processes, 
photocatalytic degradation, ultrafiltration, electrochemical degra-
dation, and coagulation-flocculation [10]. 

However, these methods present limitations, as they are often 
complex, require high operational costs, and involve time-con-
suming unit operations. In contrast, the adsorption technique 
stands out as a versatile alternative for contaminant removal, ow-
ing to its simplicity in design and operation, low sensitivity to the 
presence of toxic compounds, and reduced operational cost, as it 
can be carried out using readily available materials [10]. The ap-
plication of low-cost materials in organic pollutants removal from 
aqueous medium has been an interesting trend in environmental 
sciences, such as agricultural waste, biomass as biosorbents. One 
example of agricultural waste is peanut shells, which are generated 
by processing the peanuts to food industry.

The production of peanut is about 539 million ton annually, 
which turns to produce a large number of agricultural wastes [11]. 
The selection of peanut shell waste as precursor is justified by its 
lignocellulosic composition, which provides a structural backbone 
for developing porosity and enhanced surface area. These inherent 
characteristics, combined with its abundance, enable its applica-
tion as an efficient for the remediation of contaminants from aque-
ous medium [12]. The thermal treatment of the biomass produces 
biochar, a carbonaceous material that can enhance its application 
in contaminant removal and improves the recycling and the valori-
zation of the peanut biomass generated waste [13–15].

Biochar is widely used for this purpose due to its excellent ad-
sorptive properties. These properties arise from its structural char-
acteristics, as it is a granular and porous solid material with a high 
specific surface area, a well-developed pore structure, and an abun-
dance of surface functional groups. The combination of these at-
tributes enhances the sorption process of contaminants in aqueous 
media, making it a highly effective resource for their removal [16].

Furthermore, due to its characteristics, biochar has gained 
prominence as a low-cost adsorbent, being extensively investigat-
ed by researchers worldwide, as a potential sustainable resource 
derived from agricultural waste. Its production occurs through the 
pyrolysis process, which, in the absence of oxygen, yields materials 
with high surface area and remarkable adsorption capacity [17–
19]. Therefore, biochar stands out as an environmentally friendly 
technology for the removal of contaminants.

To improve the properties of biochar, it can be treated with 
chemical compounds to promote its activation, such as bases, ac-
ids, and metallic compounds [20]. Recent literature shows a trend 
toward developing engineered biochars through relatively com-
plex synthetic routes. For instance, bamboo shoot shells biochar 
were synthesized by an initial in-situ pre-carbonization before 
acidic activation, adding extra thermal treatment and impacting 
in residence time [21]. Other synthetic route is hydrothermal 
carbonization, in the previous reported peanut shell hydrochar, 
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2.2.3. Experiments for removal of methyl orange. The 
samples were analyzed in a UV-Vis spectrometer (K37, KASVI®), se-
lecting the wavelength of 464 nm, corresponding to π -π* transition 
in the azolic group in the MO framework. A MO solution (10 mg 
L-1) and PS-BC (1 g L-1) were stirred for 60 minutes, in the removal 
experiments, which were made in triplicate. The sampling was per-
formed at 5, 15, 30, 45 and 60 minutes. The dye removal was analyz-
ed by UV-Vis spectroscopy (K37, KASVI®), selecting a wavelength 
of 464 nm, corresponding to the π–π transition in the azo group.

The adsorption was also studied with kinetics, considering 
all sample points in the removal experiments, and analyzed using 
non-linear fitting. The Langmuir and Freundlich Isotherms were 
developed with 4 samples, at 20 ± 1 ºC and evaluated under linear 
adjustments, such as the Lineweaver-Burk for Langmuir isotherm 
and logarithm adjusted for Freundlich, as shown in Equations 1 
and 2, respectively:

Figure 1.  Synthesis of PS-BC by biomass activation with phosphoric acid.

max max

1 1 1

e L eq q K C q
= +

1
log( ) log( ) log( )e F eq K C

n
= +

(1)

(2)

Thus, it is possible to investigate the adsorption mechanism 
of MO in solution onto PS-BC and to determine which isotherm 
best describes this process. Furthermore, kinetic studies allow the 
evaluation of whether the removal follows a pseudo-first-order or 
pseudo-second-order model.

3. RESULT AND DISCUSSION
3.1. Material characterization. The characterization steps 

were applied to understand the material characteristics, such as 
FTIR, XRD, and SEM-EDS. In the FT-IR spectrum of the synthe-
sized biochar, presented in Figure 2, characteristic cellulose-related 
stretching vibrations of the biomass can be observed, such as the 
C=O band around 1700 cm-1 and the C–O band near 1000 cm-1. 
However, the pyrolysis process likely induced structural alterations 
in cellulose, as evidenced by the appearance of the C=C stretching 
band of aromatic rings at 1550 cm-1, attributed to possible structural 
modifications. Furthermore, the P=O stretching band at 1200 cm-1 
was also detected, confirming the activation of the biomass with 
phosphoric acid [21].

 In the XRD diffractogram, shown in Figure 3, the material 
exhibits low crystallinity, evidenced by its response followed by 
a single broad signal at 2θ between 20° and 30°, which is typical 
of amorphous materials lacking a highly ordered molecular struc-
ture, but it can also to disordened aromatic carbon strucutres . This 

Figure 2. PS-BC spectrum by FT-IR.

Figure 3. PS-BC PS-BC X-ray diffractogram 10-80º degrees scan-
ning with broad response in 20-30º, associated with amorphous 
SiO2
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exhibit a certain range of sizes, between 10 and 3.8 μm2 pore area, 
according to a 1000x magnification micrograph. This fact can be at-
tributed to the pyrolysis temperature, which can promote the for-
mation of a larger number of pores lacking an organized crystalline 
arrangement [30]. Studies have reported that micropores exhibit 
internal diameters of up to 20 Å, while mesopores range between 
20 and 500 Å [26]. In this context, PS-BC presented significantly 
larger pores, within the micrometer scale, thus being character-
ized as an agglomerate of macropores permeating its structure, 
as shown in Figure S1. Furthermore, it can be observed that the 
pores of PS-BC display distinct dimensions, a consequence of its 
low morphological organization, as corroborated by the X-ray dif-
fraction analysis. Through the observed morphology, the biomass 
treatment with phosphoric acid can be associated to the meso and 
microporous structures, as seen in the work of Turk Sekulic et al. 
[26]. In comparison to the produced biochars from peanut shell, 

alteration in the ligno-cellulosic structure may be associated with 
the pyrolysis process and the treatment with H3PO4, which both 
can promote depolymerization processes [28]. The XRD patterns 
approximates to the reported by Turk Sekulic et al. in developing 
PPhA biochar, also associating the signal in approximately 43º 
to the reflection plane of graphitic structures [26]. On the other 
hand, different types of biomasses might contain different mineral 
portions, such as the observed by Thabede & Shooto, associating 
the presence of KCl and CaCO3 in the obtained biochars [29]. 

SEM-EDS micrographs, obtained by back scattering electrons, 
demonstrated scattered occurrences of macro porous structures, as 
shown in Figure 4A and in Figure S1, which can be associated with 
thermal treatment or certain characteristics of the biomass after the 
acidic activation. Figure S1 represents an SEM image of PS-BC at 
1000x magnification with sections showing the pore profile about 
10 μm2 (A) and 4 μm2 (B). The micrograph showed that the pores 

Figure 4.  SEM image of PS-BC at 1000x magnification with general elemental mapping by EDS (A). Each subsequent image represents 
the distribution of a specific element: Carbon in green (B); Chlorine in yellow (C); Sodium in blue (D); Oxygen in red (E); Phosphorus in 
orange (F) and Silicon in cyan (G).

Figure 5.  MO spectra through samples taken (A); C/C0 result in the adsorption system (B).
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PS-BC showed a morphology that approximates to peanut shell 
precursor structures with distributed pores, achieved with the acidic 
treatment of the biomass, while other peanut shell biochars demand 
more costive treatments, such as silicon modification, to enhance its 
porosity. Between other biomasses, PS-BC demonstrated relatively 
organized porosity, while another material, such as carrot and potato 
peels biochar previously reported in the literature, showed rougher 
structures [29]. 

Through the general EDS mapping, which semi-determinations 
response are represented in Figure 4B-G and Figure S2, it was possi-
ble to identify the presence of different elements in the biochar, in-
cluding carbon and oxygen, from residues of cellulose, hemicellulose 
and lignin; phosphoric compounds from H₃PO₄ activation, which 
can be associated with phospho-organic compounds [26]; and sodi-
um from pH adjustment. 

The elements detected agreed with EDS mapping, pointing to 
the successful synthesis of acidic PS-BC. Small amounts of alumi-
num and silicon were detected, which may have originated from 
contaminants present in the peanut shell and subsequently retained 
after the pyrolysis process or originally from the biomass. 

There are also reports in the literature indicating that the silicon 
detected through SEM-EDS analysis may be associated with the 
presence of amorphous SiO₂ on the biomass surface. Furthermore, 
another possible explanation is the formation of SiO₂ during the bi-
ochar pyrolysis process. This occurs due to the presence of silicon 
atoms on the agricultural waste surface, leading to the generation of 
this inorganic compound [31]. 

Moreover, it is important to emphasize that previous studies 
have shown that peanut shells, the precursor of the synthesized 
biochar, contain several inorganic elements in their matrix, such as 
sodium, potassium and aluminum [32]. This composition explains 
the results obtained from the EDS analysis; although present in sig-
nificantly lower proportions compared to carbon and oxygen, these 
elements were still detectable in the composition of the synthesized 
PS-BC. Although biochar and biochar-based adsorbents materials 
with chemical activators have been widely used in previous studies, 

PS-BC stands out for employing simplified activation process. This 
approach is relevant due the comparison with the complex and cost-
ly activation and biomass treatment, such as the treatment with mul-
tiple agents and the use of hydrothermal methods or utilizing extra 
carbonization steps and pretreatments [21, 33]. 

3.2. MO removal experiments. In the removal experiment, 
a linear approximation was considered by selecting the absorbance 
points at 465 nm. The following removal tests considered the ad-
sorption experiments, which were performed at pH = 6.8 ± 0.1 and 
showed a removal rate of 89.9 ± 7.5% of MO in a 60-minute experi-
ment, which can be evidenced by the diminished UV-Vis spectra of 
MO throughout the time, as represented in Figure 5. 

The kinetics and isotherms were studied and are presented in 
Figure 6. The adsorption kinetics study pointed to a better descrip-
tion of the pseudo-first order model, with correlation r2 = 0.99484, 
compared to the pseudo-second order, with correlation r2 = 0.96973, 
which can be attributed to the way in which removal occurs, as well 
as to the structural characteristics of the adsorbent and its interac-
tion with the adsorbate [26]. The determination of separation factor 
(RL) considered the following equation:

Figure 6.  SEM Adsorption Kinetics (A); Langmuir isotherm fitting (B); Freundlich isotherm fitting (C).

0

1
1 ( )L

L

R
K xC

=
+

(3)

Where RL is Langmuir’s separation factor; KL is Langmuir’s 
constant;  C0 is the initial MO concentration. The resulting RL was 
0.011, and its analysis showed that adsorption is very favored (when 
RL value gets near 0, in an interval between 0.00 - 1.00).

The Langmuir and the Freundlich isotherms fitting grant corre-
lation of r2 = 0.99749 and 0.95076, respectively, which can describe 
a monolayer adsorption process. Complementarily, Temkin iso-
therm was studied in Figure S3. The resulting qmax in the Langmuir 
model resulted in 9.77 mg g-1 maximum adsorptive performance, 
approaching previous report in literature [34]. The comparison 
between the non-linear adjustment showed a better description in 
the pseudo-first model, being associated with an adsorption process 
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mediated not directly to chemisorption steps, but controlled by dif-
fusion and mass transfer steps between MO and the PS-BC. The re-
moval of other synthetic dyes is reported in literature, and can pose 
as comparison points in this work, as shown in Table 1. 

The comparative works of MO seem to approximate the Lang-
muir isotherm model, pointing to monolayer adsorption process 
evolving the anionic dye, in agreement with the observed in this 
work. In kinetic terms, functionalized biochar, such as seen in the 
work of Sunthar et al., showed to follow PSO kinetic model, in com-
parison with pure biochars application, that followed PFO kinetic 
models. The type of biomass can influence the effects on adsorption 
kinetics, once the comparison between phosphoric acid treated bi-
ochars seem to lead to different kinetic models, even with the same 
contaminant (MO), in an analysis between the work of Xiang et 
al. and the results in this work [21]. Thus, it was observed that the 
sorption of MO proceeded in a manner that allowed for a detailed 

Biochar type Contaminant Adsorbent 
dosage (g L-1) Removal yield (%) Kinetic model Isotherm model Reference

Sawdust Methyl orange 1.0 ~83.0 - Langmuir [34]

Engineered bio-
char from neem 
chips (with 7% 
FeCl3)

Methyl orange 1.0 ~80.3 PSO Freundlinch [23]

Phosphoric 
activated bamboo 
shoot shells

Methyl orange 1.0 ~97.0 PSO Langmuir [21]

Peanut shell 
biochar

Naproxen 0.5 - PSO Langmuir [22]

Carrot and potato 
peel

Methyl orange 1.0 ~98.0 PSO Langmuir [29]

Coconut shell Methyl blue 0.4 ~95.0 PSO Langmuir [33]

Coconut coat Methyl blue ~21.0 PSO Langmuir [33]

Wood residue 
treated with 
H3PO4

Sulfamethoxazole 1.0 ~90.0 PSO Langmuir [26]

Corn Straw 
biochar

Sulfamethoxazole 1.0 ~85.0 - Freundlinch [35]

H3PO4 treated 
Peanut Shell

Methyl orange 1.0 ~89.0 PSO Langmuir This work

Table 1.  Contaminants removal applying different biochar types.

analysis of the process. Regarding the sorption kinetics, the adsorp-
tion constant k₁ = 0.1823 was determined for the pseudo-first-or-
der model, which provided the best fit for describing the removal 
of  MO using PS-BC.  The PS-BC was analyzed in FTIR before and 
after the adsorption process, to investigate the MO profile in BC af-
ter removal process, which is represented in Figure 7. In the FTIR 
spectra, the material after adsorption presented a band in 1398 cm-1 
(Figure 7A), that can be related to azolic group(N=N) characteristic 
of MO organic framework, pointing to its presence on BC surface 
after removal process; the band in 1042 cm-1 (Figure 7B) can be 
associated to sulfonate group (—SO3

-), which is associated to the 
anionic form of MO molecule; the changing in aromatic C=C bands 
in 1564 cm-1 between PS-BC and PS-BC post adsorption (Figure 
7C) can be related to an indicative π-π interaction between the aro-
matic rings of MO and the ones in BC constitution. The adsorption 
proceeded in two observed steps: a fast adsorption (between 5 - 10 

Figure 7.  FTIR spectra before and after adsorption of MO: detected azolic (N=N) group stretching mode (1398 cm-1)(A); sulfonate 
stretching vibrational mode (1042 cm-1)(B); change in vibrational mode of aromatic C=C (1564 cm-1) (C).



Jamt.ejournal.unri.ac.idApplied Materials and Technology

7
J.Appl.Mat. and Tech. 2026, 8(1), 1-9

Figure 8.  Proposed adsorption steps of MO onto PS-BC: Firstly, MO diffusion towards PS-BC (A); Lewis interaction with N from MO 
azo-group and C in carbonylic groups (B); Development of π-π interaction between aromatic groups of MO and PS-BC (C).

min), and a slow step of adsorption and equilibrium (between 30 - 
60 min). In the beginning of the experiment, the pores of the PS-BC 
were fully available to the interaction with MO molecules, which has 
its sulfonated group in ionic form (—SO3

-) and are attracted to the 
surface of PS-BC (Figure 7A); once N atoms has lone electron pairs, 
the azo-group (N=N) of MO perform Lewis acid-base interactions 
with carbonylic carbon atom or phosphorus atoms in phosphoric 
groups in PS-BC surface (Figure 7B); the aromatic moiety of MO 
molecules perform π-π interactions with aromatic structures in PS-
BC (Figure 7C) [23, 34, 36]. The coordination of these three pos-
sible mechanisms can be associated to how favorable adsorption is 
(RL = 0.011) and can be associated to the monolayer patter in Lang-
muir model. Figure 8 represents a scheme of possible interactions 
between MO and PS-BC.

4. CONCLUSION
The contamination of water matrices with synthetic molecules 

causes an emerging interest in the application of materials for the re-
moval of these contaminants. In this work, a synthesized PS-BC was 
characterized and demonstrated a promising yield in MO removal, 
with rates exceeding 80%. Kinetically, the adsorption process can be 
described by pseudo-first order, pointing to a mass transfer medi-
ated process, which also follows the monolayer model adsorption, 
once the best isotherm fitting being the Langmuir model. The FTIR 
analysis after adsorption showed SO3- and N=N groups attached to 
BC, and also interaction between aromatic rings of MO and BC.

Finally, based on this study, future investigations may focus on 
scaling up the synthesis process, more broadly evaluating the per-
formance of PS-BC in real water samples, studying its potential for 
regeneration and reuse, to enhance its applicability, to explore its 
recyclability, and promote sustainable contaminants removal tech-
niques.
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