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Abstract: This research investigates the adsorption potential of mango and pitanga tree pruning
waste biochar produced at 300 °C and 500 °C for the uptake of Methylene Blue (MB) dye. The particle
size of biochar and initial MB concentration were varied. Equilibrium data was modeled using
Langmuir, Freundlich and Temkin equations. It was found that the pyrolysis process and the initial
dye concentration directly influence the adsorption process. Increasing the temperature of the
treatment resulted in an increase in the efficiency and adsorption capacity of the material. Finer
particles (< 0.25 mm) were more efficient in adsorbing MB. Both materials presented similar modeled
parameters for Langmuir Freundlich and Temkin isotherm equations. The adsorption at equilibrium
of MB is best described by Langmuir and Freundlich models, and the modeled maximum adsorption
capacity of both materials is 19.4 mg g, proving its efficiency in the adsorption of MB and that the
temperature of thermochemical process did not affect qm.

Keywords: slow pyrolysis; torrefaction; dye removal; Langmuir; Freundlich; Temkin

1. Introduction

In water remediation, adsorption is a well-established and widely used technology due to its
effectiveness, versatility and ease of use. However, adsorption treatment presents several challenges,
including adsorbent selectivity, adsorption capacity and the reduction of problems associated with
its acquisition, costs and waste disposal [1]. Research is underway to address these challenges,
including the use of waste from different sources as raw material for the synthesis of adsorbents.

Additionally, the rapid development of agriculture has led to a significant increase in
agricultural and forestry waste. The amount of agricultural waste generated worldwide in 2019 was
about 20.3 billion tons [2]. Specifically, tree pruning is a waste generated by agriculture and
municipalities. This waste is composed of leaves, seeds, fruits and stem, and in the case of the tree
pruning from municipalities, it is usually disposed improperly (causing biosecurity problems) or in
landfills. However, this waste can be fully utilized for beneficial purposes, reducing amount of solid
waste and providing economic benefits [2,3].

In this way, tree pruning waste can be used to produce adsorbents for wastewater treatment,
enabling the remediation of contaminated water and the reuse of waste, boosting the circular
economy and sustainability. The production of adsorbents from organic waste can be carried out by
thermochemical process in an inert atmosphere to produce biochar, a porous solid containing carbon
[4]. Due to their porous structure, resulting from thermal treatment and the biomass used, these
materials can contain a large surface area available for adsorption or separation of components. Their
surface charge is conducive to the retention of cations, such as some metals, pesticides, and synthetic
organic dyes in aqueous solutions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Recent studies have shown the use of biochar derived from the pruning of different tree species
for the adsorption of various contaminants, such as pinewood biochar to remove petroleum [5]; forest
and agri-food waste for the removal of fluoxetine [6]; oriental plane tree for the removal of bisphenol
[7]; and Conocarpus pruning for the removal of Pb?* [8]. The use of different pruning waste, under
varying thermochemical process, can yield in materials with different adsorption capacities to
remove a wide range of contaminants. However, no studies were found proposing the use of pruning
waste biochar for the removal of dyes and the influence of particle size of the adsorbent in the
adsorption process.

Among the dyes, methylene blue (MB) is part of a class of reactive dyes with greater chemical
stability [9]. It is mainly used in the textile and hospital industries, due to its high solubility,
brightness, resistance, and wide applicability [10]. Since synthetic organic dyes are not treated in
conventional treatments, it is necessary to apply additional techniques, such as filtration,
photochemical processes, adsorption, among others [11,12]. Amongst these methods, adsorption
stands out as an efficient process.

Adsorption is based on the separation of a substance or compound in solid, liquid or gas phase
through surface phenomena until an adsorbate—adsorbent equilibrium is reached. The adsorption
capacity is associated with the number of adsorption sites present in the surface of the adsorbent. The
analysis of adsorption mechanisms with new adsorbents is crucial for determining their application
in water treatment. In general, these mechanisms are evaluated using standard isotherm models such
as Freundlich, Langmuir, and Temkin [11-14]. The adsorption isotherm characterizes and predicts
the quantity of adsorbed material as a function of pressure (or concentration) at a constant
temperature [13]. The Langmuir model assumes homogeneous adsorption, while the Freundlich
model is typically applied to studies of adsorption on multisite surfaces. Whereas the Temkin model
assumes a multilayer adsorption process [13].

The adsorption capacity of an adsorbent can be enhanced through the activation of biochar;
however, this process can be onerous. A more cost-effective process to improve adsorption capacity
is the selection of particle size and the use of different temperatures to produce biochar. Previous
studies reported that the adsorption amount increased by decreasing the particle size of adsorbents
[11,12,15]; whereas the efficiency was enhanced by the increase in temperature of the thermochemical
process. However, no study considering the variation in particle sizes and thermochemical process
to compare the removal performance of tree pruning biochar were found. Therefore, this study aims
to address such a research gap by evaluating the removal of emerging contaminant MB using biochar
produced from the pruning of mango and pitanga trees under two temperatures and with varying
particle sizes.

2. Materials and Methods

2.1. Production and Preparation of Biochar

The biomasses from mango and pitanga tree pruning used in this work were collected from area
1 of the Lorena School of Engineering (EEL-USP). This material (composed mainly of stem and leaves)
was sun-dried, crushed and pyrolyzed in an inert nitrogen atmosphere at 300 and 500 °C during 60
minutes. Thus, three samples were obtained: the biomass from tree prunings (raw material, called
BTP-R), the biochar from tree prunings pyrolyzed at 300 °C (called BTP-300), and the biochar from
tree pruning pyrolyzed at 500 °C (called BTP-500) (Figure 1). For the adsorption tests, the material
was comminuted using a knife mill.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Images of (a) BTP-R, (b) BTP-300 and (c) BTP-500.

2.2. Physical-Chemical Characterization

The characterization tests of raw and pyrolyzed biomass were performed as described in Table
1. The tests were performed in triplicate, obtaining the mean values and standard deviations.

Table 1. Physicochemical characterization tests performed on adsorbent materials.

Parameter Description Reference

Physicochemical Tests performed by preparinga  [16]
parameters (pH, 1:2.5 solution (biomass/biochar:
ApH, Eh) deionized water), homogenizing

with a glass rod and reading on

a digital pH meter (BEL

Engineering). ApH was

obtained from the difference

between the pH measured in a

1M potassium chloride (KCI)

solution and the pH measured

in water.
Electrical Tests performed by preparinga  [17]
conductivity 1:2 solution (biomass/biochar:
(EQ) deionized water), homogenizing

with a glass rod and reading on
a digital conductivity meter
(BEL Engineering).

2.3. Preparation of Biochar and MB Solution

MB solution was prepared using distilled water and MB analytical grade (Synth®). The natural
pH of the solution was determined to be 6.0. The absorbance was determined in UV-VIS (model K37-
UVVIS from KASVI) and a quartz container with 10.0 mm optical path using 665 nm wavelength.
Concentration was calculated using Lambert-Beer equation.

Biochar samples were disintegrated with a knife mill and sieved to achieve a target size of
particles 1.25-2.00, 0.60-1.25, 0.40-0.60, 0.25-0.40 and <0.25 mm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Sorption Studies with Methylene Blue

The sorption studies were carried out to evaluate the influence of the temperature of the initial
concentration of MB, the particle size of the adsorbent and the thermochemical process. For this
purpose, batch equilibrium tests were performed in 15 mL Falcon tubes, where 0.10 g of adsorbent
(BTP-R, BTP-300 and BTP-500) and 10 mL of MB solution were added. The proportion of 1:100 of
biochar and solution was previously reported as an ideal portion of adsorbent and solution
volume [11].

o Influence of initial dye concentration: to evaluate the influence of the initial MB concentration, the
concentration of the dye solution was varied (25, 50, 100, 200 and 400 mg L), keeping the
adsorbent mass (0.10 g) and the particle size fraction (< 0.60 mm) fixed. This particle size was
selected based on previous studies.

o Influence of the particle size: to evaluate the influence of particle size, the particle diameter of the
adsorbent was varied (1.25-2.00, 0.60-1.25, 0.40-0.60, 0.25-0.40 and <0.25 mm), keeping the
initial concentration of MB (100 mg L) fixed. The concentration was selected based on the
results obtained previously, on the influence of initial dye concentration.

o Influence of the thermochemical process: to evaluate the influence of the thermochemical process,
the sorption studies were conducted with three different types of BTP (BTP-R, BTP-300 and
BTP-500).

All tests were performed for a period of 24 hours on a shaker adjusted to 100 rpm, room
temperature (27 °C) and natural pH of the solution. The dye concentration was determined by UV
Spectrophotometer (model K37-UVVIS from KASVI) and a quartz container with 10.0 mm optical
path using 665 nm wavelength. The absorbance of the samples in water (control) was also determined
to assess whether the adsorbents eliminated any residue into the aqueous solution that could affect
the colorimetric analysis.

The adsorption percentage and the adsorption capacity at equilibrium time (after 24 hours of
testing), gqe (mg g1), were calculated using Egs. (1) and (2), respectively:

Removal ef ficiency (%) = 100 - (Co — Ce)/Co 1)

qe = (Co—Ce) XV /m (2)

Where, Co and Ce are the initial concentration and equilibrium concentration of MB (mg L),
respectively. V is the volume of solution containing MB (L), and m is the mass of adsorbent (g).

2.5. Isotherm Studies

The experimental equilibrium data were modeled by Langmuir, Freundlich and Temkin models,
which were implemented for fitting the dye adsorption isotherm data.
The parameters of each model were obtained by the nonlinear form presented in Eqs 3, 4 and,

respectively.
_ qmKLCe
g, = e )
4e = Kp C;"" @)
RT
ge = Zlin(kr C.) 3)

Where C. (mg L) is the equilibrium concentration, q. (mg g) is the amount of dye adsorbed at
equilibrium, gm (mg g') and Kt (L mg) are Langmuir constants related to adsorption capacity and
energy of adsorption, respectively, Kr (mg g')(L mg™)"n is Freundlich adsorption constant, 1/n is a
measure of adsorption intensity, b (J mol") is Temkin constant related to adsorption heat, Kr (L mg)
is Temkin constant, R is the universal ideal gas constant (8.31 ] mol! K1), T (K) is the absolute
adsorption temperature, Ks is Sips isotherm constant, and ns is Sips isotherm exponent.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1021.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2025 d0i:10.20944/preprints202505.1021.v1

5 of 11

3. Results and Discussions

3.1. Characterization of Adsorbent Materials

The physical-chemical characterization data of BTP-R, BTP-300 and BTP-500 are summarized in
Table 2. BTP-R has an acidic pH (4.7 £ 0.0) and oxidizing characteristics (Eh = 140.0 £ 2.8 mV). As the
material was subjected to the thermal process, an increase in its pH was noted, moving into the
alkaline range, from 4.7 (BTP-R) to 10.2 (BTP-500). This change in pH is due to the carbonization
process and increased salt concentration [18], also evident in the rise in EC, where an increase from
397.0 to 1643.5 puS cm™ was noted (Table 2). With the thermal process, a change in the redox potential
of the material was also observed, changing to reducing when pyrolyzed at 500 °C. ApH represents
the balance of charges present on the surface of the material. In the case of the materials evaluated,
negative values were obtained, indicating a predominance of negative charges on the surface of the
material, which favors the adsorption of cations.

Table 2. Physicochemical characterization parameters of BTP.

Parameters BTP-R BTP -300 BTP-500
pH (H20) 4.7+0.0 73+0.2 10.2+0.1
ApH -0.2+0.1 -0.8+0.3 -0.6+0.1
Eh [mV] 140.0 £ 2.8 10.0+2.8 -151.5+2.1
CE [pS cm”] 397.0+0.0 1040.5+37.5 1643.5 +65.8

Shahrum et al. (2024) evaluated biochars produced from mango pruning residue and found an
alkaline pH (10.0) and high electrical conductivity (34,600 puS cm) [19]. The authors report that the
temperature in the reactor was 667 °C, which may have resulted in higher EC and pH values.
Additionally, the reducing Eh was also observed in pruning waste biochar [20].

3.2. Influence of the Initial Concentration of Methylene Blue on the Adsorption Studies

The results of the evaluation of the adsorptive processes aiming to identify the influence of the
initial concentration of MB are available in Figure 2.

BTP-R presented the highest removal rates in all tested concentrations, whereas BTP-300 and
BTP-500 showed similar efficiencies. Although the high efficiencies indicates that BTP-R could
potentially be used as an adsorbent, raw material is more perishable and subject to microbial
activities.

The increase in the initial concentration of MB implied in a reduction in the removal efficiency
(Figure 2), evident for the initial concentrations of 200 mg L and 400 mg L. It was found that BTP-
500 resulted in slightly more efficient material for adsorption than BTP-300. BTP-300 efficiencies
greater than 99% were obtained for the lowest initial concentrations (25 to 100 mg L7). At
concentrations of 200 and 400 mg L, the efficiency was reduced to less than 80%, however, the
adsorptive capacity was higher (approximately 24 mg g"). In the case of BTP-500, an improvement
in the removal efficiency of MB was observed, with efficiencies greater than 90% being obtained for
concentrations of 25 to 200 mg L and an adsorption capacity of 29 mg g for the initial concentration
of 400 mg L.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Evaluation of the initial concentration of MB on the parameters removal efficiency and adsorption
capacity (qe) after 24 hours of testing for samples (a) BTP-R, (b) BTP-300 and (c) BTP-500.

The increase in the initial MB concentration resulted in an increase in the adsorptive capacity
(Figure 2). This can be attributed to the increase in the initial concentration gradient of MB, which is
the main driving force of adsorption [3].

3.3. Influence of Adsorbent Particle Size on Adsorption Studies

In the BTP samples, it was found that when the average particle diameter was smaller, the
removal efficiency was higher, implying a greater presence of adsorption sites in the finer particles
(Figure 3). When the particle diameter was inferior to 0.25 mm, efficiencies greater than 95% were
obtained for BTP-R, BTP-300 and BTP-500 materials. On the other hand, for the largest particle sizes,
lower efficiencies were observed, reaching less than 60% for materials with particle sizes from 0.60 to
2.00 mm. This indicates the importance of the particle size on the adsorption of MB onto BTP.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Evaluation of the particle size of the adsorbents on the parameters removal efficiency and adsorption
capacity (qe) after 24 hours of testing for samples (a) BTP-R, (b) BTP-300 and (c) BTP-500.

3.4. Isotherm Studies

Three different types of adsorption isotherms were applied and analyzed towards the
understanding of the association between BTP adsorption capacity and equilibrium of MB
concentration in solution. Figure 4 displays the results of data modeling with Langmuir, Freundlich
and Temkin and Table 3 shows the isotherm parameters.

The adsorption parameters obtained by the modelling of experimental data of BTP-300 and BTP-
500 were very similar. However, adsorption of MB onto BTP-300 is best described by Langmuir
model (R? = 0.9870), whereas BTP-500 is best described by Freundlich model (R? = 0.9543).

Langmuir assumes monolayer adsorption and is widely used to predict gm. The maximum
(monolayer) adsorption capacity, qm, was 19.4 mg g for BTP-300 and BTP-500 (Table 3). The model
considers both adsorption and desorption rates are equal at equilibrium and Ku reflects the ratio of
adsorption to desorption rate constants, which is a measure of the strength at which adsorbate
molecules are adsorbed onto the adsorbent surface. Thus, for the modelling of equilibrium data it is
observed that the temperature of the thermochemical process did not affect gm. In this case, the use

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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of 300 °C temperature in the slow pyrolysis reaction produced a very similar product to that obtained
by 500 °C process. This finding indicates that the torrefaction process yields in a lower energy intake
and in an adsorbate of equal qmof that obtained by a higher energy intake process. Thus, the use of
this material is sustainable and is aligned with the Sustainable Development Goals of the United
Nations.

Freundlich assumes multilayer adsorption on heterogenous surface, for which parameter n
describes the energetic heterogeneity of the adsorbent surface. When n = 1, the amount of adsorbate
uptake is proportional to its concentration; when 1 <n < 10, a favorable adsorption is expected; and
when 0 < n < 1, an unfavorable one is expected. In both materials, n = 5.97, thus, adsorption is
favorable.

Finally, Temkin is interpreted by the declining energy in adsorption reactions. Parameter b is
related to the adsorption heat; when it is lower than 8 k] mol-, surface adsorption occurs physically.
The b obtained for BTP suggests surface adsorption occurs physically (b < 8 kJ mol).

(a) BTP-300
25.00
20.00 }
1
215,00
)
)
g
== 10.00
® Experimental data
Langmuir
300 Freundlich
Temkin
0.00
0.00 50.00 100.00 150.00 200.00
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(b) BTP-500
30
25 Y
20 e
TOI)
)
g 15
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0
0.00 40.00 80.00 120.00 160.00
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Figure 4. Isotherm modelling to experimental data of samples (a) BTP-300 and (b) BTP-500.
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Table 3. Comparison of the applied isotherms and their parameters for adsorption of MB dye on BTP.

Isotherm Parameter BTP-300 BTP-500
Langmuir qm (mg g1) 19.4 19.4
KL (L mg) 1.68 1.68
R? 0.9870 0.9412
Freundlich n 5.97 5.97
Kr (mg g1) 8.93 8.93
R? 0.9356 0.9543
Temkin Kr (mg g?) 5.37 x 107 5.37 x 107
b (kJ mol?) 3.74 3.74
R? 0.6872 0.6404

The increase in the temperature of thermochemical process did not affect the Langmuir,
Freundlich and Temkin isothermal parameters, however, it did affect the physico-chemical
parameters (Table 2). When the temperature of the process is increased, it is expected the formation
of a more porous structure, which can provide more adsorption sites due to the increase in the specific
surface area. However, lower temperature biochar comprehends more oxygen-containing functional
groups [21], which can favor chemical covalent bonds. A more detailed surficial characterization is
indicated to comprehend the affect of the themochemical process on these structures.

Thus, in this study it was found that 300 °C is a more suitable temperature for the production of
BTP for the adsortion of MB, considering the lower energy intake and the high removal efficiency.
Additionally, in the isotherm studies using particle size <0.60 mm, qm of BTP-300 and BTP-500 were
equal, which indicates once again the benefit of using torrefied biochar.

5. Conclusions

In this study, the adsorption potential of two materials from mango and pitanga tree prunings
(BTP-300 and BTP-500) was characterized and evaluated. Increasing the temperature of the
thermochemical process (from 300 °C to 500 °C) made the materials alkaline and reducing. In the
adsorption studies, it was found that the pyrolysis process and the initial concentration of MB directly
influences the process. Increasing the temperature of the treatment resulted in a slight increase in the
efficiency and adsorption capacity of the material. Whereas, increasing the initial concentration of
MB resulted in a reduction in the efficiency of the process, especially considering the concentration
of 400 mg L-1. The granulometry of the material directly influenced the adsorption process, with finer
materials (mainly with a diameter of less than 0.25 mm) being more efficient in adsorbing MB from
the solution. Both materials presented similar modeled parameters for Langmuir Freundlich and
Temkin isotherm equations. The adsorption at equilibrium of MB onto BTP-300 and BTP-500 is best
described by Langmuir and Freundlich models, and the modeled maximum adsorption capacity of
both materials is 19.4 mg g, proving its efficiency in the adsorption of MB.
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Abbreviations

The following abbreviations are used in this manuscript:

BTP Biochar tree pruning

MB Methylene blue

qe- Adsorption capacity at equilibrium

R, Adsorption efficiency at equilibrium
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