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Abstract: The preliminary selection of adsorbents for the separation of a gas mixture based on pure
gas adsorption remains a critical challenge; thus, an approximate adsorption performance indica-
tor (AAPI) was proposed for the initial evaluation of the adsorbents to separate the biogas main
constituents (carbon dioxide/methane (CO,/ CHy)) by studying their pure gas adsorption. Three
samples derived from cocoa pod husk (CPH), namely Cabosse-500 (pyrolyzed at 500 °C), Cabosse-700
(pyrolyzed at 700 °C), and Cabosse-A-700 (activated with CO; at 700 °C), were synthesized, charac-
terized, and evaluated for the pure gases adsorption. This study presents an AAPI evaluation, which
takes into account adsorption capacity, approximate selectivity, and heat of adsorption. Adsorption
isotherms indicate the ability of the CPH family to selectively capture CO, over CHy, as they have
a high approximate selectivity (>1) thanks to their physical properties. Changing the pyrolysis
temperature, activation methods, and varying the pressure can significantly change the choice of the
most effective adsorbent; Cabosse-A-700 showed better performance than the other two in the low
and high pressure range owing to its presence of micropores and mesopores, which enhances the
CO; adsorption and therefore the AAPL

Keywords: biogas; adsorption; activated biochar; approximate adsorption performance indicator;
carbon dioxide; cocoa pod husk

1. Introduction

Due to the growing cost, scarcity of energy and raw materials, and numerous en-
vironmental challenges stemming from human activities, alternatives to fossil fuels are
urgently needed. One promising alternative is raw biomass, which can be converted into a
renewable energy source in the form of biogas—a practical solution to global energy and
environmental concerns that has seen growing application in recent years [1]. Biogas is
generated by the anaerobic digestion of complex organic materials. Its composition varies
depending on the type of raw biomass used and the specific conditions of the anaerobic
digestion process. It consists primary of methane (40-75% v/v) and carbon dioxide (CO5)
(25-55% v/v) with trace amounts of other gases such as hydrogen sulfide (H,S), ammonia
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(NH3), water vapor, siloxanes, halogenated hydrocarbons, etc. [2]. Biogas is a valuable fuel
that can be used for direct heating, internal combustion engines, and, with improved effi-
ciency, in cogeneration for electricity production. It is an environmentally friendly source,
considered a promising way to meet global energy demands and minimize environmental
impact with lower CO; levels, in conformity with EU directives on climate change [3]. Its
upgrading (separation of CO; content) is crucial to meet quality standards for various
applications, such as injection into natural gas grids or as vehicle fuel [4].

Existing CO; separation technologies from CHy4 each have specific limitations. Water
scrubbers, while effective, require huge amount of fresh water and are less efficient at lower
temperatures and pressures. Membrane systems often require multiple stages to achieve
high purity, which increases both complexity and cost, and the membranes themselves can
degrade over time. Chemical scrubbers, although efficient, are energy-intensive due to
the need for solvent regeneration. They aso pose environmental and health risks. Organic
physical scrubbers face similar challenges, such as high energy demands and environmental
concerns. Cryogenic separation, despite its ability to achieve high purity, is extremely costly
and energy-intensive due to the required cooling process [5-8]. Given these drawbacks,
pressure swing adsorption (PSA) has emerged as a more attractive option due to its high
removal efficiency, low energy needs, simple operation, and design flexibility. PSA operates
based on the adsorption of CO; onto the adsorbent surface under varying pressure, making
physical and chemical interactions pivotal for effective separation [9].

Various physical materials are utilized as adsorbents in PSA. Biomass residues undergo
pyrolysis to produce biochar and subsequent activation to generate activated biochar,
gaining attention for their sustainability and alignment with circular economy principles.
They show promise in CO, capture due to their tunability, availability of precursors, waste
valorization, low cost, excellent chemical and thermal stability [10-12]. They differ in
production methods, surface characteristics, and availability, and can be engineered for
enhanced CO, separation from CHy4 by controlling surface area, pore size distribution,
and surface functional groups [13,14]. Their hydrophobic nature enables effective CO,
capture, even in the presence of trace impurities such as moisture [4].

Cocoa cultivation has been evaluated as a promising alternative for biodiversity
conservation due to its agroforestry approach, utilizing tree canopies for natural shade.
West Africa, including Ivory Coast, Ghana, Cameroon, and Nigeria, stands as the world’s
largest cocoa producer, yet expansion faces hurdles like forest scarcity and protection
measures [15]. Cocoa is one of the fastest-growing crops in the world, with an estimated
world production of 5024 million tons during the 20202021 harvest [16]. The substantial
residual biomass generated, comprising 79% to 90% of the total cocoa pod husk (CPH),
poses environmental concerns and economic losses due to poor management and diseases
such as Phytophthora spp. [17]. However, this biomass can be transformed into value-added
bioproducts such as biofilms, biochars, activated biochar, and biofuels, offering avenues for
sustainable utilization and waste reduction [15,18-20].

Different investigations have explored the use of CPH and other waste materials in re-
gions with high cocoa production, highlighting a direct link between increased production,
greater waste generation, and the need to identify useful applications for this waste [21].
The ash content in CPH typically ranges from 8% to 16% [18,22], and the most prevalent
inorganic element is potassium (K), which accounts for approximately 50% of the ash con-
tent. These inorganic minerals in biochar can negatively affect its pores, since the specific
surface area value is less than 100 m? g~ ! at higher pyrolysis temperatures [23]. However,
CPH activation with CO; revealed that increasing the activation temperature from 600 to
900 °C resulted in improved textural properties, with the BET surface area increasing from
352 to 817.1 m? g~ ! and the micropore volume from 0.156 to 0.368 cm® g~! [24]. Trending
research highlights CPH as a promising energy source for treating pollutants in the aqueous
phase. For instance, an AC was derived by activating a CPH-based biochar with H3PO, for
Lumefantrine removal, an antimalarial drug. Araoye et al. [25] demonstrated a yield of
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90.9% at an initial drug concentration of 20 mg L1, attributed to the high carbon content,
presence of hydroxyl functional groups, and cylindrical pores on the AC surface.

In addition, CPH has been observed as a precursor for developing adsorbents for
water treatment, achieving a removal efficiency of over 90% of heavy metals and dyes [26].
Furthermore, an acid-washed biochar based on CPH was considered an effective adsorbent
for removing cationic compounds from aqueous solution, owing to its microporous charac-
teristics, with a BET surface area of 342 m? g~! and a total pore volume of approximately
0.20 cm® g~! [18]. Additionally, CPH carbonization at 500 °C for 50 min has been suggested
as a potentially useful source due to its composition of various organic compounds, in-
cluding ketones, carboxylic acids, aldehydes, furans, heterocyclic aromatics, alkylbenzenes,
phenols, and benzenediols [27].

In this context, this first innovative study focuses on the use of CPH as a raw biomass
for producing biochars and activated biochar tailored for CO, and CHy4 capture. The dis-
tinctive aspect of our research lies in addressing the gap in the existing literature, as no
prior studies have addressed the use of CPH for upgrading biogas. The primary objective
of this study is to evaluate and compare the adsorption performance of a CPH family using
anew indicator called the “Approximate Adsorption Performance Indicator” based on pure
gases CO, and CHy considering three key adsorption factors: heat of adsorption, working
capacity, and approximate selectivity. To achieve this, a comprehensive physicochemical
analysis was carried out using various analytical methods to delve into the adsorption
characteristics. Techniques employed included thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray diffraction (XRD),
and gas adsorption analysis.

2. Materials and Methods
2.1. Materials
2.1.1. Raw Biomass

The sampling unit is located in Marsella-Risaralda in Colombia, Gilberto Peldez farm
of the National Federation of Cocoa Growers FEDECACAOQ. The selection process was
based on stable production over the past year, ensuring that the cocoa clones were properly
identified and not crossbred, as well as being free from phytosanitary diseases. The CCN51
clone of Ecuadorian origin was chosen based on criteria of the state of maturity of the cob
and higher population density in the department of Risaralda, Colombia. More information
about its preparation and characteristics is presented in Appendix A.1.

2.1.2. Biochars and Activated Biochar Preparation

Three samples were prepared for evaluation and comparison: Cabosse-500 and
Cabosse-700, biochars pyrolyzed at 500 °C and 700 °C, respectively, and Cabosse-A-700,
an activated biochar produced at 700 °C. These temperatures were selected based on the
optimal temperature ranges for obtaining optimal textural properties [28,29]. Initially, raw
CPH on a dry base underwent pyrolysis at 500 °C in an oxygen-limited environment to pro-
duce Cabosse-500 with a 63.3% mass loss (Figure 1). Prior to the experiment, the biomass
basket underwent a 60 min purge with N; at a flow rate of 13.2 g min~! to create an
inert atmosphere, preventing unwanted reactions like oxidation during high-temperature
treatment. Then, the furnace temperature was raised at a rate of 10 °C min~! until reaching
the desired pyrolysis temperature of 500 °C, which was maintained for 60 min. This pyrol-
ysis was conducted at the University of Pau and Pays de I’Adour. Cabosse-500 was then
subjected to a pyrolysis process at 700 °C in a cylindrical reactor at the Université de Haute-
Alsace. The reactor tube was purged with Argon for 30 min and then heated to 700 °C at a
rate of 10 L h~! for 60 min to obtain Cabosse-700 with a mass loss of 26.33%. The choice
of two different protective gases was due to the resources and protocols available at each
laboratory. After several attempts, an activation of Cabosse-700 with CO, at a temperature
of 700 °C for 1 h at a CO, flow rate of 6 L h™! yielded Cabosse-A-700, with a mass loss of
8.6% (more information in Appendix A.2).
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Figure 1. Biochars and activated biochar preparation.

2.2. Physicochemical Characterization of the CPH Family
2.2.1. Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray (EDX)

The carbon morphology of the CPH family was observed by SEM analysis. Mi-
crographs were acquired with a FEI Quanta 400 scanning electron microscope with a
high-resolution low-vacuum field emission gun (FEG). This microscope was also equipped
with a JED 2300 detector for energy-dispersive X-ray (EDX) spectroscopy to determine the
quantitative chemical composition of materials. EDX was chosen for its ability to provide
localized elemental data, which is crucial for analyzing specific micro-regions of the CPH
samples. However, it does not provide bulk elemental analysis. Several EDX acquisitions
were performed in large areas, and the average values are presented.

2.2.2. X-Ray Powder Diffraction (XRD) Technique

X-ray diffraction is often the most common technique to obtain structural informa-
tion about crystalline materials. The measurements were performed using a Bruker D8
Advanced diffractometer with Bragg—Brentano 0-6 geometry equipped with a LynxEye
XE-T high-resolution energy-dispersive one-dimensional (1D) detector (Cu K «1,2). Data
collection was performed in the 10-90° 26 domain,with a step size of 0.015° 26 and a total
acquisition time of 1 h.

2.2.3. Thermogravimetric Analysis (TGA)

TGA is a high-performance thermal technique used to measure the weight changes
in a sample as a function of temperature in a controlled environment. TGA analysis was
carried out using METTLER TOLEDO TGA 851e. The process involved heating the raw
biomass from room temperature to 107 °C at a rate of 5 °C min~! under Nj, holding it for
15 min, then ramping the temperature from 110 °C to 950 °C at a rate of 5 °C min~! and
maintaining it for 7 min. Subsequently, the temperature was lowered to 750 °C at a rate
of 5 °C min~! under Ny, followed by a switch to air flow and a 15 min hold. However,
the weight loss of the biochars and activated biochar was obtained by heating the samples
up to 900 °C at a rate of 5 °C min~! under N; and air (100 mL min~!) to obtain the thermal
decomposition profiles at different temperatures and mass loss [30].

2.2.4. Np and CO; Physisorption

N, physisorption tests were conducted at 77 K on a Micromeritics ASAP 2420 instru-
ment and CO, tests were carried out at 273 K on a Micromeritics ASAP 2020 instrument.
The CPH family were first out-gassed under vacuum for 12 h at 300 °C on the degassing
port and then for an additional 2 h treatment on the analysis port to empty the porosity
before analysis. The determination of equivalent Brunauer-Emmett-Teller (BET)-specific
surface areas involved examining linear plots in the relative pressure ranges (P/Py) of
0.01-0.3 for Ny and CO,, and the precise pressure ranges were adapted for each sample
thanks to Rouquerol’s curve, the correlation coefficient of the BET transform (R, > 0.9999),
and the positive value of the BET constant “C”. The total pore volume (V;) was determined
using the Nj adsorption at P/Pg of 0.99, and the Dubinin—-Radushkevich model was applied
to calculate the micropore volume (V,.,,) within the relative pressure range of 10~# and
10~2. Then, the mesopore (Vyeso) volume was calculated by the difference between total V;
and Vyicro [30].
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2.3. Experimental Setup for Investigating Adsorption Characteristics
2.3.1. High-Pressure Differential Scanning Calorimeter

The heat of CO; adsorption into the biochars and activated biochar was determined
using a high-pressure differential scanning calorimeter, specifically the micro DSC VII from
Setaram. The calorimeter block consists of two gas-tight high-pressure cells, the adsorption
and reference cells (Figure 2), both made of stainless steel with a volume of 1 cm?. Samples
of approximately 70 mg are carefully weighed before placement into the measurement cell.
To remove any residual fluids in the system, a regeneration process is performed, which
involves subjecting the sample to vacuum (10~2 Pa) through the gas panel and heating
at 373 K for 24 h. Subsequently, the furnace, including both cells, is cooled from 373 K to
303 K at a rate of 1 K min~!. The system is stabilized at 303 K throughout the adsorption
process to ensure uniform temperature distribution and heat flow signal stabilization. Then,
a quantity of pure CO, is introduced and regulated through the gas panel until the pressure
in the system is stabilized, as previously described by Abou Alfa et al. [31].

Heat flow
Gas Panel 200 bar

— Pressure E
@ Pressure gauge ’_l_‘
[ ‘ )
vi V3 Vﬁi
= < < ‘
Ve )
| ‘ ‘ " I “
' \ \ \ rw
v2'y 4 —{ L N\
X V4 ¥ I .
. Time (k)
loure 5% Vent valve Vacuumadra\ning ‘
. ~ 7 s
V7l X
Gas vent o o
=
Reference cell
N"uogen

Adsorption cell

O Sample
o

Calorimetry

Figure 2. Schematic of the calorimeter “micro DSC VII”.

2.3.2. Gas Adsorption Isotherm

The apparatus used to obtain the pure gas adsorption isotherms is a homemade
high-pressure manometric setup represented schematically in Figure 3. The procedure
steps were already published [32,33] and are presented in Appendix A.3. The adsorption
capacities of gases were determined using equations presented in the literature [34].

! X Pressure gauge
: D '

| Dosing cell I Pure gas
. v V. (CO, and
! g ! CH)

Outlet gas Zj

Vaccum pump

Thermostatically-controlled water bath

Figure 3. Schematic representation of a high-pressure homemade manometric device.
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2.4. Approximate Adsorption Performance Indicator

The Approximate Adsorption Performance Indicator (AAPI) offers several advantages
when evaluating adsorbent performance by integrating key factors such as selectivity,
adsorption capacity, and heat of adsorption into a single, comprehensive metric. This
approach simplifies the complexity of performance evaluation and is particularly valuable
in tailoring assessments to different industrial needs. Since the separation of a binary
gas mixture using adsorbents relies on these three critical factors, the AAPI provides a
way to combine them with varying relative importance based on the specific objectives
of the separation process, such as biogas purification or upgrading. This adaptability
makes the AAPI particularly valuable in tailoring assessments to different industrial needs.
The AAPI concept was adapted from an indicator called the “Adsorption Performance
Indicator”, which is used for evaluating adsorbents for a mixture of gases, as proposed by
Wiersum et al. [35].

This study focused on the adsorption of pure gases rather than the gas mixtures.
Therefore, the calculated CO,/ CHy selectivity was the approximate selectivity; refer
to literature [36,37]. This approximate selectivity provides insight into which samples
might be promising adsorbents for the final comparison. The approximate selectivity was
determined using the following equation:

nexc,COZ
Nexe,C Hy

Sco,/cH, = 1)
where n,y. co, and neye cp, (Mol kg~ 1) are the excess adsorbed amounts of CO, and CHy,
respectively.

The adsorption indicator calculated was the Approximate Adsorption Performance
Indicator (AAPI), which is related to the approximate selectivity and the adsorption capacity
of the stronger adsorbate component. Then, the AAPI can be written as follows:

(81,2 — 1)AWCE
|AHuds,1 |C

AAPI = )

In Equation (2), 5, is the approximate selectivity of Component 1 over Component 2,
WC; is the working capacity of the stronger adsorbate Component 1, and AH,;  is the
heat of adsorption of Component 1 which takes place in the denominator of the relation
because it is detrimental to the process performance. A, B, and C are the exponents of
the approximate selectivity, the working capacity, and the heat of adsorption, respectively.
These exponents can be adjusted to offer the relative importance of each one according to
the objectives of the separation process [35].

3. Results and Discussion
3.1. CPH Family Characterization
3.1.1. SEM Analysis

The morphology of the CPH family, Cabosse-700 and Cabosse-A-700, was analyzed
using SEM at different magnification scales (500 um, 200 pm, and 100 um) (see Figure 4).
There were significant differences in the morphological shape between the two samples;
SEM images of Cabosse-700 (a) showed a rigid structure with the absence of pores. On the
other hand, Cabosse-A-700 revealed a breakdown of the rigid structure, resulting in a more
porous and textured surface. Although the BET offers indication of micropore formation,
SEM indicates the formation of larger pores, macropores. Cabosse-A-700 exhibited a higher
BET surface area of 97 m? g~ compared to Cabosse-700, which had a surface area of
only 4 m? g~! (Table 1). Cabosse-A-700 exhibited many honey-combed pores distributed
on the surface with more cracking and a higher presence of pores. Similar observations
were shown in a study conducted on CPH by comparing SEM images of its pyrolysis and
activation [38]. These characteristics of the AC suggest that gas molecules can diffuse better
and lead to improved adsorption efficiency [39].
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Table 1. Textural and chemical characteristics of the cabosse family.

Textural Properties Raw Biomass Cabosse-500 Cabosse-700 Cabosse-A-700
SpeT (CO,) (m? gfl) n.a n.a 41 112
Sger (N2) (mz g_l) n.a 3 4 97
Vi (em3 g=1) n.a 0.0002 0.003 0.06
Vicro (cm3 g1 n.a 0 0 0.011
Vineso (cm® g~ 1) n.a 0.0002 0.003 0.049
Proximate analysis (wt.%)

Moisture 10.1 6.6 1.1 n.a
Volatiles 62.6 31.7 21.3 n.a
Fixed carbon 19.3 444 56.7 n.a
Ash 8 17.3 20.9 26
Elemental analysis (wt.%)

Carbon n.a 44.2 441 24.2
Oxygen n.a 30.5 33.1 33.2
Potassium n.a 19.9 18.1 34.6
Aluminum n.a 0.4 - -
Calcium n.a 1.8 1.7 2.1
Magnesium n.a 1.1 1.2 1.8
Sodium n.a 0.4 0.6 1.1
Chlorine n.a 0.7 04 1.8
Sulfur n.a 0.5 04 0.7
Phosphorus n.a 0.5 0.3 0.5
Copper n.a - 0.1 -

Figure 4. Morphology of the CPH family obtained by SEM at different magnification scales (500 um,
200 um, and 100 um) of (a) Cabosse-700 and (b) Cabosse-A-700.
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3.1.2. EDX Analysis

The elemental analysis by EDX, as shown in Table 1, indicated the presence of carbon
(C), oxygen (O), and potassium (K) as the main elements, as well as minor elements such as
calcium (Ca), magnesium (Mg), etc. The CPH family is rich in carbon and oxygen, typical
for chars converted from agricultural residuals [40]. The increase in the carbonization tem-
perature results in variations in the resulting biochar’s chemical composition, as confirmed
by the literature [18,41]. Cabosse-500 exhibits a carbon content of 44.2 wt.%, which remains
approximately constant after pyrolysis at 700 °C (44.1 wt.%) (Table 1). These findings
suggest that the small difference in the pyrolysis temperature has a limited impact on the
carbon content, and the volatile carbon was already removed after pyrolysis at 500 °C.
However, a substantial reduction in carbon content to a value of 24.2 wt.% was observed
in Cabosse-A-700. During this activation, the adsorbent experienced a mass loss of 8.6%,
corresponding to a yield of 91.4%, meaning that 91.4% of the original Cabosse-700 material
was retained after activation. The carbon content decreased from 44.1% in Cabosse-700 to
24.2% in Cabosse-A-700. Consequently, 50.1% of the original carbon content in Cabosse-700
was retained in Cabosse-A-700. This reduction in carbon content reflects the activation
process, which oxidizes some of the carbon to enhance the material’s porosity and surface
area. Despite the reduction in carbon, the high yield of 91.4% indicates that most of the orig-
inal biomass was preserved, making Cabosse-A-700 an effective adsorbent with improved
characteristics due to its activation.

Regarding the oxygen content in the CPH family, Cabosse-500 has an oxygen level of
30.5 wt.%, which increases slightly to 33.1 wt.% in Cabosse-700; this could be due to the
thermal decomposition of organic matter at higher pyrolysis temperatures, as confirmed
by the TGA analysis (Table 1), which results in the formation or retention of oxygen-
containing functional groups such as carbonyl and hydroxyl [18]. Interestingly, the oxygen
level in Cabosse-A-700 (33.2 wt.%) is kept constant compared to Cabosse-700 (33.1 wt.%).
Thus, the activation stage at 700 °C likely concentrates on eliminating volatile components
without introducing additional oxygen groups. However, O might come from the inor-
ganics (oxides carbonates, etc.), as sustained by XRD analysis (Figure 5). Their oxidation
state/form can change during pyrolysis and activation, inducing different O contents.

4 —— Cabosse-500
—— Cabosse-700

Cabosse-A-700

Intensity (a.u.)

"
‘NO-..-‘\.Wr-, i@ i
[+] e e s,

10 15 20 25 30 35 40 45 50 55 60

2 Theta (%)

Figure 5. XRD analysis of the CPH family. o K,CO3, 0 SiOp, A CaCO3, % K504, ¢ CIK, and x MgCOs;.
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However, the main inorganic element in the CPH family was potassium (K), ranging
from 34.6 wt.% to 18.1 wt.% (Table 1), in the form of K,CO3 and K;SO; (Figure 5). A similar
observation was reported in recent studies conducted on CPH, where it was shown that
potassium is responsible for approximately 17.28% of a CPH pyrolyzed at 800 °C [18].
Cabosse-500 has a high potassium amount of 19.9 wt.%, which remains rather constant,
ie., 18.1 wt.% when pyrolyzed at 700 °C. The activation of biochar with CO, at 700 °C
results in a significant increase in potassium content to 34.6 wt.%, which can be confirmed by
the increase in the ash content in TGA analysis, probably because the activation selectively
removes other carbon components or enhances potassium retention in the biochar matrix.

3.1.3. XRD Analysis

In comparison to samples produced from other feedstocks, the CPH family exhibited
high crystalline phases due to the presence of ash (see Table 1) [42—44]. Pyrolysis and
activation processes have affected the crystal structure of the material, as shown by the
shifts in the peak positions and the changes in the peak intensities (Figure 5). At lower
pyrolysis temperatures (500 °C), the XRD pattern has a large diffuse peak at 260 = 20-28°,
indicating the existence of turbotratic carbon, a characteristic of low thermal treated carbon
material [45]; this peak is lower in Cabosse-700 because a significant amount of biomass
can undergo thermal degradation. However, the XRD patterns show that Cabosse-A-700
has sharper and higher intensity peaks than Cabosse-500 and Cabosse-700; this suggests
that activation promotes a slight crystallization or reorganization of carbon structures.
The crystalline phases in the CPH family are linked to the presence of different chemical
compounds and composition resulting from the high ash content (see Table 1). The most
intense XRD peaks present in the CPH family correspond to the crystalline compounds
such as calcium carbonate (CaCO3) at 26 = 29.35 ° (COD 9007687) for Cabosse-500 and to
the potassium carbonate (K,COj3) at 26 = 30.16° (COD 9009645) and 30.06 ° (COD 9010981)
for Cabosse-700 and Cabosse-A-700, respectively, with a higher intensity peak observed
in the activated biochar. Other crystalline compounds such as potassium sulfate (K,5Oy),
potassium chloride (KCl), silicon dioxide (5iO;), calcium silicate (Cap5iO4), and magnesium
carbonate (MgCQO3) are also present, as shown in Figure 5.

3.1.4. TGA Analysis

The conversion of CPH into biochar through pyrolysis and subsequent activation
processes involves intricate changes in its moisture, volatile, fixed carbon, and ash content,
along with changes in elemental composition, notably carbon and potassium levels. TGA
profiles of the CPH family under N; and air illustrate varying thermal stabilities (Figure 6),
as indicated by Salgado et al. [46]. Pyrolysis at 500 °C results in a significant decrease
in moisture from 10.1% to 6.6% and volatile content from 62.6% to 31.7% compared to
raw CPH (Figure 6a). This reflects the thermal decomposition of organic matter and the
removal of volatile compounds, along with an increase in fixed carbon content from 19.3%
to 44.4% and ash content from 8% to 17.3% (Figure 6b). This high ash content is attributed
to potassium levels in raw biomass (4.03% [22]). Conversely, pyrolysis at 700 °C leads to
further decomposition of volatile organic compounds, reducing moisture (to 1.1%) and
volatile content (to 21.3%), possibly due to carbohydrate breakdown at higher pyrolysis
temperature [47,48], with an increase in fixed carbon content (to 56.7%). Higher pyrolysis
temperatures enhance mineral concentration and destructive volatilization of lignocellu-
losic matter, explaining the increased ash content, as indicated by Tsai et al. [49]. These
findings are consistent with previous research on biochar production from various biomass
sources [50,51]. Cabosse-A-700 shows a notable increase in ash content, i.e., 26% compared
t0 20.9% in Cabosse-700, accompanied by a substantial increase in potassium content from
18% in pyrolyzed biochar to 35% in activated sample (EDX analysis in Table 1). This
suggests the incorporation of potassium-rich compounds during activation, contributing to
a higher ash content in Cabosse-A-700 compared to its pyrolyzed counterpart.



C 2024, 10, 100

10 of 20

Mass variation (%)

100

20

80

70

60

50

40

30

20

10

0

100

30

Raw CPH Cabosse-500 Caboss=-700 ——Cabosse-A-700 —— Cabosse-700 Cabosse-500
50
80
_ M
B
K
2 60
s
]
.E 50
5
?n 40
H
m
2
30
; —-—-________‘_____-
(a) 10 (b)
0
130 230 330 430 530 630 730 830 930 750 750 30 90 150 210 270 330 390 450 510 570 630 690 750 810 €70
Temperature ("'C) Temperature ("C)

Figure 6. Thermogravimetric analysis curves for the CPH family (a) under N; for Cabosse-500
and Cabosse-700 and N, followed by air for raw CPH, (b) under air for Cabosse-500, Cabosse-700,
and Cabosse-A-700.

3.1.5. Physical Characterization

The N, isotherms of Cabosse-500 and Cabosse-700 showed very low adsorbed volumes
(<3.5 cm® g~ 1) (Figure 7a) with reversible desorption, indicating non-porous characteristics
(V¢ =0.0002 cm? gfl for Cabosse-500 and 0.003 cm3 g*1 for Cabosse-700, Table 1), consistent
with type II isotherm according to IUPAC classification [52]. However, Cabosse-A-700
exhibited a notable increase in adsorption at P/Py < 0.2, indicating micropore filling
(type I isotherm), supported by the rise in micropore volume from 0 in Cabosse-700
to 0.011 cm® g~1. At higher pressures, the isotherm deviated from the parallel shape
with P/Py, suggesting small mesopores presence (V5o increase from 0.003 (Cabosse-700)
to 0.049 cm?® g~1, Table 1). In a recent study, the N isotherm of a biochar-based CPH
produced at 800 °C exhibited both type I (micropores) and type IV (mesopores), showing
an improvement in pore properties with the pyrolysis temperature increased from 700 to
800 °C [18]. CO;, adsorption at 273 K into Cabosse-A-700, as shown in Figure 7b, displayed
an initial sharp increase in adsorption without reaching a plateau at high pressure, which
indicates the presence of ultra-micropores. Table 1 reveals that CO, activation of the
pyrolyzed sample increases BET surface area from 41 to 112 m? g~! by CO, adsorption
and from 4 to 97 m? g~! by N, adsorption. As confirmed by the literature, biochar
activation improves textural properties [47,53,54]. Additionally, the BET surface area can
be further increased by washing away residual K-species. Despite the increase in pyrolysis
temperature from 500°C to 700°C, the slight increase in BET surface area by Ny adsorption
(77 K) from 3 m? g~ ! to 4 m? g~ ! may relate to the approximate constancy in elemental
analysis between Cabosse-500 and Cabosse-700 (Table 1). This result suggests the potential
saturation of pore development beyond 500 °C [55]. Since the surface areas of Cabosse-500
and Cabosse-700 are very low (2 and 3 m?/g, respectively), these values fall within the
error and detection limits of the equipment, making it challenging to obtain accurate pore
size distribution data. The reason why the BET surface measured by CO, adsorption is
higher than that measured by N, adsorption (77 K) is related to better adsorption of CO,
into narrower pores due to the higher adsorption temperature (273 K), which allows better
diffusion of this gas [56]. In measuring the CO, adsorption isotherms, data were collected at
pressures below 0.03 P/Py to ensure that adsorption occurs primarily within the monolayer
region. This method is essential for accurate BET surface area calculations, as it reduces the
influence of multilayer adsorption and pore filling.
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Figure 7. (a) Adsorption-desorption isotherm of cabosse family (N», 77 K). (b) Adsorption isotherm
of Cabosse-700 and Cabosse-A-700 (CO,, 273 K).

Total pore volume increased from 0.0002 to 0.003 cm® g~! by increasing the pyrolysis
temperature from 500 °C to 700 °C and further to 0.06 cm® g~! after activation. Both
Cabosse-500 and Cabosse-700 exhibit negligible micropore volume, but the mesopore
volume increases from 0.0002 to 0.003 cm3 g~! (Cabossse-700). Micropores were absent
at both pyrolysis temperatures due to pore blockage from condensed organic matter. The
same trend was observed by Qiu el al. [57], whose findings showed that the micropore
volumes of peanut shell-based biochars are negligible until the pyrolysis temperature
reaches 800 °C [57]. However, micropores (<2 nm) and mesopores (between 2 and 50 nm)
increased after activation, with V,,;cr, from 0 to 0.011 cm3 g’l and Vyeso from 0.003 to
0.049 cm® g~ (Table 1). Thus, activation introduces additional textural changes, creating a
more porous material, significantly increasing the surface area accessible for adsorption [47].

3.2. Heat of Adsorption

The differences in the heat of adsorption for the CPH family, Cabosse-500, Cabosse-700,
and Cabossse-A-700, are attributed to the changes in their physical and chemical properties
(Figure 8). This difference reflects the interaction strength between CO; and the adsorbent
surface. It was determined by integrating the findings of the CO, adsorption isotherms un-
der the pressure ranges and the calorimetry measurements of CO, adsorption into the CPH
family at 303 K as a function of pressure. The calculated heat of adsorption for the CPH
family falls within the range of CO, physisorption (<40 k] mol~!), indicating a reversible
adsorption mechanism [58]. The predominant adsorption interactions, primarily governed
by physical mechanisms such as Van Der Waals forces, stem from the dipole-dipole in-
teractions [59]. This heat of Cabosse-500, Cabosse-700, and Cabossse-A-700 decreases
from 23.02 +0.01,38 + 1, and 19 &+ 1 k] mol~! to 14 + 3, 23 + 4, and 12 + 3 k] mol~?,
respectively, in a corresponding pressure range of 0.1-2 MPa. The highest heat for the CPH
family is in the low-pressure range because gas molecules are more likely to be adsorbed
onto accessible active sites on the adsorbent’s surface. As pressure rises, it begins to de-
crease, a common phenomenon in gas—solid adsorption systems because CO, molecules
compete more for the limited number of active sites, weakening the interactions between
the samples and CO; [60]. At very high pressure, the heat of adsorption reaches a plateau
because most accessible adsorption sites are occupied. The same trend has been consis-
tently observed in recent studies [61-63]. By comparing the heat of adsorption for the CPH
family at 0.1 MPa, Cabosse-500 shows a lower value of 23.02 4= 0.01 k] mol~! than Cabosse-
700 (38 + 1 k] mol™1), likely due to fewer active sites and lower oxygen content (Table 1).
For Cabosse-700, there is an enhancement in the electrostatic interactions between CO, and
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the surface oxygen groups. However, the heat value of Cabosse-A-700 (19.33 k] mol ') is
lower than on the studied biochars, suggesting that the activation process likely increases
the surface area and porosity and therefore increases the adsorption capacity of CO, as
confirmed by the adsorption isotherms (see Figure 9). Also, the elevated potassium content
in this sample may increase competition for adsorption sites on the material’s surface,
leading to weaker interactions between CO;, molecules and the surface and consequently
a lower heat of adsorption. Cabosse-A-700 relies predominantly on physical adsorption
mechanisms, such as Van der Waals forces, which enhance its efficiency for regeneration.

40
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Figure 8. Heat of adsorption of the CPH family at 303 K as a function of pressure.
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Figure 9. CO, and CHy adsorption isotherms of the CPH family at 303 K as a function of pressure.

3.3. Adsorption Isotherms

The CPH family, including Cabosse-500, Cabosse-700, and Cabosse-A-700, exhibits
a higher affinity to CO, compared to CH, (Figure 9), primarily due to CO, being a po-
lar molecule which enables stronger interactions with the polar or charged sites on the
surface of the CPH family. In contrast, CHy relies on weaker Van Der Waals forces for ad-
sorption [13,64]. Despite the poor structure of the pyrolyzed samples, their CO, adsorption
capacities (3.1 & 0.1 for Cabosse-500 and 3.4 + 0.3 for Cabosse-700) are higher than those
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obtained in other studies conducted on biochars, i.e., sawdust pyrolyzed at 450 and 750 °C
(0.45 mol l<g’l and 1.03 mol kg’l, respectively, at 303 K) [65] and cotton wood pyrolyzed
at 600 °C (1.31 mol kg_1 at 298 K) [66]. Cabosse-700 has been observed to improve CO,
adsorption compared to Cabosse-500; this improvement despite the absence of the mi-
cropores can be attributed to the development of specific surface sites and the increased
quantity of oxygen functionalities as shown by the EDX results (Table 1). These oxygen
groups promote hydrogen bonding between CO, and the carbon surface.

However, increasing the pyrolysis temperature from 500 to 700 °C has no impact on
CHy adsorption capacity (Figure 9), indicating no significant change in the structure. This
suggests that the ideal pyrolysis temperature for generating an adsorbent with improved
surface area and suitable pore structure is about 500 °C, and further temperature increase
may not enhance adsorption properties, as confirmed by the nearly constant surface area
(Table 1). On the other hand, activation of the biochar at 700 °C improves adsorption
capacity for both CO, and CHy4 (Figure 9) by increasing surface functionalities, specific
surface area, and the formation of micropores and mesopores as shown in Table 1. This leads
to more available adsorption sites and improved accessibility for both CO, and CH,4 [67,68].
This improvement is attributed to the increase in BET surface area from 4 m?g~! to 97 m?g !
and total pore volume from 0.003 to 0.06 cm? g’l, as shown in Table 1, which provides more
adsorption sites and an optimal structure for CO, capture [67-69]. In other words, Cabosse-
A-700 exhibits heterogeneous surface properties with bottleneck-shaped pore entrances,
largely due to the increase in ash content during activation, from 20.9% in Cabosse-700
to 26% (Table 1) [69]. To optimize the CPH samples for CO, capture in biogas upgrading,
the focus should be on chemically modifying the samples, particularly by enhancing basic
groups (e.g., nitrogen groups) or oxygenated groups such as carboxyl and hydroxyl which
improve interactions with CO; molecules.

In fact, for the real biogas stream containing water vapor, the high potassium content
in Cabosse-A-700 (34.6%, Table 1), primarily in the form of K,COj3, facilitates chemical
interaction with both CO, molecules and water vapor, resulting in kalicinite formation
(KHCO:3) (Figure 10). XRD analysis post-CO, adsorption at low pressure and ambient
conditions (air/humidity) storage after three months (Figure 11) confirms the KHCO3
formation (COD 9010981) compared to K,COs3 in Cabosse-A-700. This interaction enhances
CO; capture and improves CO, /CHy separation, enabling Cabosse-A-700 to capture higher
quantities of CO, from biogas without water vapor separation prior to the upgrading
unit [70]. Regarding Cabosse-A-700 regeneration, its heating at 373 K decomposes KHCOs3
into K>COg, a reversible reaction when the latter compound is exposed to CO, and H,O,
as depicted below [71]:

2KHCO3 <=> K,CO3 + CO, + H,O

To thoroughly evaluate the reusability of Cabosse-A-700 in practical applications,
future research should include experiments under wet conditions and assess the stability
of the materials over multiple reaction cycles.

K 3 K K I‘ K K ¢ K Il
\VAVAAVAVA +CO, + H,O \WAVAAVAVA
b SRR L P SRR e RO

ll

N (N NN

VAVAVAY. \WAVAVAY,
B Y pemeasea

Figure 10. Scheme of CO; adsorption on the CPH family in the presence of K;CO3 and K;SO4 under
wet conditions.
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3.4. Approximate Adsorption Performance Indicator

The preliminary performance of the CPH family was assessed on the adsorption of
the pure CO, and CHy gases, rather than their binary mixture, using the AAPI relation.
Since the primary objective is to separate CO, from CH,, the parameter “adsorption
capacity” with an exponent “B = 2” was given higher importance, while the exponents
(A and C, see Equation (2)) of the other two parameters were kept at one [35]. The AAPI
results indicate that the ideal adsorbent varies with pressure, as shown in Figure 12.
Under the very-low-pressure region (<0.5 MPa), Cabosse-A-700 outperforms the other
two adsorbents; it has the highest values with a maximum of 2.4 & 0.1 at 0.1 MPa. This
improvement is attributed to the increased specific surface area and the formation of
micropores, which enhance the CO, adsorption capacity in this region. However, in the
intermediate pressure range between 0.5 and 1.25 MPa, AAPI suggests that Cabosse-500 is
the most effective adsorbent due to its higher approximate selectivity (between 4.6 £ 0.2
and 5.0 = 0.1), thanks to its lower CH, adsorption capacity and heat of CO; adsorption (see
Figures 8 and 9). However, in the high-pressure range (>1.25 MPa), Cabosse-A-700 becomes
the most effective adsorbent in the CPH family due to its higher CO, adsorption capacity
and the lowest heat of adsorption, despite its higher CHy adsorption capacity (>1.2 & 0.04)
(Figure 9).

It is evident from the data presented in Table 2 that the sequence order of the heat
of adsorption of CO,, the CO, working capacity, and the approximate selectivity of CO,
over CH, on the CPH family do not match the order of the AAPI values. This highlights
the importance of using the AAPI indicator as an initial evaluation of the performance of
adsorbents for separating a binary gas using pure gas adsorption. Thus, it seems that it is
unnecessary to activate the biochar if the aim is to separate CO, in the moderate pressure
range as seen in Figure 12, which lowers the cost of the process on the industrial scale.
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Table 2. Adsorption parameters for the CPH family used at 303 K and at the two pressures, 0.1 and
1.96 MPa.

0.1 MPa 1.96 MPa

Cabosse-500 Cabosse-700 Cabosse-A-700 Cabosse-500 Cabosse-700 Cabosse-A-700

ncoz (mol kgfl)
ncy4 (mol kgfl)
AS(CO,/CHy)
— AHco, (k] mol 1)
AAPI

1.6 £0.1 0.6£0.1 23£01 31+0.1 34+03 40=£01
02+0.1 0.12 £ 0.04 02+0.1 0.8+0.2 09 +0.2 1.3£02
9+1 50=£01 10£1 4+01 39+£0.1 3.00 £ 0.03
23.02 £0.01 38+1 19+1 14 +3 23 +4 12+3
0.93 £0.01 0.04 £0.02 24 £ 0.1 20+ 0.1 1.5+0.1 3.00 £ 0.08

4. Conclusions

This study presents a detailed examination of the physicochemical characteristics and
adsorption performance of three cocoa pod husk (CPH) samples: Cabosse-500, Cabosse-700,
and Cabosse-A-700. SEM analysis reveals that Cabosse-A-700 possesses a more developed
pore structure with extensive cracking compared to Cabosse-700. EDX analysis shows a
significant reduction in carbon content in Cabosse-A-700, indicating selective removal of
specific carbonaceous components, which enhances its adsorption properties. EDX and
DRX analyses identify potassium as a dominant element, mainly in the forms K,50,4 and
K>COg3. The study emphasizes key adsorption parameters, including adsorption isotherms,
heat of adsorption, and approximate selectivity, obtained using CO, and CH,4 at 303 K,
the main components of biogas. Adsorption isotherms show a greater affinity for CO,
over CHy, with Cabosse-A-700 exhibiting the highest CO; capture performance, attributed
to its increased surface area and formation of micro- and mesopores. Even at a pyrolysis
temperature of 500 °C, Cabosse-500 captures CO, at 3.1 mol kg !, highlighting the potential
of CPH as a cost-effective biochar alternative with CO, capture performance comparable
to costly adsorbents. The heat of CO; adsorption indicates that the CPH family follow
a physisorption mechanism, with Cabosse-700 exhibiting higher initial values due to its
higher oxygen content, which enhances interaction energy between the surface and CO,
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molecules. Additionally, a new indicator, the Adsorbent Performance Indicator (AAPI), is
used to evaluate the adsorbents based on their adsorption parameters. This indicator shows
that Cabosse-A-700 outperforms the other samples under both low- and high-pressure
conditions due to its improved structure and superior CO; capture capacity. Significantly,
the study demonstrates that activation is unnecessary for CO, separation at moderate
pressures, potentially lowering industrial costs. Overall, Cabosse-A-700 emerges as the
most promising candidate for CO, separation from biogas mixtures, offering a cost-effective
solution for biogas upgrading.

Author Contributions: Conceptualization , K.A.A.; methodology, K.A.A.,, CM.G., C.V. and ]-M.LM,;
validation, K.A.A., CH., CM.G. and V.P; formal analysis, KA.A.,, CM.G,,C.V,, ]-M.LM. and L.T,;
investigation, K.A.A.,, CM.G., C.V,, ]-M.LM,, J.A.C. and L.M,; resources, CM.G., ]-M.LM,, C.V,,
C.H., D.CM.-S. and D.P; writing—original draft preparation, K.A.A.; writing—review and editing,
C.H. and C.M.G;; visualization, K.A.A.; supervision, C.H., V.P. and C.M.G.; funding acquisition, C.H.
and D.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was carried under the framework of E2S UPPA supported by the “Investisse-
ments d”Avenir” French programme managed by ANR (Agence Nationale de la recherche (France))
(ANR-16-IDEX-0002). Financial support for the BioCad project is gratefully acknowledged.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank Gautier Schrodj (for TGA analyses) and Adrian Beda (for SEM
and EDX analyses) via IS2M technical platforms. Scientific exchange activities between Colombia
and France were supported by Ecosnord (France) and Minciencias (Colombia).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CPH Cocoa Pod Husk

CO, Carbon dioxide

CHy Methane

N Nitrogen

PSA Pressure Swing Adsorption

AAPI Approximate Adsorption Performance Indicator
IUPAC International Union of Pure and Applied Chemistry
TGA Thermogravimetric Analysis

EDX Energy Dispersive X-ray

XRD X-ray Diffraction (XRD)

SEM Scanning Electron Microscopy

BET Brunauer-Emmett-Teller

Appendix A
Appendix A.1

Raw biomass preparation: Cocoa trees were randomly chosen within the production
unit; harvesting, grain separation, and CPH removal followed the FEDECACAO methodol-
ogy. Subsequently, the harvested pods were transported to the Technological University of
Pereira where they were selected, uniformly cut, and cleaned with 3% hypochlorite solution.
The prepared samples were then dried in a Thermo Scientific natural convection oven (Ref.
5108112) for 48 to 60 h at 65 °C until a constant weight was achieved. CPH is composed of
three layers: epicarp, mesocarp, and endocarp, which constitute the outer, middle, and in-
ner pericarp. It is a lignocellulosic material composed mainly of cellulose (18.4—44.7%),
hemicellulose (10.0-38.1%), lignin (19.7-34.8%), pectins (6.0-12.6%), oils, and waxes [72].
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Appendix A.2

Activated biochar preparation: Attempts to activate Cabosse-700 with CO; at 900 °C
and 800 °C for 60 min at a flow rate of 12 L h~! were unsuccessful due to complete burning
of the sample, likely attributed to the high potassium content (18.1%), which can act as a
chemical agent during physical activation and catalyze reactions in the presence of CO, at
high temperatures (>700 °C) [73,74]. Finally, activation at a lower temperature of 700 °C
for 1 h ata CO;, flow rate of 6 L h~! yielded Cabosse-A-700 with a mass loss of 8.6%.

Appendix A.3

Protocol for the gas adsorption isotherm experiment: The apparatus used to obtain the
pure gas adsorption isotherms is a homemade high-pressure manometric setup represented
schematically in Figure 3. The system’s key components are the dosing cell, the adsorption
cell, and the piezoresistive Keller pressure regulator type PAA-33X (with 0.05% uncertainty
from vacuum to 3.3 MPa) connected to the dosing volume. To maintain the isothermal
conditions of the apparatus, the entire system was placed into a bath of water continu-
ously heated at about 303 K with a Lauda model water bath circulator heater, with two
thermocouples fixed in the two cells and in the water bath to shield it from the isothermal
conditions. The various components were separated using valves to limit the “dead space”
volume. First, the entire apparatus was placed under vacuum pressure (10~2 Pa) for a
24 h outgassing phase at 373 K, and then the study temperature (303 K) for the adsorp-
tion isotherm was settled. The accessible volume in the adsorption cell is determined by
successive helium expansions from the dose volume (V) to the adsorption volume (V 45)
using the gas equation of state; to remove all traces of helium, the system is vacuumed
for 4 h. After that, a quantity of pure gases (CHy or CO,) is introduced into the dosing
cell via valve Vy, and the pressure is registered when the equilibrium is reached (constant
pressure). The gas is then expanded into the adsorption cell by opening valves V, and V4,
and the pressure is registered when the equilibrium is achieved. An accumulative method
was chosen to carry out the adsorption isotherm, with an increase in pressure of ~5 bar
between each measurement.
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