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Abstract

Adsorption is an effective method for removing various types of pollutants from aqueous effluents, and the production of
adsorbent materials from biomass represents a sustainable alternative. In this study, biochars produced from the pyrolysis
of acerola processing residues at different temperatures were evaluated as adsorbents for methylene blue dye. Batch tests
were conducted, and the results showed that the Langmuir isotherm and the pseudo-first-order kinetic model provided the
best fit for the data, indicating that the adsorption process is directly proportional to the availability of active sites. The
maximum removal capacity was achieved with the material produced at 400 °C (67.29 mg g?), due to its significant
surface area and the presence of oxygenated functional groups, which act as active sites through hydrogen bonding and
electrostatic attraction. The tested biochars demonstrated significant potential for use in adsorption processes, contributing

to environmental pollution mitigation and offering a better alternative for the disposal of agro-industrial waste.
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1. Introduction

The pollution of water bodies due to the
discharge of untreated effluents is a problem of
global relevance [1]. Among the various types of
polluting compounds, organic dyes are commonly
employed in several industrial processes,
particularly in the textile industry, and their use
generates a significant amount of contaminated
wastewater [2]. These substances are potentially
toxic to aquatic life, and their improper disposal can
also reduce sunlight penetration in water, hindering
photosynthesis and negatively impacting the
ecosystem [3].

In this context, different technologies have been
studied for the removal of organic dyes from
wastewater before its final disposal. Due to its
simplicity and effectiveness, the adsorption process
is a promising alternative for removing these
contaminants from aqueous effluents [4].
Alternative materials, such as biochar, a product
resulting from the pyrolysis of lignocellulosic
biomass, have been extensively studied for dye
removal applications, mainly due to their renewable
nature and low cost [5].

The industrial processes of acerola juice
(Malpighia emarginata), a fruit with increasing and
significant commercial importance in Brazil,
generate a large amount of waste that can cause
serious ecological problems [6]. The prospect of
utilizing this biomass in biochar production is
attractive from both economic and environmental
perspectives, as it allows for the added value to the
generated waste while reducing environmental
damage [7].

Biochars possess surface characteristics that
provide significant potential for use in adsorption
processes. The pyrolysis temperature significantly
affects these characteristics [8]. In a previous study
[7], it was observed that increasing the temperature
led to biochars with greater porosity and increased
surface area, but in a reduction in surface functional
groups, such as hydroxyl and carboxyl groups, due
to their thermal degradation.

Therefore, the objective of this study is to use
biochars produced from acerola residue at 300, 400,
500, 600, and 700 °C for the adsorption of
methylene blue dye, evaluating the influence of
temperature on the removal process.
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2. Materials and Methods

2.1. Preparation of the adsorbent

The processed acerola residues were provided by
the company Duas Rodas, located in the Brazilian
state of Sergipe. The biomass was dried at a
temperature of 50 °C for 24 h in an oven to reduce
moisture content (< 10%), and subsequently ground
into particles between 0.5 and 1 mm using a Willye-
type mill [9].

The biochars were produced following the
methodology outlined in a subsequent study, where
it was applied thermochemical conversion [7]. In
summary, the residue was pyrolyzed at
temperatures of 300, 400, 500, and 600 °C in a
rotary kiln reactor operating in continuous mode,
while maintaining the following variables constant:
biomass feed rate of 1.5 kg h' with a total
processing time of 20 min, drum bed rotation at 7.5
rpm, drum inclination angle of 10°, and inert gas
(N2) flow rate of 5 L min~'. For the present study, it
was added an additional experiment conducted at
700 °C to support the assumptions regarding the
adsorption process.

Finally, the biochars were thoroughly washed
using distilled water and then dried at 60 °C in an
oven. Table 1 displays data on the surface area, pore
volume, and oxygen content of the biochars
produced at different temperatures.

Table 1. Characterization of acerola biochars
Pyrolysis temperature (°C)

300 400 500 600 700

Surface area mg)  9.81  60.51 112.80 272.00 301.14

Pore volumeem’sy  0.022  0.059 0.094 0.222 0.255
0 (%) 4056 3241 1225 1091  9.84

Property

Further details regarding the pyrolytic process
and detailed characterization data of the biochars
can be found in the aforementioned article [7].

2.2. Adsorption assays

Batch adsorption experiments were conducted to
evaluate the adsorption of methylene blue (MB).
100 mg of adsorbents were placed in contact with
10 mL of MB solution at 10, 30, 50, 100 and 150
mg L1, at times of 0, 5, 10, 15, 30 and 60 min. The
experiments were conducted at room temperature
(~24 °C) and at the natural pH of the solution (~6).

Absorbance readings were performed on an LGI
Scientific UV-VIS spectrophotometer, at a

wavelength of 660 nm. The adsorption capacity (q,
mg g*) and the removal percentage were calculated
according to Equations 1 and 2, respectively.

(Co—CHV
g =G=oY ®
% removal = (COC—_Cf) 100 2

where, Co is the initial concentration of the
adsorbate solution (mg L™ or g L), Cs is the final
concentration of the adsorbate solution (mg L? or g
LY, V is the volume of the adsorbate solution (L)
and m is the mass of the adsorbent used (g).

To evaluate the adsorption isotherms, it was used
the Langmuir model (Equation 3), which assumes
that adsorption occurs in a monolayer, i.e. each site
can accommodate only one adsorptive entity [10],
and the Freundlich model (Equation 4), an empirical
equation based on multilayer adsorption, with non-
uniform heat distribution [11,12].

g = dmaxKLCe 3)
1+k, Ce
qe = kpC)"" (4)

where gmax is the maximum amount of monolayer
coverage (mg g?), k. is the Langmuir isotherm
constant (L mg?), Ce is the adsorbate concentration
at equilibrium (mg L™), ke is the Freundlich
isotherm constant (mg LY)(L gHY", 1/n is the
heterogeneity factor and g. is the amount adsorbed
at equilibrium (mg g%).

According to Hall et al. [13], the essential
characteristic of the Langmuir isotherm can be
expressed by the dimensionless constant R, called
the separation factor and calculated by Equation 5,
allowing the shape of the adsorption isotherm to be
predicted, indicating whether the adsorption is
favorable or unfavorable.
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To investigate the adsorption Kkinetics, the
pseudo-first order and pseudo-second order models
were applied in their linearized forms, as described
in Equations 6 and 7, respectively.

qe = e — qee 1t (6)
_ kpqit

where @ is the adsorption capacity at time t (mg g
B, ki (min?) and k2 (g mg? min?) are the rate



constants associated with pseudo-first order and
pseudo-second order kinetics, respectively.

3. Results and Discussion

Table 2 presents the parameters obtained from
fitting the experimental data using isotherm models.
The analyzed parameters show that the Langmuir
model (0.91 < R? < 0.98) is more suitable than the
Freundlich model (0.81 < R2 < 0.94) for describing
the dye removal process. This suggests that the
adsorption occurs in a monolayer with a uniform
energy distribution on the surface. Thus, each active
site can adsorb only one dye molecule, and
saturation occurs when all sites are occupied,
indicating that the adsorption process is
homogeneous and the maximum adsorption
capacity is reached when all sites are filled [10].

Within the temperature range of 300 to 400 °C,
pore formation increases the surface area while still
preserving a significant amount of oxygenated
groups, which are essential for MB adsorption.
However, beyond 400 °C, although the surface area
continues to grow, the degradation of surface
functional groups begins to outweigh the benefits of
the increased surface area.

The separation factor (R.) of the Langmuir model
(Table 2) in the range of 0 < R_ < 1, indicates that
the dye adsorption is a favorable process.

Regarding Kinetics (Table 3), it was observed that
equilibrium is reached quickly for all the produced
biochars, and that the amount of dye adsorbed
increases when using solutions with higher initial
concentrations.

Table 3. Biochar kinetic model parameters

300 °C Pseudo first order Pseudo second order
Table 2. Biochar isothermal parameters adsorption mMB ky Qe 2 ke Qe R?
i _ mg L? min? mg g gmg'min®  mgg?
Langmuir Freundlich 10 0.39 180 094 0.27 197 087
T O ke e R ne ke R? 30 0.45 093 0.2 0.60 101 083
(°C) mgg' Lmg" Lg* 50 0.37 469 095 0.10 517  0.90
300 2662 070 0.96 0.90 150 1011 0.94 100 0.39 13.46  0.95 0.04 1476 0.88
400 6729 007 091 0.88 114 455 091 150 0.33 777 0.96 0.05 857 092
500 1719 017 097 0.89 244 401 089 400 °C Pseudo first order Pseudo second order
600 1112 015 094 091 317 312 0.89 MB K. e , Ky e )
700 17.12 007 0.98 0.84 199 221 081 mgL®  min?  mggt R gmg'min® mgg! R
10 0.13 225 0,90 0.05 266 087
According to Fig. 2, the value of Qmax increases 30 0.39 821 094 005 9.06 089
50 0.35 1417  0.96 0.03 15.64 091

from 26.62 to 67.29 mg g' as the pyrolysis
temperature rises from 300 to 400 °C. However, as
the temperature continues to increase, gmax ShOWs a
significant decline, reaching 17.12 mg g at 700 °C.
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Fig. 2 gmax in function of the pyrolysis temperature

During the pyrolysis, the biochars surface area
increases with temperature due to the formation of
additional pores (Table 1). Simultaneously, the
oxygen-rich functional groups, such as hydroxyls,
carboxyls, and carbonyls, which play a crucial role
in dye adsorption due to their ability to form
hydrogen bonds and electrostatic interactions, are
degraded at higher temperatures [7].

100 0.21 51.23 0.98 0.01 5736  0.96
150 0.10 92.20  0.99 0.00 1098  0.98

500 °C Pseudo first order Pseudo second order

MB kl qe RZ kz CIe RZ
mg L min? mg g™ gmg'min*  mgg’

10 N N } } ) }

30 0.42 3.17 0.93 0.16 3.48 0.86

50 0.35 6.20 0.96 0.07 6.84 0.91

100 0.35 3019  0.95 0.01 3364 0091
150 0.16 4452  0.96 0.004 51,23  0.96

600 °C Pseudo first order Pseudo second order

MB ki Qe R? ka Qe R?
-1 in-l - “1pmin-l -
mg L min mg g* g mg'min mg gt
10 - - - - - -
30 0.14 1.06 0.99 0.14 1.22 0.97
50 0.33 9.88 0.96 0.04 10.97 0.92

100 0.20 2053  0.96 0.01 23.30  0.96
150 0.07 3093 0,95 0.002 3830 0.93

700 °C Pseudo first order Pseudo second order

MB kl QS RZ kz qe RZ
mg L min? mg gt gmg'min®  mgg?

10 - - - - - -

30 0.06 0.38 0.90 0.11 0.50 0.91

50 0.04 454 0.95 0.004 7,24 0.95

100 0.30 2210  0.97 0.017 2438  0.92
150 0.14 3549  0.95 0.005 40.03 091

Within the first 30 s, a considerable amount of
dye was already adsorbed, demonstrating the
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rapidity of the process. This high adsorption rate in
the initial moments of the tests likely resulted from
a combination of mechanisms involving
electrostatic attraction between the dye molecules
and the surface functional groups present in the
biochars, as well as adhesion involving the pore
structures within the material [14].

The results show that both kinetic models
describe the data well. However, the model that
provides the best fit is the pseudo-first-order model.
This indicates that the adsorption process is
controlled by the diffusion of the dye to the active
sites on the biochar surface. According to this
model, the adsorption capacity and the amount of
active sites are directly proportional [15]. At the
beginning of the batch process, there is a rapid
adsorption of the dye due to the high number of
available active sites, and as these sites become
occupied, the rate of adsorption decreases.

4. Conclusion

Biochars produced from the pyrolysis of acerola
industrial residue at various temperatures were
evaluated as adsorbents for MB dye. The Langmuir
model best fit the data, indicating monolayer
adsorption on a uniform surface. The maximum
adsorption capacity increased significantly from
300 to 400 °C, reaching 67.29 mg g, but decreased
at higher temperatures due to the degradation of
oxygenated functional groups. The biochar
produced at 400 °C demonstrated the best balance
between surface area and functional group
preservation. These findings underscore the
potential of this biochar as an effective and
sustainable material for effluent treatment.
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