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Abstract

The capture of CO2 for subsequent use in the synthesis of high-value-added products using biochars is a solution with significant
potential to address environmental issues. However, the results are strongly dependent on the synthesis process and the addition
of metal salt that impregnate the carbon surface. To assess the influence of salt on the precursor during pyrolysis, concentrations
of 5% and 8% of metallic chlorides (CaCl2 and MgCl2) were employed on pre-cleaned and dried soursop seeds. The objective
was to investigate how salt impacts the textural characteristics of the resulting biochars concerning thermal conditions. This
process yielded five solids, which were subjected to various characterization techniques.

The results revealed that these solids function as CO2 adsorbents, with BET surface areas ranging from 140 to 285 m2/g, as
determined by CO2 analysis. Furthermore, the quantities of adsorbed CO2 showed variations in the performance of each sample.
Additionally, DRIFTS analysis of CO2 showed sharp peaks corresponding to specific CO2 adsorptions, particularly in solids
activated with CaCl2. The employed characterization techniques facilitated the identification of potential methods to enhance
basicity and surface area in solids that exhibited lower performance.
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1 Introduction
The utilization of agricultural residues in the Boyacá department has
emerged as a viable strategy to mitigate environmental pollution
processes and contribute to the sustainable development goals [1].
The effectiveness of lignocellulose pyrolysis significantly impacts
the treatments performed, which depend on the added chemical or
physical agents to achieve greater volatile matter loss and, conse-
quently, better performance and application of the resulting biochar
[2], determining the capacity of biochars to adsorb various con-
taminants. However, it is crucial to consider that outcomes vary
depending on the type of biomass used and the activating agent,
taking into account the thermal process. Based on these premises, the
activation of new precursors using environmentally benign metal
chlorides, such as CaCl2 [3] and MgCl2 [4] has been previously
investigated. Nevertheless, a comprehensive comparison between
the two approaches has yet to be conducted.

The use of these salts presents an ideal option due to the low con-
centration required to impregnate precursors and their quality as
dehydrating agents, facilitating single-step activation [3]. Further-
more, the electronic deficiency of these metals enables the formation

of pores within the range of 2 to 50 nm, which is optimal for the
entry of contaminants into the microporous carbon network, where
adsorption primarily takes place.

The use of biomass to obtain of biochars for environmental reme-
diation not only provides an effective alternative for contaminant
adsorption but also contributes to a circular economy approach based
on the carbon cycle. This reduces the need to resort to mineral carbon
sources, thereby reducing CO2 emissions into the atmosphere. In this
context, the application of solid adsorbents in CO2 capture primarily
focuses on the preparation and characterization of activated carbon.

The most common precursors for biochar production include African
palm shells [5], coconut shells [6], coffee husks [7], Mucuna mutisiana
seeds [8], potato and cassava peels [9]. These raw materials are sub-
jected to various preparation conditions, such as the activation
method [10], type of activating agent, concentration or rate of activat-
ing agent, temperature, and residence times in both carbonization
and activation processes.

The soursop seeds Biochar Synthesis method, characterization, and
practical applications was designed according to follow Scheme 1:

Scheme 1: Synthesis method, characterization, and practical applications of Soursop seeds Biochar.

The use of soursop seeds represents an innovative perspective in the
utilization of biomass in the region, while posing the challenge of
determining optimal conditions using CaCl2 and MgCl2 to obtain
biochars efficient in CO2 capture, taking into account their chemical
and textural characteristics, as well as the effect of the salts on the
carbon surface [11]. This is of particular relevance as biomass py-
rolysis processes produce bio-oils that may interact with salt oxides,
promoting or inhibiting the development of the porous network or
chemical surface. In this context, we propose the use of two different
concentrations of Mg and Ca metal chlorides for biochar production,

comparing their properties through techniques such as FTIR, CO2
DRIFTS, XRD, CO2 adsorption, and Raman spectroscopy. This will
allow to determine the most suitable activation process and, at the
same time, seek improvements in outcomes obtained in processes
that yield less favorable results.

2 Materials and methods
The samples were classified according to the activating agent and
concentration, as shown in Table 1.
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Table 1: samples and abbreviations

Sample Abbreviation
Soursop seeds SS

Soursop seeds Biochar BC
Biochar +MgCl2 5% C/Mg5
Biochar +MgCl2 8% C/Mg8
Biochar + CaCl2 5% C/Ca5
Biochar + CaCl2 8% C/Ca8

Heating ramp 1K/min 8% CaR1

Thermogravimetric analysis was conducted using Setaram 1600
equipment, employing a temperature ramp of 5 K/min up to 1073
K in a nitrogen atmosphere (20 mL/min). Soursop seed samples,
pulverized and measured in a 90 µL alumina crucible, exhibited
masses of 39.4 mg and 31.2 mg for soursop seed and degreased seeds,
respectively [12].

Biochar Preparation

Biochars were produced through pyrolysis with chemical activation
of soursop seeds and defatted soursop seeds as precursor materials
to obtain biochar (BC). Soursop seeds, obtained from a fruit pulp
factory, were washed, dried at 373 K, and crushed to achieve a
particle size between 4 and 2 mm. Chemical activation involved a 1:2
ratio mixture of soursop seeds with CaCl2 and MgCl2 as activating
agents. The activated solid was then dried for 12 hours at 373 K [5].

The carbons were prepared using a tubular resistor Lindberg Blue M
TF55035A-1 at 1073 K for 2 hours, with a flow of 50 mL/min of CO2
and N2 mixture. The heating ramp was the same as that used in
TGA analysis to retain a certain amount of mass (5 K/min). Activated
carbons were treated with HCl 0.01 M to eliminate excess activator
and washed with distilled water [13].

Characterization of Carbonaceous Materials The biochars form
soursop seed were characterized through of different instrumental
techniques. XRD patterns were obtained with a MiniFlex diffrac-
tometer, CuKα radiation, and a step increment of 0.05°. Crystal sizes
were determined using the FWHM and the Debye-Scherrer equation
[14]. Infrared spectra were collected by the FTIR-ATR method using
a Thermo Scientific NICOLET iS50 FT-IR spectrometer with a ZnSe
ATR cell [15]. CO2 adsorption spectra were collected using in situ
diffuse reflectance with ZnSe windows on the same FTIR equipment
[16]. Carbon dioxide adsorption at 293 K was carried out using the
Micromeritics ASAP 2020 analyzer to 1 bar [17]. NH3 desorption
was measured using an Auto-ChemII 2920 unit, with He and NH3
flows at programmed temperatures [18]. Raman spectroscopy mea-
surements were conducted at room temperature using a Witec alpha
300 Confocal Raman microscopy, with an Nd-YAG green laser (532
nm) and 50x objective lens.

3 Results and discussion
Characterization of carbonaceous materials

The infrared spectra of the solids are presented in Figure 1. The
resulting spectra exhibit common features in both the biomass and
its pyrolysis products. It can be observed that in the solids acti-
vated with CaCl2, the bands corresponding to the precursor are
better preserved, particularly at lower concentrations. This is clearly
manifested by a broad band appearing around 3370 cm−1, which is
associated with the vibrations of O-H bonds. Additionally, bands
at 1600 cm−1 and 1400 cm−1 are identified, likely associated with
the vibrations of C=O and C=C groups, respectively [19]. These
observations indicate a partial decomposition of cellulose compared
to samples activated with Mg chlorides. It is worth noting that
these bands tend to gradually decrease as the concentration of both
activators in the samples increases.

Figure 1: X Ray difraction patterns of biochars. Source: Authors

X-ray diffraction patterns provide evidence of crystallinity presence
in the obtained biochar. A characteristic band of graphitic carbon
can be observed in the BC, C/Mg5, and C/Mg8 samples in the Figure
2. In the case of solids impregnated with Mg, peaks corresponding
to MgO are detected at diffraction angles of 2θ= 43° and 62.5°, and
an additional small peak near 37° is noticeable, with its intensity
increasing as the concentration of the metallic chloride used in the
activation process rises.

Conversely, in the diffractograms of biochars activated with Ca
chlorides, there was a decrease in the intensity of peaks indicating
the presence of CaO crystals as the concentration increases (2θ=
29.5°) [20]. These X-ray diffraction results clearly reveal the influence
of different activators (Mg and Ca) on crystal formation and the
structure of the obtained biochars. The peaks at 25° and 43° confirm
the formation of crystalline structures of graphitic carbon. The weak
diffraction peak at 2θ of 43° is attributed to the a-axis of the graphite
structure. Additionally, two signals corresponding to the brucite
phase with a cubic structure are identified at 62.30° in 2θ, respectively.
The intensity of these signals increases with higher MgO content
[21].

Figure 2: X Ray difraction patterns of biochars. Source: Authors

Surface area measurements were conducted on carbon samples
through physical adsorption of carbon dioxide (CO2) at room tem-
perature, the isotherms of biochars are shown in Figure 3. The results
revealed that the adsorbed quantities varied within a range of 20
to 50 cm³/g, with C/Mg8 carbon displaying the highest adsorption
capacity. A significant difference was observed when compared
to its activated counterpart with a lower concentration of metallic
chloride. Conversely, the carbon activated with calcium chloride
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(CaCl2) showed no appreciable differences in the values of CO2
adsorbed when altering the salt concentration. Despite the surface
areas being relatively low in comparison to carbons synthesized
previously using the same chlorides, as mentioned in Acevedo’s
study, the amounts of CO2 adsorbed approached those obtained in
such solids, which exceeded 800 m²/g [22].

Given that CO2 adsorption is limited to the formation of a mono-
layer of adsorbate on the solid surface due to strong interactions
between gas molecules, it is assumed that the solids predominantly
possess a network of narrow pores, accessible only to carbon dioxide
molecules. In the case of C/Mg8 carbon, its adsorption isotherm
exhibits a slight inflection point, suggesting a modification in the
carbon’s surface resulting in increased CO2 adsorption, whether due
to a heterogeneous surface or an enhancement in its surface area
[23].

Figure 3: CO2 Isotherms of biochars

The table 2 summarizes the values of surface area, micropore size,
and the amount of adsorbed CO2 for the synthesized biochars. The
carbon with the highest surface area corresponds to the highest
concentration of Magnesium Chloride (MgCl2), as well as the solid
that showed the best CO2 adsorption results, whereas, the CaR1
sample showed the lowest surface area, and consequently the CO2
adsorption capacity was also low.

Table 2: CO2 adsorption values for biochars

Biochar SBET area (m2/g) Pore size (nm) Amount of CO2
adsorbed (cm3/g)

BC 142 0.5 23
C/Mg5 217 1.1 39
C/Mg8 286 0.6 50
C/Ca5 183 0.8 28
C/Ca8 153 0.8 27
CaR1 140 0.4 23

The CO2 DRIFT spectra shown in Figure 4 depict several key observa-
tions. Firstly, the signals at 2360 cm−1 correspond to CO2 adsorption
in the gas phase. Additionally, there are signals near 877 cm−1, 1400
cm−1, and 1580 cm−1, which can be attributed to different vibrational
modes of bicarbonates [18]. On the other hand, the signals between
2850 cm−1 and 2950 cm−1 are indicative of certain hydrogenation
species of bicarbonates [14].

From these observations, we can deduce that one of the reasons for
the more well-defined bands in the range of 800 cm−1 to 1500 cm−1

in C/Ca5 is the presence of CaO on the surface of the biochar. This

CaO contributes to pore blockage within the solid material’s porous
network.

Figure 4: CO2 DRIFT spectra of biochars

Given that the majority of the precursor’s bands, analyzed through
FTIR-ATR, are retained in the samples activated with CaCl2, which
exhibit lower CO2 adsorption, it is presumed that volatile matter
obstructs the pores and hinders the development of the microporous
network. However, a singular sample was subjected to a slower
heating ramp (CaR1) using a heatig of 1K/min to verify the formation
of graphitic carbon in the specimen through Raman spectroscopy.

The Raman spectra, depicted in Figure 5, reveal distinct bands around
1390 and 1592 cm−1, referred to as the D and G bands, respectively.
The G band is linked to a solitary graphite crystal or the E2g mode of
hybridization in activated carbon materials [24], whereas the D band
signifies polycrystalline graphite [25] or graphite domains featuring
structural disorder, indicating flaws in the crystalline structure. As
illustrated in Figure 5, there is an increase in the intensity of the D
band. Notably, this enhancement is evident through the modification
of the heating ramp, rather than through the use of the activating
agent.

The Raman spectra of biochars activated with 5% and 8% MgCl2 ex-
hibited prominent bands around 1390 and 1592 cm−1, corresponding
to the D and G bands, respectively. These bands are observed more
significantly compared to those in biochars activated with CaCl2,
where the intensity of the D and G bands is notably lower. However,
the CaR1 sample, which was subjected to a slower heating ramp,
shows greater intensity in both the D and G bands compared to all
other samples, indicating a higher presence of graphitic carbon in
this specific sample.

Figure 5: Raman spectra of Ca biochars
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Conclusions
The formation of carbonates is observed due to the presence of
metal oxides in the biochar, rather than the adsorption of CO2 in
the gas phase. Whereas, the activation using CaCl2 unfavorable
since during pyrolysis, calcium remains adhered to the surface of
the biochar and the bio-oil from the precursor in the form of CaO.
The utilization of MgCl2 increases both the surface area and pore
size, which is reflected in the amount of CO2 adsorbed under normal
conditions. However, the presence of MgO on the solid’s surface
is evidenced by the formation of crystals that grow in size with
increasing concentration.

IR bands from the precursor persist more significantly in the solids
activated with CaCl2, including bands attributed to -OH and C=O
vibrations. This indicates the presence of organic residues, such
as fats, from the pyrolysis process on the carbon surface. These
residues hinder proper pore formation in the biochar derived from
soursop seeds. Thus, the results suggest that activation with MgCl2
demonstrates more promising potential in terms of enhancing CO2

adsorption capacity and improving the textural properties of the
biochar compared to CaCl2. However, addressing the presence of
MgO on the solid’s surface is essential, as it represents a potential
challenge that may affect the efficiency of the adsorption process.
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