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Abstract

Environment remediation is one of the primary goals of sustainable development and anthropogenic activities, and the
use of fuels in various industrial processes through combustion has led to an increase in CO, as well as big damage to the
atmosphere by the greenhouse effect. Biochar has been used for the capture of carbon dioxide due to its high surface area.
In this study, we obtained biochar from soursop seeds. The materials were synthesized by pyrolysis of precursor materials
and chemical activation with chlorides of Ca and Mg at a concentration of 5% w/v. The effect of the defatting process of the
soursop seeds on the obtained carbon was also researched. The absorbed solids were characterized through thermogravimetric
analysis, X-ray diffraction, and CO, adsorption, followed by infrared spectroscopy, N,-physisorption, CO,-physisorption,
CO,, XPS, DRIFTS and TPD of NH;. The type of activating agent and pretreatment conditions used were more favorable
than the defatted process at obtaining carbons with N, surface areas between 26 and 220 m*g™". The biochars were analyzed
by CO, surface area to describe the microporous framework, and the solid with the best CO, surface area was the one with
the highest CO, adsorption. According to the statistical analyses conducted, the evaluated models Langmuir, Freundlich,
and Redlich-Peterson presented good fits to the experimental data. However, the Redlich-Peterson model showed the lowest
values for the residual variance, which were of the order of 0.001 or less in all cases based on the CO, adsorption isotherms
on the studied activated carbons. However, the carbons obtained by defatting showed favorable hydrophilic behavior along
with adsorption capacities in the bioremediation process and affinity towards of this GHG.
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1 Introduction of 1.45 to 1.53 tons per capita between 2020 and 2011[2]

indicates a minor environmental efficiency for this coun-

The carbon footprint is related to the amount of greenhouse
gases produced by anthropogenic activities and emitted by
a country dependent on economic growth and currently cal-
culated in tons of CO, [1]. In Colombia, the carbon foot-
print does not exceed 4 tons per year, however, an increase
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try. Some efforts to decrease the carbon footprint have been
made through the development of adsorbent materials. Thus,
an economically and environmentally viable way is to use
residual biomass to obtain adsorbent biochar for storage and
subsequent use of CO,.

Biochar (BC) is generally employed in the adsorp-
tion of various contaminants [3], due to its low synthe-
sis costs and less expensive regeneration energies than
other adsorbents [4]. Some recent reviews on AC from
biomass-based sources for CO, capture have shown the
current potential and trends in the last few years. Biochar
is easily obtained by the carbonization of residual biomass
with a high lignocellulose content [5]. Its porous struc-
ture can be manipulated by distinct methods, and different
chemical functional groups are set up into the surface by
various treatments using physical and chemical reagents
[6], with the aim of increasing CO, affinity. Soursop seeds
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are a good precursor of adsorbent materials. This tropical
fruit contains 30% of its total weight in seeds, which are
considered waste [7]. An alternative to the valorization
of these seeds is the production of low-cost animal feed,
but it isn’t possible because of the high content of antinu-
tritional factors and toxic metabolites [8]. Soursop seeds
have the potential to be used as a precursor to produce
biochar for CO, adsorption.

The method of preparation of biochar from seeds that
is most known is pyrolysis, however, the conditions of
pyrolysis and the presence of the activating agent are the
principal variables that improve the CO, adsorption on
biochar obtained from biomass [9]. The pyrolysis is car-
ried out using a precursor previously impregnated with
a solution of H;PO,, KOH, NaOH, or ZnCl,, which pro-
duces carbon with a high surface area and microporous
framework [10]. These activating agents are efficient,
but the byproducts resulting from washing are too harm-
ful to be discarded. Chemical activation using CaCl, or
MgCl, has been recently explored to obtain mesoporous
solids, improving CO, adsorption [11]. These salts act as
dehydrating agents and serve as pore shaper [12]. CaCl,
forms symmetric pores after the washing process, and the
action of MgCl, could be similar. In addition, a high heat-
ing ramp rate favours the loss of volatile matter, avoiding
blockages in the porous framework and decreasing the
superficial groups on the surface of carbon.

Different samples of biochar from soursop seeds were
obtained, and it has been tested if the oils in the precur-
sor materials interfere with or contribute to CO, adsorp-
tion and its interaction with activating agents [13]. So,
the synthesis of biochars using seeds with high oil con-
tent produces bio-oils in the pyrolytic process. In some
cases, these byproducts generate interference in the pore
frameworks, which makes the pollutants adsorption dif-
ficult. Some authors have performed a defatting process
with the final purpose of obtaining a cleaning surface
and improving the entry of adsorbate molecules [13].
This process was realized on a part of the seeds before
the activated process, expecting to improve the adsorption
of CO,. Although the defatted process does not improve
the surface area, the methodology activation with CaCl,
produced a homogenous surface with intermedium acid
sites, which increased the CO, adsorption in these sam-
ples. Besides with MgCl, activating process improve the
surface area without defatting, the acidity of the samples
increases too, affecting CO, adsorption. This precursor is
chemically activated with dehydrating agents of low use
in the literature regarding the production of this type of
adsorbents generating contribution and innovation in the
state of the art, after its preparation and characterization,
the CO, adsorption capacity was evaluated with a view to
the future of industrial use.
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2 Materials and methods
2.1 Soursop seeds characterization

Bromatological characterization was conducted in tripli-
cate and included the content of ash, moisture, fiber with
acid detergent fiber (ADF)—neutral detergent fiber (NDF),
ethereal extract, and amount of protein [14]. The analysis
of ADF is related to the percentage of cellulose and lignin
in the sample, while the analysis of NDF is related to the
content of ADF and hemicellulose. Thermogravimetric
analysis was performed in equipment Setaram 1600 using
a temperature ramp of 5 °C.min~! to 1000 °C in an N,
atmosphere of 20 mLmin~!. The soursop seed samples
were pulverized and measured in an alumina crucible of
90 uL; a mass of soursop seed and degreased seeds at 39.4
and 31.2 mg, respectively.

The samples of soursop seeds were washed and crushed
to a 1:2 ratio of chemical activation, using CaCl, and
MgCl, to activate agents in magnetic stirring for 6 h; the
degreased soursop seeds were taken to Soxhelt extraction
with n-hexane in a refluxed system for 4 h, and this was
activated in the same form and dried for 12 h at 100 °C.

2.2 Preparation of the biochar

The biochars were prepared by the pyrolysis method using
chemical activation of the soursop (Anonna muricata)
seeds and defatted soursop seeds as precursor materials
to obtain biochar (BC), resulting from the treatment and
processing of the soursop fruit and being an agroindus-
trial waste. The soursop seeds were acquired from a fruit
pulp factory in the region through manual recollection.
These were cleaned with ionic water, posteriorly it was
dried at 100 °C and then passed through a granulometric
sieve until obtaining a particle size between 4 and 2 mm
using mesh number 2 (size 2 mm). A portion of soursop
seed was taken to carry out the defatting process, the pre-
cursor was weighed and packed in cellulose paper and
placed in a refluxed system in hexane for 6 h, following
the process described by Prandy, et al. [15]. The extracts
were separated by rota-evaporation to recover the solvent;
the sample was weighed and dried to 100 °C to elimi-
nate the hexane excess. The reagents used were MgCl,,
CaCl,, from Bioquigen, and hexane (> 98%) from Sigma-
Aldrich hydrochloric acid (Sigma-Aldrich, 37%). The car-
bons were prepared according to described by Acevedo,
et al. [16], using a tubular resistor Lindberg Blue M of
1200 °C TF55035A-1 at 700 °C for a period of 2 h (heat-
ing ramp of 5 °C for minute) and maintaining a flow of
50 mLmin~! of CO, and N, mixture (high purity gases,
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Fig. 1 Scheme of the carbonization system

analytic grade), as can be seen in Fig. 1 [17]. MgCl, and
CaCl, were used as activating agents at a constant con-
centration of 5% w/v. The samples of activated carbons
were mixed in HC1 0.01 M to eliminate the activate excess
and washed with refluxing in distilled water to a constant
pH closer to pH 7.

The adsorbent materials were obtained by pyrolysis
of soursop seeds in a tubular oven with a constant flux
of CO, and N, mixture out to the bubbler for the reten-
tion of bio-oils. The samples were classified by precursor
type and activate agent; six samples were obtained that
describe the following with their abbreviations:

Soursop seeds SS
Defatted soursop seeds DSS
Biochar BC
Defatted Biochar DBC
Biochar +MgCl, MgBC
Biochar +CaCl, CaBC
Degreased Biochar + MgCl, MgDBC
Degreased Biochar + CaCl, CaDBC

2.3 DRX (X-ray diffraction)

The XRDs were obtained by a diffractometer model Mini-
Flex with CuKa radiation (A =1540 A). The data were
obtained in a range of 5 to 90° in 20 with an increment
of 0.05° as described et al L.M. Esteves [18]. To deter-
mine the crystal sizes, the FWH was calculated by the
main DRX peaks in the Origin software and using the
Debye—Scherrer equation.

Bubblers

2.4 FTIR spectra

Infrared spectra were collected by the FTIR-ATR method
using an equipment Thermo Scientific model NICOLET
iS50 FT-IR spectrometer with a ZnSe window to deter-
mine surface groups on the materials. 64 scans were used
by each sample [19].

2.5 DRIFTS analysis

The same equipment FTIR collected the CO, absorption
spectra using a diffuse reflectance accessory with ZnSe.
The sample was cooled to 20 °C in an atmosphere of He
gas, taking reference spectra of the clean. Then, supply
the sample with a flow of CO, (30 mLmin™") for 30 min.
Finally, the sample was cleaned again with the flow for
10 min, and the last spectrum was collected; this was the
absorbed CO, spectrum. To collect the spectra, with a
resolution of 4 cm™! and 250 scans were used [20].

2.6 BET surface area

The values of surface area, diameter, and the pores vol-
ume were characterized with a Micromeritics ASAP 2020
analyzer by physisorption of N, at — 196 °C. The samples
were previously dried for 12 h in a muffle at 150 °C and
degassed employing the vacuum system of the ASAP 2020
equipment for 6 h. The Brunauer-Emmett-Teller (BET)
analysis of adsorption—desorption isotherms was employed
to calculate the surface area and the pore volume was
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calculated from the N, desorption curve by the Barrett-
Joyner-Halenda (BJH) method [21].

2.7 CO, adsorption

The carbon dioxide adsorption at 20 °C, the amount of CO,
physisorpbed, and the analysis showed the amount of CO,
physisorpbed in the biochars. The measurements were car-
ried out in the ASAP 2020 Micromeritics analyzer. The
samples were degassed under vacuum for 6 h at 150 °C.
The weight of the samples was around 100 mg [22]. The
measurement of CO, adsorption was described by theoreti-
cal adsorption isotherm models. Through the study of differ-
ent models such as Langmuir and Freundlich or models such
as Redlich-Peterson, Sipps, and Toth, which can describe the
interaction biochar- adsorbate in addition to offering charac-
teristics about the nature of the adsorbent and its adsorption
mechanism.

2.8 NH, desorption measurements
at the programmed temperature (TPD-NH,)

The NH; desorption measurements at the programmed
temperature (TPD-NH;) were carry out in an Auto-ChemlII
2920 unit (micromeritics®). Prior to analysis, samples were
dried at 150 °C with He (25 mLmin™") for 1 h. The samples
were then purged with Heat 400 °C for 30 min and finally
cooled to 70 °C to adsorb NH; in a 10% NH;/He mixture
(50 mLmin~") for 30 min. Samples were cleaned with a He
flow 25 mLmin~! for 1 h to remove excess NH;. Then, a con-
stant flow of He from 70 to 900 °C was passed to a heating
ramp of 10 °C.min~! to obtain the TPD profile [23].

2.8.1 X-ray photoelectron spectroscopy (XPS)

XPS spectral analyses were conducted using a Thermo Sci-
entific ESCALAB 250 XI spectrometer. The measurements
were performed with a pass energy of 25 eV, an energy step
of 0.05 eV, and a time of 50 ms. The pressure within the
analysis chamber was maintained around 10~ mbar.

2.9 Isosteric heats of adsorption

The isosteric heat of adsorption is a thermodynamic prop-
erty that provides useful information about the adsorbent-
adsorbate interaction and the energetic heterogeneity of the
adsorption surface. Based on the modified Clausius-Clap-
eyron equation:

oIn(P) )

on

q,t = —RT <
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where R is the gas constant (8.314J molK™1), n is the amount
of CO, adsorbed (molkg™"), P is the pressure of adsorption
(kPa) and T is the temperature in Kelvin (293 K in this case).
The isothermal heat corresponds to the energy released in
the adsorption process and depends on the temperature and
surface coverage. In this study, the isotherms of each sam-
ple were used to determine the dependence of the isosteric
heat on the adsorbate concentration. The analyses were per-
formed in gas analyzer with prior degassing at 300 °C for
3 h[24].

3 Results and discussion
3.1 Characterization of soursop seeds

The oil content in the soursop seed was approximately
14.5%, moisture was 7%, protein was 14.2%, and ash was
2.1%. In the seed samples, the TGA mass changes are asso-
ciated with the loss of moisture or volatile matter in the
samples (70-220 °C). Subsequently, the loss of hemicel-
lulose, cellulose, and lignin can be observed up to 900 °C
[25], which is depicted in Fig. 2. In the defatted seed sam-
ples, temperature changes are more noticeable, particularly
in the regions of 70-200 °C and 340-600 °C. The removal
of fatty acids embedded in the hemicellulose or cellulose
fibers causes thermal degradation to occur more easily. This
analysis shows that about 7% can be associated with mois-
ture and volatiles, 55-65% with hemicellulose and cellulose,
and approximately 25-30% with lignin. These quantitative
results are consistent with those obtained through ADF and
NDF. The values of NDF and ADF were 73.4 and 88.4,
respectively. This suggests that the resulting carbons could
have a higher proportion of disordered porous structures, as
has been described by Meng et al. (2021) (Fig. 3).
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Fig.2 TGA and DTG curve of soursop seeds (SS)
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Fig.3 TGA and DTG (percent mass loss) analysis of defatted sour-
sop seeds (DSS)

3.2 FTIR spectra

The FTIR spectra of the soursop seeds (Fig. 4a) and defatted
soursop seeds (Fig. 4b) showed signals characteristic of bio-
mass organic. These signals correspond to fatty acids, pro-
teins, and the fiber composed of lignin, cellulose, and hemi-
cellulose. Signs of hydrogen bonds stand out between 3200
and 3400 cm™! and C—H vibration bonds corresponding to
2853 and 2923 cm™! (only in the precursors); C—O group
signals at 1743 cm™! and other signals below 1600 cm™! are
also highlighted, which are features of deformation of C-O

and C—C bonds vibration characteristic of compounds that
contains aromatic rings [26]. After the pyrolytic process,
some changes are observed depending on the activating
agent and the defatted process. The main bands appeared
at 1580 cm™! (C=0), 1400 cm™" (C=C), and 1105 cm™!
(C-0-C) [27]. In this case, it is assumed that the pyrolysis
process promotes the generation of C=C aromatic skeletal
vibrations, as well as changes in C—O-C symmetric and
asymmetric vibratory ester groups in cellulose and hemi-
cellulose in the precursor materials, respectively. Compar-
ing the spectra in the presence of an activating agent, the
peaks that appear at 850 cm™! are the same in both samples.
According to previous research [28], the signals 1040 cm™!,
and 1400 cm™! appear in the MgDBC and CaDBC samples;
these peaks could be affixed to lenghthen of groups (-C=0)
and (-C-H), which suggests that the MgCl, or CaCl, in
degreased samples may give a hydrophilic biochar.

3.3 X-Ray diffractions

The XRD patterns of the biochars obtained are displayed
in Fig. 5. The broad peak at 25° is due to the amorphous
structure. In the samples, CaBC and CaDBC appear to have
a peak at 30° related to CaO with a crystal size of 20 nm
and 26 nm, respectively. For MgBC and MgDBC, the peak
of MgO appears at 42.6°, and similarly, the crystal size
crystal of MgO increases in the defatted sample, reaching
3 nm for MgBC and 16 nm for MgDBC. This increase in
the crystal size of CaO or MgO in the degreased samples
could be explained by the poor interaction of the salts on the
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Fig.4 FTIR spectra: a FTIR biochars analysis activated with metal
salts; b FTIR analysis of defatted biochars, where SS is the sample
of soursop seeds, DSS is the sample of defatted soursop seeds, BC
and DBC are biochars of soursop seeds and defatted soursop seeds,

Wavenumber (cm™)

(b)

respectively; MgBC and CaBC are biochars activated with metallic
salts; and finally, MgDBC and CaDBC are the biochars activate of
defatted soursop seeds
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Fig.5 XRD spectra of biochars

lignocellulosic surface. Besides, the amorphous structure is
favored using MgCl, [29].

3.4 BET analysis

The BET surface was studied by N, analysis at — 196 °C.
A decrease into the surface area (Sgpy) was showed in the
samples treated with CaCl,. Besides, the defatting process
and the incorporation of CaCl, do not improve the surface
area. However, the addition of MgCl, showed unexpected
results. An increase in the Sy was observed for MgBC, but
the defatting decreases substantially the SBET for MgDBC
due to decreases in the volume of the pore, maintaining a
similar pore size. The BET area shows a mesoporosity in the
material which is useful for the process of agile CO, kinetics
within the active sites of the micropores for its adsorption
process. It is also shown that the activation temperature is
an important factor in the formation and distribution of the
porosity obtained in these materials. The results obtained
are similar to other studies in which chemical activation
was carried out with metallic salts [4, 17] and obtaining

Table 1 Results of N, surface area analysis

Biochar SBET Poro size (nm) Vpore (cm’g™") Adsorption
Area* isosteric
(m%g™") heat (Qst)

(kJmol™")

BC 110 4.7 0.12 94

DBC 59 6.9 0.10 8.0

MgBC 221 6.1 0.30 8.3

CaBC 85 8.1 0.17 6.9

MgDBC 26 8.1 0.05 11.0

CaDBC 86 4.6 0.10 8.6

*Corroborated value within the optimal range P/P°
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Fig. 6 Incremental pore-size distribution curves of biochars

materials with possible viability in the adsorption process
(Table 1).

Figure 6 shows the pore size distribution graphs of the
biochars obtained, showing the increase in the pore diameter
of all solids with respect to the increase in the total pore
volume; this increase is notably observed in the production
of narrow and wide mesopores < 50 nm, this is important
given that having wider mesopores the speed of access of
CO, to the interior of the active sites of the micropores is
more favorable.

3.5 CO, adsorption

In the Fig. 7 it observed the isotherms of CO, adsorption,
where the quantity of stored CO, in the biochars was simi-
lar, considering that the surface area of the samples was
different. It is emphasized that the N, analysis could give
erroneous results due to the fact that cryogenic N, cannot be
accessed in some micropores [30]. The isotherms are charac-
teristic of type I behavior, which is observed in microporous
materials. Although CO, adsorption isn’t a usual method for
surface area, according to the isotherms obtained (Lang-
muir shape) of this biochar, most of the pores are in the
narrow frame. The quantity of adsorbed CO, increases with
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Table 2 Frendlich and Langmuir models constants and variance data

Adsorption models ~ Constants Variance
of residu-
als (reduced
chesecuare)
BC
Langmuir nm(mmolg™!)  44.7331 0.525545
KL(bar™") 81.7128
Freundlich Kf(mmolg™ hy 69.4846 24.5029
I/n 0.51598
DBC
Langmuir nm(mmolg™")  49.6402 0.46491
KL(bar™) 67.9341
Freundlich Kf(mmolg™")  72.9061 22.5425
I/n 0.05349956
CaBC
Langmuir nm(mmolg™")  62.2777 1.06168
KL(bar™") 50.90756
Freundlich Kf(mmolg™")  98.6397 25.3654
I/n 0.0596728
CaDBC
Langmuir nm(mmolg™!)  52.5426 0.923365
KL(bar™") 78.4297
Freundlich Kf(mmolg™")  82.8279 31.9698
I/n 0.0564639
MgBC
Langmuir nm(mmolg™")  52.1674 0.605914
KL(bar™") 94.4995
Freundlich Kf(mmolg™ 1y 78.4443 45.341
I/n 0.0479149
MgDBC
Langmuir nm(mmolg™!)  43.1575 0.379337
KL(bar™) 79.1675
Freundlich Kf(mmolg™")  66.1917 22.2324
I/n 0.0519659

Table 3 Non-linear analysis of Redlich, Toth and Sips models and

variance values

Adsorption models  Constants Variance of residuals
(reduced chesecuare)

BC

Redlich-Peterson Kgrp 8323.71 0.0238325
Agp(bar™h) 63.6065
g 0.646191

Toth KT(mmolg™")  6368.2 24.3923
agp(bar) 2.28672
1/t 0.49438

Sips b(bar™") 44,7357 0.53145
nm 5.0553
1/ns 0.0619503

DBC

Redlich-Peterson Kgp 6945.41 0.00137466
ARP(bar™") 46.9569
g 0.634203

Toth KT(mmolg™")  737.763 0.473363
agp(bar) 0.0147207
1/t 0.0672859

Sips b(bar™") 49.6415 0.473363
nm —20.9106
1/ns —0.307825

CaBC

Redlich-Peterson Kgrp 12,113.2 0.173026
Agp(bar™) 49.6595
g 0.529836

Toth KT(mmolg™))  61.4104 1.0731
aRP(bar™") 0.0167484
1/t 1.01414

Sips b(bar™) 62.2809 1.0731
nm 61.4062
1/ns 1.02852

CaDBC

Redlich-Peterson Kgp 1555.41 32.2377
Agp(bar™) 0.00327877
g 3.07783

Toth KT(mmolg™))  7.2346 0.93119
ogp(bar™) 0.0127506
1/t 7.26276

Sips b(bar-1) — 8948.33 32.5309
nm 41.49
1/ns —239.717

MgBC

Redlich-Peterson Kgrp 8587.19 0.0036996
Agp(bar™) 69.5857
g 0.724438

Toth KT(mmolg™))  132.616 0.621061
agp(barh) 0.0105824
1/t 0.393376

Sips b(bar™!) 52.1683 0.621061
nm 0.0182518
1/ns 0.000193147

MgDBC

Redlich-Peterson KRP 6508.18 0.000911218
Agp(bar™) 55.8978
g 0.675408
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Table 3 (continued)

Adsorption models ~ Constants Variance of residuals
(reduced chesecuare)
Toth KT(mmolg™))  604.874 0.38882
agp(bart) 0.0126315
1/t 0.0669239
Sips b(bar™!) 43.1594 0.38882
nm 0.0342075
1/ns 0.000432134

the pressure, which it can be observed that the biochar has
the highest adsorption of CO, without activating agents. In
fact, these isotherms don’t show inflections that mean that
the mesopores are clogged by the oils not volatilized in the
heating ramp. The fitting data are described in the Tables 2
and 3, using Langmuir, Freundlich, Redlich-Peterson, Toth,
and Sips models. These models give an account of how the
adsorbate interacts with the biochar and explain how the
mechanism of CO, adsorption works. The Langmuir model
has the major fit with the experimental data obtained for
defatted biochar (DBC) and defatted biochar with CaCl,,
suggesting that this process generates a homogeneous sur-
face on the biochars. On the other hand, other biochars fit
the Redlich-Peterson model by supposing that the materials
have roughness, and the surface properties are heterogene-
ous. Consequently, the type of activating agent modifies the
surface of the biochar [31].

The evaluation of two-and three-parameter adsorption
models and their equilibrium isotherm data allow us to accu-
rately define the surface properties, adsorption mechanisms,
and affinity of adsorbents [32]. Therefore, from the CO, tests
carried out on the biochars and their respective data, the
Langmuir, Freundlich, Redlich-Peterson, Sips, and Thot
models were tested and analyzed the adsorption behavior,
considering the variance of these data in the experimental
equilibrium isotherms. In this way, the conditions for the
design of adsorption systems would be optimized.

4 Langmuir model

This model proposed by Ivan Langmuir [33] It is a first
choice due to the form of CO, adsorption and is based on
the assumption of a microporous structure that provides an
adsorption process at specific homogeneous points on the
biochar surface in addition to a monolayer of the adsorbate.
It focuses on the premise that biochar has a finite adsor-
bent capacity (at equilibrium), where the saturation point is
achieved without allowing further adsorption. This Lang-
muir model is plotted to adapt the amount adsorbed in the
following equation as described by G. Crini et al. (2007).
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_ n,bP,
"e = TP, M

In this expression, ne is the capacity of adsorbed
(mmolg™!), Pe is the gas pressure (bar), nm is the highest
theoretical adsorption (mmolg-1) and b is the Langmuir iso-
therm constant.

5 Freundlich model

The Freundlich isotherm is other option very frequent and
useful theoretical model in CO, adsorption to interpret equi-
librium adsorption. it is adjusted for adsorption on surfaces
where the adsorbent with a heteroatom-rich surface interacts
with the adsorbate molecules (heterogeneous surface). deter-
mines the exponential decrease of adsorption energy to the
same extent that the sorption centers end. [34, 35].
The Freundlich equation is as follows:

n, = KfP{/" ©)

6 Redlich-Peterson

The Redlich-Peterson isotherm model is combined with
the characteristics of both the Freundlich and the Langmuir
without following the monolayer adsorption model [36],
which introduced three parameters in the equation. It has
a linear pressure dependence in the numerator, the expo-
nential function and the denominator, which represent an
equilibrium adsorption over a wide range of pressures. This
model can be used to different systems due to its versatil-
ity [37]. However, it must be taken into account that when
the adsorption approaches low pressure, the ideal Langmuir
condition is reached, and if it approaches high pressure,
the ideal condition is Freundlich. The nonlinear model for
Redlich-Peterson presents itself as follows:

_< KrP, )
"=\ T arp )

7 Toth model

The Thot model, although it is an empirical equation, is a
model that can improve the adjustments but does not take
into account the Langmuir isotherm, it efficiently describes
heterogeneous adsorption systems that develop in low and
high pressure environments [38]. The following equation
shows the Toth model in its non-linear form:
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8 Sips model

The Sips isotherm, like Redlich, is an adjusted form of
the Langmuir and Freundlich expressions. In contrast, this
model predicts different adsorption systems, limiting of
adsorbate adsorption that occurs in the Freundlich and
Redlich models. The nonlinear mathematical model of
the Sips isotherm is shown below [34]:

1
nn‘lb C’l

n, = |22 5)
1+ bP;

The analysis of variance of residuals (reduced chesec-
uare) was applied in order to calculate the unknown iso-
therm parameters, and this models with the lowest vari-
ance value presented in the experimental data which were
examined. The value of variance of residuals is obtained
by Gnuplot (5.4 version) by applying the equations of the
different models’ software, and the model with the best
results was chosen.

Furthermore, the values of the rate constants obtained
with these models are not related to the structural and
chemical parameters of the activated carbon. This shows
that the CO, adsorption mechanism is not determined
by mass transfer or chemisorption or chemical adsorp-
tion due to the formation of chemical bonds between the
adsorbent and the adsorbate in the surface monolayer.
Additionally, in the samples it is observed that the pres-
ence of mesoporosity favors the diffusion of the gas
towards the micropores, which are the effective sites of
CO, adsorption [39].

Considering the models used for CO, adsorption, the
model that presents the best fit in most of the samples
is the Redlich-Peterson model, which facilitates a hybrid
analysis that combines characteristics of the Langmuir
and Freundlich models, making it a more versatile model
for describing adsorption on heterogeneous surfaces at
different adsorbate concentrations. Statistical simulation
suggests that this model more accurately captures adsorp-
tion in the prepared activated carbons, showing that these
solids present different types of combined surfaces, while
the CaDBC sample fit better to the Tohl model as indicated
in Table 2, since this model does not take into account the
non-line indicating that there is a heterogeneity on the
surface of this material.
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Fig.8 CO, DRIFTS analysis of activated carbons

8.1 CO, DRIFTS

Drifts under constant CO, flow were performed to know
the species adsorbed on the surface of solids and are shown
in Fig. 8. The chemical groups of the surface O, atoms is
decisive for the different modes of CO, adsorption. Chem-
isorption of CO, reveals both basic and active sites, for
example, acid—base pairs if carbonate-like species are
built, acidic sites where the CO, molecule retains its linear
geometry after adsorption [40]. The presence of isolated or
low-coordination superficial O, anions represents the forma-
tion of monodentate carbonates, generally those present in
edges. Lewis acid—base pairs manifest as bidentate carbon-
ate (M-O, pair site, M is the metal cation Ca or Mg) and
bicarbonate production involves surface hydroxyl groups.
DRIFTS analysis show that they correspond to CO, gas
between 2400 and 2200 cm™" associated with acidic sites
where the carbonic dioxide molecule preserves the linear
geometry [40]. The signals found around 1600 cm™! cor-
respond to monodentate carbonates.

8.2 NH; desorption measurements
at the programmed temperature (TPD-NH,)

In general, the strong acid is classified according to the
desorption peaks and the temperature at which they
appear, as follows: weak (< 150 °C), medium (150 and
400 °C), and strong (>400 °C). They can also be cor-
related with Lewis’s acid sites (below 400 °C) and Brgn-
sted acid sites (above 400 °C) [20]. The strong of the acid
sites was determined by NH; TPD (Fig. 9). Three of the
obtained biochars were compared: biochar activated with
CaCl, (CaBC), biochar activated with MgCl, (MgBC), and
non-activated biochar (BC). The TPD plots show that the

@ Springer
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MgCl, activation process increases the acid sites in the
biochar, on the other hand, the CaCl, activation process
shows that the strong acid sites decrease, i.e., the Bron-
sted acid sites decrease considerably. Although MgBC has
a higher surface area, it does not adsorb more CO, than
CaBC due to the interaction on the biochar.

8.3 X-ray photoelectron spectroscopy (XPS)

Figure 10 shows the XPS results for the biochars obtained
in the study to C 1 s and N 1 s. In the biochars (BC), three
distinct peaks are identified, which are generally attributed
to contributions from C=C in graphitic carbon (284.6 eV),
C-C (285.5eV), and COOR groups (288.0-289 eV). The
relative intensity of the peaks corresponding to C-C
hybridisation increases with the incorporation of Mg
(MgDBC 3.35%), suggesting a higher presence of defects
in the structure during the activation process. In the MgBC
samples, this peak increases due to a higher concentration
of defective oxygen associated with MgO (which has a
smaller particle size) [41, 42]. Additionally, upon activat-
ing the biochars with Ca and Mg and assessing the impact
of fats, very similar signals for carbon and nitrogen were
observed, which is related to the amount of proteins of
lignocellulosic precursor. Nitrogen can be present in vari-
ous forms in biochar, depending on the biomass source
and pyrolysis conditions. For biochars from soursop seeds,
N1s signals were found at~398.0-398.6 eV. This peak
is attributed to nitrogen atoms that are part of pyridine-
type aromatic rings. Additionally, a peak was detected
at~399.8-400.4 eV, which is associated with nitrogen
atoms that are part of pyrrole-type aromatic rings, includ-
ing nitrogen in pyrrolidine-type structures.
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8.3.1 FTIR spectra after CO, adsorption on biochars

Figure 11 shows the Infrared spectra after CO, adsorption
on biochars. The characteristic bands of carbonyl (C=0),
hydroxyl (OH), aromatic (C=C) and aliphatic (C—H)
groups [26-28] kept similar after CO, adsorption. The
above behavior indicates that the CO, adsorption does not
noticeably modify the surface of the biochars. The above
bands were also observed in the FTIR and DRIFTS of in situ
CO, adsorption of the samples observed in Figs. 4 and 8
respectively.

8.4 Isosteric heats of adsorption

To calculate the isosteric heat of adsorption of CO,, the
modified Clausius Clapeyron equation was used at a con-
stant temperature using the pressure data and the moles of
adsorbed CO, obtained in the CO, adsorption isotherm.
Table 1 shows the average value of isosteric heat of adsorp-
tion of CO, to biochars. The isosteric heat of adsorption
was ranged from 8.0 to 11.0 kJmol~! and it was still located
in the range of physical adsorption (<50 kJmol™!). This
behavior indicates that no strong chemical bond was formed
between CO, and the biochars surface. The sample MgDBC
showed the higher g, value that the other samples, following
BC sample, which reveal a strong affinity of the MgDBC and
BC to CO, molecule. Likewise, the degreased biochars that
were prepared with Ca and Mg activators presented a higher
average Q value, compared to their corresponding unde-
greased samples. This possibly indicates that the degreasing
process favors the presence of higher energy sites, which
causes a greater affinity of CO, and the surface of these
samples.

Figure 12 shows the isosteric heat of adsorption of CO,
on biochars. In general, the biochars exhibited isosteric
heats of 54 kJmol~! to 1.5 kJmol~!, in the range of 0.1 to
1 molkg™' CO, adsorption capacity. In all cases, as CO,
adsorption increased, isosteric heat decreased as occurs in
most biochars. The above behavior is due to that the CO, is
adsorbed first in the higher energy adsorption sites, therefore
contributing to a higher initial isosteric heat of adsorption.

8.4.1 CO, adsorption mechanism

Considering the results obtained from the characteriza-
tion analyses in this study, a soursop seed biochar with a
heterogeneous surface (Fig. 13) could be proposed, which
includes micropores and mesopores mostly, determined by
N, physisorption, and different functional groups (hydroxyl,
carboxyl, carbonyl, etc.) detected by FTIR. The CO, adsorp-
tion mechanism on biochar involves several steps, from the
diffusion of CO, to its interaction with the biochar surface
and the functional groups present. The steps of the process
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Fig. 10 XPS analysis of activated carbons. *N, signal was not detected to MgBC

are typical of an adsorption. For this, the CO, molecules
move from the environment to the biochar surface by diffu-
sion. Then these molecules adhere to the external surface of
the biochar possibly through Van der Waals forces, which
correspond to a physisorption. In certain cases, CO, can
form chemical bonds with functional groups on the biochar
surface, such as hydroxyl, carboxyl and carbonyl groups and
other. Subsequently, CO, moves through the larger pores
in the biochar structure and penetrates into the micropores,

where it can be adsorbed more effectively due to the stronger
interactions in these pores. Then, CO, molecules adhere to
the inner walls of the pores, through physical interactions,
as indicated by the low average isosteric heat values found
in the soursop seed biochars and in the presence of reactive
functional groups, chemical adsorption can occur within
the pores or active sites, which can increase the adsorption
capacity of the biochar. The nature of these active sites of
the biochar corresponds mostly to surfaces with C=C or
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Fig. 10 (continued)

C-C bonds, as indicated by the XPS spectra performed.
Finally, a dynamic equilibrium between the adsorption and
desorption of CO, can be reached. According to the DRIFTS
analyses carried out, the CO, is adsorbed through carbonate,
bicarbonate, and molecular species [43]. According to the

@ Springer

models applied in this study, the Redlich-Peterson model
has great prevalence over the others, which confirms that
the biochars obtained have a varied (heterogeneous) surface,
which means that the surface is not uniform and can have
different characteristics at different points.
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Fig. 11 FTIR of biochar sam- 95
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9 Conclusions

The process of defatting the soursop seeds does not improve
the surface of the biochars, but this, added to the activation
process with CaCl,, improved the adsorption of CO, since
the surface of the biochar was heterogeneous. Furthermore,
this activation process decreases the acidity of the biochar,
allowing for better CO, adsorption. In the case of the activa-
tion process with MgCl,, the surface area increased as did
the acidity of the samples, which did not take advantage of
CO, adsorption.

The biochars prepared in this research obtained sur-
face areas between 26 and 221 m’g~'and pore volumes
0.05-0.30 cm®g~!. The CO, adsorption capacities are within
values of 30-42 cm’g~'which demonstrate that the micro-
mesoporous porous network formed helps the GHG adsorp-
tion process given the broad mesoporosity that generates
routes of greater accessibility of the adsorbate to the interior
of the micropores.

The substituent groups of these biomolecules remain
on the surface of the solid after carbonization, favoring
the adsorption of CO,, especially in the case of solids with
reduced surface areas, resulting in similar amounts of CO,
adsorption as reported in previous research.

The fit of the CO, adsorption isotherms to the Langmuir
and Redlich models suggests that the biochars have been
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Fig. 13 Possible CO, adsorp-
tion mechanism on Biohars
from soursop seed

solid with a mostly mixed surface; biochars such as DBC
and CaDBC were materials with a homogeneous surface due
to their fit to the Langmuir model.

One way to improve surface area is to increase the heating
rate because volatile loss is better than using a slow rate. it
was evidenced in the pore size, since the pores were of simi-
lar size, but the surface area changed, having different val-
ues. This suggests that the porous structure was obstructed
by the lack of volatile matter. Regarding the defatting pro-
cess, an attempt would be made to use a supercritical fluid
process to improve the radial pentagon of biochar synthesis.
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