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This work presents an innovative, fully environmentally friendly method of obtaining bioorganic activated
carbon based on olive stones by applying banana plant extract as an activating agent. The activated carbon
prepared in this way was compared with activated carbons prepared by chemical activation using potassium
hydroxide (KOH) and phosphoric acid (H3PO4). The obtained results of physicochemical characterization were
comparable to the currently commonly obtained activated carbons. For the novel activated carbon, the specific
surface area was equal to 915 m2/g, and the pore area was 0.495 cm3/g. The CO, adsorption capacity of the
newly obtained activated carbon was also tested and it was 6.32 mmol/g and 4.33 mmol/g for 0 °C and 30 °C,
respectively. This material has a high selectivity equal to 161.1 and stability after the 50th adsorption-desorption
cycles. The material prepared in this way creates new possibilities for obtaining high-quality activated carbon
and it does away with the requirement for using any hazardous inorganic activating agent like acids or bases,
which makes it completely harmless to the environment.

1. Introduction

Global CO, emissions are increasing at an alarming rate and have
had the highest negative impact among other greenhouse gases on the
natural environment for decades, leading to global warming and climate
change [1,2]. This trend is expected to continue, as carbon dioxide
comes from a variety of sources, including burning fossil fuels in power
and combined heat and power plants; deforestation; livestock farming;
and facilitating industrialization along with the progress of civilization
that severely affects the climate and temperature of the Earth [3].
Considering the above, the reduction of CO emissions has become one
of the main goals of highly industrialized nations and private industries
worldwide in the sense that it establishes a worldwide framework to
prevent severe climate change by keeping global warming at far below
2 °C, as stated in the Paris Agreement. Unfortunately, according to the
International Energy Agency (IEA), as a result of a robust recovery from
economic stagnation from the worldwide COVID-19 emergency, global
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energy-related carbon dioxide emissions increased by 6% in 2021,
reaching 36.3 billion tonnes [4]. This was the highest level ever recor-
ded in history compared to 2010. Due to these factors, several ap-
proaches are being investigated as potential means of sequestering and
storing carbon dioxide. In the last 10 years, a great deal of research has
been conducted on adsorbents such as metal-organic frameworks [5-7],
zeolite [8-10], organic polymers [11-13], silica [14-16], and especially
porous activated carbons (ACs) [17-19].

Activated carbons are without a doubt the most extensively investi-
gated, incredibly effective, and frequently utilized adsorbent among CO4
solid adsorbent materials. This is particularly vital when considering
their exceptional textural characteristics, high surface area, tunable
porosity, high degree of surface reactivity, good stability, and affordable
low price for industrial applications [20]. The large internal surface area
of AC is mainly due to the presence of micropores, whereas macropores
act as a conduit through which adsorbate molecules can be transported
to the micropores [21]. Most applications of activated carbons include
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adsorption techniques for the purification of air (NOx, SOx, CHy, and
CO) and water (organic matter, pesticides, nitrates, metals, and dyes),
as well as the recovery of volatile chemicals compounds (VOC) from
gases [22]. They also have more limited use as catalysts, catalyst sup-
ports, supercapacitors, energy storage, and electrodes on a smaller scale
[23]. However, the capture and storage of carbon dioxide must be
considered first and foremost among the potential implementation on an
industrial scale that may be developed and achieved at a high level of
technological maturity. In recent years, significant progress has been
made in activated carbon preparation, focusing on the optimization of
various synthesis methods that can enhance its CO, capture perfor-
mance. One key direction involves the use of advanced activation
techniques, such as microwave or plasma activation, which have been
developed to improve the porosity and surface area of AC materials
[24,25]. Researchers are also exploring the creation of hybrid materials,
which combine the advantages of ACs with other materials, such as
metal-organic frameworks or graphene, to further enhance the CO,
adsorption capacity and selectivity [26,27]. Furthermore, surface
modification is another area of progress, with various techniques being
developed to modify the surface of activated carbon and improve its CO5
uptake performance, including impregnation with metal oxides [28].

Moreover, current research remains on investigating the use of novel
precursors, mainly waste materials from industrial processes. The pro-
duction of ACs is based on conventional carbonaceous raw materials rich
in high carbon concentration and low inorganic content of both plant
and industrial origins, such as hard coal, lignin, peat, wood, fruit stones
or peat [29]. Hence, natural resources should be distinguished by high
mechanical and thermal resistance, the highest concentration of
elemental carbon, and a minimal quantity of volatile and inorganic el-
ements. ACs may be manufactured from many raw materials, such as
polymers, synthetic resins, or, especially, a variety of biomass. Utilizing
waste biomass for AC production reduces the burden on landfills,
considering abundant amounts of waste biomass from widely several
sources, including agricultural leftovers, forestry waste, and even
municipal solid waste. Furthermore, the literature has suggested that
porous carbons obtained from biomass provide a promising opportunity
for the sustainable and cost-effective production of adsorbents for CO5
capture. Therefore, numerous investigations have recently been con-
ducted using biomass-derived porous carbons [30,31,32] and their
modification strategies, especially heteroatom doping [33], for COy
adsorption applications.

Those by-products are inexpensive and also easy to acquire, reduce
the amount of transport needed if the product is located locally, offer a
more environmentally friendly alternative, and simultaneously promote
the reuse and recycling of organic materials that must be disposed of. In
particular, olive stones, which are the hard, pit-like structures found
inside olives, have become increasingly popular precursor materials in
the European Union for the production of ACs. >2,6 million hectares are
devoted to olive farming in Spain, where 6,2 million tons are produced
annually. Of this amount, 420.000 tons of stones are produced, of which
323.500 tons are sold, making them significant materials for recycling
[34]. In view of this, ACs have an exceptionally beneficial influence on
the environment and contribute to the development and enhancement of
the circular economy [35]. This is strictly associated with ecology in its
broadest sense and is the task of properly managing the ever-increasing
amount of wastes.

The characteristics of emerging carbon materials, principally the
degree of porosity, are closely related to their structure, which is
dictated by the type of initial precursors and the pyrolysis conditions
[36]. Carbonization, also known as pyrolysis, is the first stage in the
synthesis of ACs. It involves heating the raw material to a temperature of
approximately 200 °C to remove significant amounts of moisture (H20).
The material is then subjected to a thermal treatment at a temperature
ranging from 500 to 700 °C, during which the removal of biological
contaminants, tar, polymers, carbon dioxide, hydrocarbons and volatile
organic chemicals takes place [37]. In addition to this, the pyrolysis
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procedure must be performed in accordance with certain process pa-
rameters, such as doing so in an atmosphere devoid of oxygen and the
involvement of chemical agents [38]. Generally, the porosity of ACs
obtained from this stage is inadequate for the vast majority of practical
applications involving CO5 capture due to the undeveloped micropo-
rosity and a small specific surface. Therefore, the generic synthesis of
activated carbons is based on either one of two fundamental methods,
physical activation or chemical activation. The final characteristics of
activated carbon, such as the number of pores, surface area, and pore
size distribution, are significantly influenced by the activation technique
and process parameters that were examined [39].

The physical activation process can be done in a single or two steps.
This means that raw material can be carbonized first and then simul-
taneously activated, or the resulting char from the carbonization step is
collected and subjected to the activation process with oxidant gases such
as steam, COy, or O3 at temperatures between 600 and 1000 °C [40]. In
chemical activation, the activating agent is impregnated or physically
mixed with the starting material, followed by heating in an inert at-
mosphere at temperatures of 400-950 °C. Among the most widely uti-
lized activating agents, they are classified into one of four categories:
acidic, alkaline, and neutral metal salts and other catalysts. That is,
among others, nitric acid (HNOg), ferric chloride (FeCls), orthophos-
phoric acid (H3POy), potassium carbonate (K2CO3), sodium hydroxide
(NaOH), potassium hydroxide (KOH) and zinc chloride (ZnCly) [41].
The activating agents are then removed from the pores occupied by
activated char by washing it with alkaline, acid, or water, and the
product is separated from the slurry before being dried and conditioned
[39].

However, chemical activation has one rather special disadvantage,
namely the negative environmental impact of most of the activating
agents and their subsequent disposal. For example, because KOH and
NaOH are hazardous and toxic to both people and aquatic organisms at
very low concentrations, it is imperative that their position as chemical
agents be carefully evaluated in connection with the preservation of the
environment. It may cause a destructive effect on nature, including long-
term degradation, extreme ecotoxicity in the water environment, and
finally mass mortality of birds, mammals, and other terrestrial organ-
isms [42,43]. The same applies to other activating agents, which are
dangerous, aggressive media and require additional precautions to be
taken before the expanding chemical may be reclaimed for further
activation work. Among acids, HNOs, as an air pollutant, can contribute
to a wide range of health concerns and unfavorable effects on the sur-
rounding environment in the atmosphere, including ground-level ozone,
acid rain, and vision impairment [44]. HySO4 has a level of acute (short-
term) toxicity that is moderate for aquatic organisms. Due to its high
corrosiveness, sulfuric acid would cause severe damage to the tissues of
any living organism exposed to it [45]. Furthermore, H3PO4 released
into the environment can acidify both soil and water [46]. In the case of
inorganic compound salt (FeCls, ZnCly), which are hazardous contami-
nants, they possess long-term detrimental impacts on aquatic ecosys-
tems, soils, causing significant levels of heavy metal concentrations
during discarding them without any prior treatment [47,48]. With the
discussed problems considered, minimizing the harmful effects of
chemical reagents on habitat and their proper disposal is one of the
interesting directions of research in this field. Moreover, using innova-
tive ecofriendly chemical agents would make it possible to eliminate any
barrier that could be overcome.

Understanding AC risk and life-cycle assessment (LCA) is necessary
for the valorization of AC through the CO application pathway outlined
before. This is primarily owing to the fact that environmental and eco-
nomic considerations are at the forefront of this endeavor. Hence, in this
work, we present a novel methodology for obtaining bioorganic acti-
vating agent from banana peels extract synthesis for activated carbon
synthesis. Our way of producing ACs will not only lead to a significant
reduction in the amount of dangerous waste after the chemical activa-
tion process and solving problems in the sense of their disposal but will
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also allow them to transform those porous carbon-based materials into
entirely environmentally friendly solid COz-adsorbents derived from
biomass sources. The included approach depicts a global problem-
solving approach that takes on issues such as climate change, the loss
of biodiversity, waste, and pollution.

2. Materials and methods
2.1. Natural activator preparation

The banana peels used were washed steam with distilled water and
dried in the dryer at 105 °C for 24 h to remove moisture and volatile
impurities. Further, they were cut into small pieces and burnt in a
horizontal oven at 300 °C for 1 h with air flow. The black powder ob-
tained was collected and washed again with distilled water to remove
the impurities present in the powder. Then, 1 mg/mL dispersion of
synthesized black powder was prepared in water and further used as an
activating agent (bioorganic KOH solution from banana extract) for
producing activated carbon from olive stones. Fig. S1 shows a schematic
preparation of the natural activator, and Table S1 presents the elemental
composition, especially the potassium content of the banana extract.
Moreover, the elemental analysis results of the ACs are presented in
Table S2.

2.2. Preparation of activated carbons

The scheme for the preparation of activated carbon from olive stones
is shown in Fig. 1. Initially, the olive stones were grounded, then dried at
105 °C and prepared as a precursor material for activated carbon. The
chemical activators were saturated KOH solution, 85% H3PO4 and KOH
solution from banana peels extract with 54.9% of potassium content,
respectively. First, saturated KOH and 85% H3PO4 olive stones powder
were treated with the activator at ambient temperature for 3 h. When
used as a bioorganic activator, the KOH solution was added to the olive
stones powder and stirred with a magnetic stirrer for 48 h. The weight
ratio of each activator: precursor was 1:1. All materials were then
carbonized in continuous N» gas at 18 L STP/min. A carbonization
temperature of 500 °C was reached with a heating rate of 10 °C/min and
held for 1 h. The selection of 500 °C as activation temperature was based
on its well-established efficiency in previous biomass-to-activated car-
bons conversion studies. This temperature has been widely reported in

Grounding

Olives stones

pv»»

Rinsing till
neutral pH

.<—il

Activated carbon (AC) Drying at 200 °C

Drying at 105 °C

destilled water, or HCI
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the specific range as an effective and reliable choice for achieving the
desired carbonization and activation processes.

After the activation process, to prevent oxidation, the samples were
cooled in a furnace in a stream of Ny gas. After cooling down, the ob-
tained products activated with saturated KOH (KOH-AC) and 85%
H3PO4 (H3PO4-AC) were washed with distilled water, then with hy-
drochloric acid at a concentration of 1 mol/dm® and again with distilled
water until a neutral reaction was obtained. When a bioorganic KOH
solution was used as an activator, the sample (BIO-AC) was washed with
distilled water only till the moment when a neutral supernatant was
obtained. The resulting material was finally dried in an oven at 200 °C
overnight.

Additionally, it is important to provide a clear and detailed
description of the chemical reactions involved in the preparation of
porous materials using chemical reagents and active ingredients from
banana peel. In the case of acidic treatment, as a result of the dehy-
dration of H3PQy4, water is liberated. Subsequently, the obtained P40,
functioning as a robust oxidizing agent, engages with carbon to generate
new pores while expanding existing ones. This reaction leads to the
emission of carbon dioxide. The reactions occurring in activating
biomass using phosphoric acid within defined temperature ranges are
provided below [49]:

e At a temperature range of 100-400 °C
2H;P0,—H,P,0, + H,0 (1)

3H3PO4—)H5P3010 + 2H20 (2)

1’1H3PO4—>HH+2P"O3“+1 + (1'1 - 1) + 2H2 (3)

e At a temperature range of 400-700 °C
H, 2Py 03041 —P40y9 + H,0 (4)

P,0y0 4+ 2C—P,0 + 2CO; (5)

Furthermore, specific reactions between the biomass and KOH
occurred during the carbonization combined with chemical activation.
Carbon oxidation led to potassium carbonate, hydrogen, metallic po-
tassium, water, and carbon oxide. The main reactions of biomass and
KOH were as follows:

MASS RATIO
PRECURSOR:ACTIVATOR (1:1)

KOH solution
_____/V d
Bioorganic solution >
| . .
" ) )
~~ A HsPO4

Olive stone powder

Cooling in %6

N: stream

|

Carbonization
(500 °C, 1h, 10 °C/min, N: flow 18 L STP/min)

Washing with

Fig. 1. Schematic preparation of activated carbon derived from olive stones.
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4KOH + C—K,CO; +H,0 +2H, (6)
KOH +2C—2K,CO; +2 K +3H, (7)
KOH + C + H,0-K,CO; +2H, (8)

KOH + 2C—2C0 +2 K + H, (9)

The chemical reactions using banana peel extract in the preparation
of porous materials could involve the breakdown of biomass compo-
nents and the interaction of their constituents with the active in-
gredients, regardless of the presence of KOH. Assuming the biomass
contains cellulose as a major component and the active ingredients in
banana peel extract consist of phenolic compounds, the reaction might
proceed as follows:

e Hydrolysis of biomass (cellulose)

Biomass (cellulose) + Water (H,O)—Glucose + Other sugars (10)

e Interaction with phenolic compounds from banana peel extract
Glucose + Phenolic compounds—Phenolic — glucose complexes (11)

Cellulose from the biomass undergoes hydrolysis in the presence of
water to produce glucose and other sugars. This step involves the
breakdown of cellulose into simpler sugar compounds. Further, the
phenolic compounds from banana peel extract can react with the
glucose and other sugars produced during biomass hydrolysis. These
reactions can result in the formation of phenolic-glucose complexes or
other chemical species, which may further react or undergo trans-
formations to form the desired porous material.

2.3. Research methods

To determine the textural properties of synthesized AC samples, ni-
trogen adsorption/desorption isotherms at —196 °C and carbon dioxide
at 0 °C were measured. This characterization of the porous structure was
carried out on QUADRASORB evo™ gas sorption surface area and pore
size analyzer. Prior to the measurements, all samples were degassed at
250 °C for 16 h. Using adsorption data at relative pressures ranging from
0.05 to 0.25, the conventional Brunauer-Emmett-Teller (BET) equation
was applied to estimate the specific surface area (Spgr) of developed
activated carbons. At the maximum relative pressure (P/Py = 0.99), the
total pore volume (Vi) was evaluated by using N adsorption isotherms.
The non-local density functional theory (NLDFT) model was employed
in the method for determining the porosity of AC samples — pore size and
pore size distributions (PSDs) from Ny and CO; adsorption isotherm
experimental data, at temperatures 196 °C and 0 °C, respectively. Spe-
cifically, the adsorption of carbon dioxide enabled to deeply study of
microporosity with pore size ranges between 0.30 and 1.50 nm.
Generally, the main aim of the NLDFT is to investigate the adsorption of
spherical molecules in porous materials of any geometries.

The energy-dispersive X-ray fluorescence spectroscopy (EDXRF) was
applied to measure the potassium quantity in the elemental composition
of banana extract, as activating agent. Epsilon 3 spectrometers, manu-
factured by PANalytical B.V., served as the instrumentation. Elemental
analysis of activated carbons was conducted using elemental analyzers
manufactured by LECO Corporation.

Phase analysis of the activated carbons was performed by XRD.
Utilizing an X-ray diffractometer (PANalytical Empyrean) with Cu Ka
radiation (1) wellspring of 0.154 nm in the 20 range of 20-80°, X-ray
diffraction patterns of activated carbon from olive stones were recorded
and analyzed.

The structure of the carbon skeleton of the obtained carbon materials
was evaluated by using Raman spectroscopy. The tests were carried out
with the assistance of a InVia Raman Microscope spectrometer,
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equipped with a laser inducting the AC samples at a wavelength of 785
nm. After the procedure of setting the highest of the G peak in each
spectrum to 1, the intensity and location of the G and D peaks were
detected, and the ratio of the intensities of these peaks was calculated.

Scanning electron microscopy (SEM) images of the surface mor-
phologies as well as differences in the shapes of the surface of activated
carbons were performed on an Ultra-high Resolution Scanning Electron
Microscope Hitachi SU8000 with the EDS X-ray microanalyzer and cold
emission (HITACHI UHR FE-SEM).

The volumetric sorption analyzer used to evaluate the Ny adsorption
isotherms (QUADRASORB evo™ gas volumetric apparatus) was also
used to evaluate the COy capture performance at ambient pressure.
Measurements of CO4 adsorption were carried out at two temperatures
of 0 °C and 30 °C, throughout a pressure range of 0-1.0 bar in the
presence of high-purity CO5 (99.999%) that was supplied into the sys-
tem. Before conducting the adsorption experiments, the carbon mate-
rials were degassed for 16 h at 200 °C under a vacuum to remove any
moisture and gaseous pollutants. In the case of determining COy/Ny
selectivity, adsorption equilibrium tests were performed for a temper-
ature of 30 °C.

3. Results and discussion
3.1. Porous characteristics of bioorganic AC

Investigations of Ny adsorption and desorption at a temperature of
—196 °C were used to analyze the textural characteristics of novel bio-
organic activated carbon materials developed in this study. They are
depicted schematically in Fig. 2a, which served as the basis for the
analysis described below. According to the current International Union
of Pure and Applied Chemistry (IUPAC) classification system of
gas-solid adsorption isotherms from 2015, the BIO-AC and H3PO4-AC at
low relative pressure values (approximately below P/Py < 0.15) repre-
sent Type I (a), as well as in the region spanning a moderate to higher
range, Type IV [50]. Consequently, these characteristics indicate com-
bination attributes of type I/1V related to a micro-mesoporous AC, with a
severe heel before reaching 0.015 P/P, and a flat hysteresis loop at a
relative pressure varying between 0.47 and 0.96 for BIO-AC and
0.1-0.96 for H3PO4-AC, respectively.

Furthermore, hysteresis loops can be indicated as Type H4, corre-
sponding to slit-shaped micropores and a small quantity/size of meso-
pores in the internal structure of material [51,52]. The only thing worth
highlighting is the low-pressure hysteresis of H3PO4-AC, which may be
associated with the deformation of non-rigid pore walls or chemical
adsorption [53]. On the other hand, the isotherms of activated carbon
obtained from chemical activation via KOH seemed to initially overlap.
However, Fig. S2 confirms the appearance of a loop at the magnification
of the N5 adsorption and desorption curves.

The logarithmic scale is commonly used to analyze isotherms
because it provides a clearer view of the behavior of No molecules
entering the porous system at both low and high pressures, as shown in
Fig. 2b. On a logarithmic scale, the region of low pressure appears as a
straight line, indicating that Ny molecules primarily interact with the
surface through physical adsorption forces. This suggests that Ny mol-
ecules are weakly adsorbed and do not occupy the porous structure
significantly. As pressure increases, the isotherm starts to deviate from
linearity, indicating the onset of multilayer adsorption. In this region, Ng
molecules begin to occupy the porous structure more efficiently, form-
ing multiple layers on the surface. At high pressures, the isotherm ap-
proaches a plateau, indicating that most of the available adsorption sites
are occupied, and further adsorption becomes limited.

Generally, Type I (a) of isotherm is characterized by high adsorption
quality in the frequency range concentrations of adsorbate and the
consuming plateau without the possibility of additional adsorption.
Moreover, it is reported that narrow microporous adsorbents possessing
small pores of <1 nm [50]. In the case of Type IV, it is strictly connected
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Fig. 2. N, adsorption-desorption curves of the AC samples at —196 °C (a), logarithmic-scale plot of N, adsorption (b).

because of capillary condensation taking place after multilayer adsorp-
tion in mesopores. Adsorption of gaseous molecules onto the walls of
mesoporous materials results in the formation of a condensed adsorbed
layer inside the mesopores as a reaction to the depression effect caused
by the saturated vapor pressure of confined vapor [54].

The textural properties of AC obtained with a variety of chemical
activating agents (KOH, bioorganic KOH, and H3PO4) are summarized in
Table 1. The Brunauer-Emmett-Teller (BET) surface areas are relatively
high, with the sample KOH-AC having the highest value of 969 m?/g, a
total pore volume of 0.544 cm®/ g, a micropore volume of 0.443 cm®/g,
and the number of micropores occupying the porous system reach
81.44%. The H3PO4-AC and BIO-AC were found to have a smaller BET

Table 1

Textural parameters of the bioorganic prepared activated carbons.
AC Yield BET Total pore ~ Micropore Micropore
sample content surface volume, volume, content,

[%] area, cm®/g cm®/g %
mz/g

KOAPCI: 53.3 969 0.544 0.443 81.44
BIO-AC 58.8 915 0.495 0.444 89.69
Hfg"' 55.9 842 0.431 0.339 78.79
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surface area varying from 842 to 915 m?/g, a total pore volume of 0.431
to 0.495 cm®/g, with a micropore volume oscillating between 0.339 and
0.444, respectively. Furthermore, the synthesized H3PO4-AC and BIO-
AC samples also comprised mainly a proportion of microporosity,
78.79 and 89.69% of the porous structure. According to the findings, the
use of a novel eco-friendly synthesis method of chemical activation leads
to a more favorable environment for the pore expansion of AC and the
development of microporosity. In particular, the utilization of potassium
hydroxide as an activating agent has a favorable influence on the carbon
skeleton, which may contribute to the creation of a large number of
micropores and, consequently, a rise in specific surface area and total
pore volume. This allows to provide of additional channels and surface

0.080
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active sites that are necessary for the diffusion and adsorption of gases.

Further, a non-local density functional theory (NLDFT) model was
implemented in this work, based on the Ny adsorption-desorption
isotherm at —196 °C to determine the pore size distributions (PSD) of
all AC samples. The obtained results were plotted in Fig. 3 (a). In
accordance with the graph, most of the pores in KOH- AC, BIO-AC and
H3PO4-AC are nearly entirely spread in the width range that is relatively
concentrated within 4 nm. Based on the PSD curves for each of the
samples, it can be noticeably concluded that the majority of pores fall
within the microporosity spectrum along with a fewer number of mes-
opores of a comparatively small size. While the volume of micropore
diameters is mostly focused between 1 and 1.5 nm, related to the two

(a)

0.064

0.048

0.032

V(d) [em®/nm/g]

O 0.016

ACHAC

L/o-4C

AEPOZ- A

0.000 . T .
1.0 1.5 2.0 2.5
Pore width [nm]

1.80

1.44

1.08

0.72 4

dv(d) [cm®nm-g]

0.36

3.5 4.0

(b)

0.00 T T T
0.2 0.4 0.6 0.8
Pore width [nm]

1.2 1.4

Fig. 3. Pore size distribution determined with the DFT method based on N, adsorption isotherm at —196 °C (a) and. CO, adsorption isotherm at 0 °C (b).
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highest peaks at 1.05 nm and 1.2 nm; the mesopore diameters are
largely centered in the range 2—-4 nm, except BIO-AC fluctuates in 2-2.5
nm. It is observable that quite plainly activated carbon through KOH and
H3PO4 possessed the largest micropore volume. In addition, KOH-AC
contains mesopores, which proves the importance of an in-depth and
comprehensive examination of PSD.

The micropore size distribution based on CO; adsorption at 0 °C was
examined by applying the NLDFT method and is given in Fig. 3 (b), with
a pore width between 0.30 and 1.50 nm. This approach allowed for a
detailed analysis of pores classification in the microporous structure of
ACs. The findings indicated that activation with saturated and bio-
organic KOH solution especially favored the primarily creation of
ultramicropores (<0.7 nm) and supermicropores (0.7-2 nm), in view of
the highest three distinctive peaks in the diameter ranges from 0.40 to
0.46 nm, 0.48 to 0.69 nm and 0.72 to 0.90 nm of all three ACs samples,
respectively. In the case of submicropores (<0.4 nm), another peak at a
relatively low point on the graph can be also determined, occurring
between 0.30 and 0.40 nm. Finally, Fig. 4 presents 3D simulation models
of activated carbons obtained using the Avizo Software with the aim of
visualizing the formation of the porous structure system.

The determination of activated carbon yield typically involves
calculating the weight of activated carbon obtained after the activation
and washing processes and then dividing it by the starting weight of the
raw material. The activated carbon yield content varied between 53.3%
and 58.8% as shown in Table 1. This calculation is performed on a dry
basis, as shown by the following equation:

Y content (%) = mﬂ * 100 @
o

The variables m and mg represent the dry weight of the final acti-
vated carbon (in grams) and the dry weight of the precursor (in grams),
respectively.

3.2. Fourier-transform infrared spectroscopy (FTIR)

The surface functional groups of the BIO-AC and those treated with

| | 11

Fig. 4. Illustrative 3D representation of the microporosity, as well as the
mesoporosity for H3PO4-AC (1), BIO-AC (II), and KOH-AC (III).
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KOH-AC and H3PO4-AC were analyzed by Fourier Transform Infrared
Spectroscopy (FTIR). The transmission method carried out the mea-
surements with a sample dispersed in the KBr. The FTIR spectra were
recorded in the wavenumber range from 4000 cm ™! to 500 cm ™. As
given in Fig. 5, the tested materials show a wide spectrum in the range of
3500-3450 cm ! and a sharp band at 1385 cmf1 corresponding to O—H
stretching vibrations that indicate the existence of free and intermo-
lecularly bound hydroxyl groups [55]. A weak peak at 2755 cm ™! re-
veals that the carbons have a low content of aliphatic structures related
to the presence of C—H stretching vibration [56,57,58]. Further, a peak
between 2350 and 2420 cm™! in a FITR spectrum can be attributed to
the asymmetric stretching vibration of the CO, molecule, which is a
characteristic vibrational mode used to identify the presence of CO5 in a
sample. The band at 1620 cm ™! can be identified as C=0 aromatic
structure stretching vibration [59]. The low band at the wavelength of
about 825 cm ™! is associated with the presence of specifically the aro-
matic C=C stretching vibrations [55].

3.3. X-ray diffraction (XRD) method

The X-ray diffraction (XRD) method allowed the identification of the
crystallographic characteristics and comprehending the structural fea-
tures of the synthesized ACs. Fig. 6 illustrates the XRD patterns of BIO-
AC, KOH-AC and H3PO4-AC, which substantiates the existence of crys-
talline structures of graphitic carbon. All samples roughly exhibit nar-
row and sharp diffraction peaks, and the lack of a wide peak indicates
strong crystalline properties without a predominant amorphous phase
[60]. According to the findings of the XRD analysis, the two diffraction
peaks in the spectrum that emerged at angles 26 equivalent to 24° and
44° are linked to the reflections that are found in the (002), and (100)
crystal planes of aromatic layers in carbonaceous materials. The in-
tensities of the HgPO4-AC (002) and (100) diffraction peaks are signif-
icantly higher than those of BIO-AC and KOH-AC. This suggests that the
stacking structure of the aromatic layer has been considerably improved
[61]. Moreover, (100) diffraction peak of BIO-AC is much smoother than
others, which may determine that the crystallite size of KOH-AC and
H3PO4-AC is quite larger [62].

3.4. Raman spectroscopy

The Raman spectra of all tested samples are shown in Fig. 7. The
Raman spectra showed two typical bands in the range of about 1320
em~! (D-band) and 1596 cm ™! (G-band). Both D and G peaks are the
result of vibrations of sp2-bonded carbon atoms. The peak at the higher
Raman shift is assigned to the G (Graphitic) band and is derived from
stretching vibrations in the Ey¢ plane of all sp>-bonded carbon atoms.
The peak located at the lower Raman shift is assigned to the band D

KOH-AC —— BIO-AC —— H,PO,-AC
Cc=C —OH Cc=0 0=C=0 C-H -OH
S
®
o
c
8
= /...~_
@
=
o
=
"\ ’_—\,/M\H_
T - T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000

Wave number [cm™]

Fig. 5. FTIR spectra analysis of the obtained AC samples.
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Fig. 6. The X-ray diffraction (XRD) spectra of the prepared AC samples.
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Fig. 7. Raman spectra of AC samples.

(Disorder) corresponding to the breathing vibrations with symmetry A4
in the aromatic ring of carbons due to the presence of structural defects.
It is a measure of the disorder of the close-range carbon structure
[63,64,65].

The ratio of intensity Ip/Ig was used to determine the degree of
disorder in carbon materials, allowing to estimate the degree of defects.
The D/G ratio is related to the sp/sp? carbon ratio. If carbon material is
fully oxidized, i.e., all carbon atoms are sp> hybridized, and if the D peak
is higher, it indicates that the sp? bonds are broken, implying a greater
presence of sp° bonds and a transition from sp? to sp> material, resulting
in a maximum D/G ratio. The higher the Ip/I values, the more defects in
the carbon structure and the lower the degree of graphitization [66].
The calculated Ip/I; intensity ratio gradually increased from 1.38 for
H3PO4-AC, 1.42 for KOH-AC to 1.47 for BIO-AC, which indicates the
presence of more defects in the carbon skeletons and a greater degree of
disorder. The higher Ip/Ig ratio for BIO-AC compared to the other car-
bons analyzed results in a relatively higher degree of disorder in the
ordering of the carbon atoms, suggesting that more sp, domains are
formed [67].
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3.5. Scanning electron microscopy (SEM) analysis

To investigate the physical morphology of the surface and especially
thoroughly examine the microstructure pores of ACs, a method known
as scanning electron microscopy (SEM) was applied. Fig. 8 demonstrates
the developed porous structure with a magnification of 5000-15,000x
at a resolution of 1 pm, corresponding to the KOH-AC, BIO-AC, and
H3PO4-AC samples, respectively. The rest of the SEM images with
different magnification ranges (200-1500x) at results of 10 and 100 pm,
are given in Fig. S3, Fig. S4 and Fig. S5. Based on SEM micrographs, it is
noticeable that there is a discernible morphological difference between
each other. As an outcome, pores of varying sizes and shapes become

Fig. 8. Scanning electron microscopy (SEM) micrographs of the prepared KOH-
AC (a), BIO-AC (b), and H3PO4-AC (c).
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exposed for further observation. The skeletons of the samples appear to
have a honeycomb structure (amorphous phase) with small grains on the
AC surface that may be macropores linked directly to internal micropore
channels, resulting in favorable sorption of CO5 with high storage ca-
pacity and low transport resistance. Furthermore, by comparing three
samples, chemical activation using KOH as the agent promotes the for-
mation of micropores, which results in an increase in the total number of
cavities (circular or elongated openings on the AC surface). The other
two samples (BIO-AC and H3PO4-AC) have different microstructures
that affect their sorption properties.

Upon comparison of the X-ray diffraction (XRD) results, it is evident
that the substance exhibits a crystalline graphitic carbon structure,
devoid of any amorphous phase. The Scanning Electron Microscopy
(SEM) analysis exposed the amorphous phase of the material, show-
casing its honeycomb mesh structure. There may be multiple factors
contributing to these apparently inconsistent findings. It is plausible that
the substance in question could comprise of both crystalline and amor-
phous components. The occurrence of mixed ordered and disordered
structures is a prevalent phenomenon, as numerous materials exhibit
this characteristic. The X-ray diffraction (XRD) analysis may have
exclusively identified the crystalline phase, whereas the scanning elec-
tron microscopy (SEM) analysis disclosed the presence of the amorphous
phase.

3.6. COg capture capacity investigation

The CO, capture capacities of KOH-AC, BIO-AC, and H3PO4-AC were
examined at two representative temperatures of 0 and 30 °C, under at-
mospheric pressure. Fig. 9 (a,b) illustrates a relative comparison of the
CO4 adsorption isotherms performance of as-prepared eco-friendly
activated carbon samples. The CO, adsorption curves appear to be quite
close to each other, with the only discernible variation being in the
amount of CO, uptake. This observation is reasonable since the porous
characteristics of each of these materials are analogous to one another
(Table 1). Furthermore, analysis of the temperature influence plays an
essential role in adsorption systems and determines whether phys-
isorption or chemisorption is taking place. The amount of CO3 adsorbed
for all three AC samples decreases as the adsorption temperature rises.
This implies an exothermic nature of the process on the activated carbon
surface involving physical adsorption. The distance-dependent interac-
tion between carbon dioxide molecules and AC solid sorbents has been
greatly influenced by the importance of Van der Waals forces that have
served in the adsorption mechanism. Higher temperature values
simultaneously led to the instability of the adsorbate-adsorbent system
by weakening the molecular bonding and promoting the process of
desorption, which is a direct consequence of a change away from
adsorption equilibrium in the reverse direction. Therefore, the adsorbed
gas molecules possessed enough energy to overcome the weak attractive
forces through the surface and migrate back into the gas phase.

The experimental results show that KOH-AC exhibits the highest CO,
capture capacity of 6.32 mmol/g and 4.33 mmol/g at 0 °C, and 30 °C,
due to the highest surface area and total pore volume. This demonstrates
that the pore structure has a significant impact on CO, adsorption, even
though the microporosity of KOH-AC (0.443 cm®/g) is slightly lower
than that of BIO-AC (0.444 cmg/g). It is well known that micropores are
primarily responsible for the adsorption of CO; in conditions of low
pressure because the diameter of the molecules is equal to 0.33 nm.
Interestingly, this observation can be associated with the presence of a
certain number of mesopores that have the potential to enhance the
usage of micropores and the CO, adsorption capacity of the material.
When bioorganic KOH from banana peals extract and H3PO4 were used
for the activation procedure, CO, uptake decreased to 6.00 and 5.44
mmol/g at 0 °C, under the same relative pressure value. At 30 °C, these
values are equal to the following 4.00 and 3.59 mmol/g for BIO-AC and
H3PO4-AC, respectively. In the case of H3PO4-AC, owing to the large
volume of mesopores, which accounted for almost 80% of total pore
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Fig. 9. CO, adsorption isotherms of KOH-AC, BIO-AC, and H3PO4-AC measured
at (a) 0 °C and (b) 30 °C.

volume, the CO, adsorption capacity on the acquired carbon material
was not particularly high. This was attributed to the reason that an
excessive number of mesopores in the internal structure of a solid are
claimed to be undesirable in the process of CO5 capture. A diagrammatic
illustration of the CO, adsorption mechanism in the porous structure of
KOH-AC, BIO-AC, and H3PO4-AC is shown in Fig. 10, as the result of
performing SEM analysis.

The final findings obtained are relatively high compared to those of
other recently reported ACs. The CO, uptake of ACs made from various
precursors at the temperature of 0, 25, and 30 °C is given in Table 2.
Nevertheless, there hasn't been much research done on 30 °C, and most
of those studies were performed below this value.

3.7. Isosteric heat of adsorption

This research study was to explore the isosteric heat of CO;
adsorption (Qs), which is a crucial metric to understand the adsorption
behavior of the three synthesized activated carbon samples. Distinct
patterns in the Qg at different surface coverages were observed,
providing insight into their distinctive adsorption properties, as shown
in Fig. 11. The Qg for the three samples falls within a range of approx-
imately 48.35 kJ/mol to 11.95 kJ/mol, encompassing the different
values observed for H3PO4-AC, BIO-AC, and KOH-AC at various surface
coverages. Furthermore, it suggests that the adsorption mechanisms
involved in these cases are more consistent with physical adsorption
(20-40 kJ/mol) rather than chemisorption (80-200 kJ/mol), where
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Fig. 10. Schematic illustration of the mechanism of CO, adsorption that occurs
in the porous structure of H3PO4-AC (I), BIO-AC (II), and KOH-AC (III)
(adsorption in mesopores — red color, and micropores — blue color).

Table 2
CO, adsorption capacity and CO, selectivity of various AC precursors at 1 bar
and 0, 25, and 30 °C.

Carbon Source 0°C 25°C 30°C CO, Reference
(mmol/ (mmol/ (mmol/ selectivity at
g) g) 2) 1 bar

Pomegranate 6.03 411 - 15.10 [68]
peels

Bee-collected 5 5 3.38 - ~15.00 [69]
pollen

Slash pine 4.93 - - - [70]

Empty fruit 5.20 3.71 - 11.20 1711
bunch

Olive stones 2.84 1.98 - - [72]

Lumpy bracket 7.15 4.62 - 46.40 [73]

Packaging 5.33 4.20 - 16.00 1741
Waste

Common oak 6.17 5.44 74.36 1751
leader

Starch,
cellulose, and 6.10 4.80 - 5.40 [76]
sawdust

Hazelnut shell 6.34 4.23 - 19.00 [771

Black lotus 7.21 5.05 - 30.75 [78]

Sugarcane 2.00 - - 12.00 [79]
bagasse

Coffee Grounds 4.40 3.00 - 18.00 [80]

Birch 4.50 4.06 - 93.10 [81]

Peanut shell 7.25 4.41 - 7.90 [82]
char

Coconut shell 6.79 4.47 - 8.50 [83]

Water caltrop ¢ 4.22 - 19.00 [84]
shell

Olive stones 6.32 - 4.33 161.1 This work

relatively weaker van der Waals forces and electrostatic interactions
play a predominant role in the adsorption process [85].

A consistent finding among the three samples is that Qg exhibits a
decrease as surface coverage increases. The observed pattern implies a
broad shift from more robust initial adsorption interactions to less strong
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Fig. 11. Isosteric heat of adsorption of H3PO4-AC, BIO-AC, and KOH-AC as a
function of surface coverage.

ones, possibly indicating physisorption, as the adsorption sites reach
saturation or as cooperative adsorption mechanisms become active with
the gradual accumulation of CO;, particles on AC surfaces. Consequently,
adsorption becomes less energetically favorable, possibly due to the
saturation of the adsorption sites or the influence of other competing
interactions.

3.8. CO2/N; selectivity studies

The selectivity of an adsorbent material for CO; over Ny is an
important factor for various environmental, industrial, and economic
reasons during the CO; capture process. Hence, a measurement of ni-
trogen adsorption was additionally carried out on the BIO-AC sample, as
anovel bioorganic activated carbon, at a temperature of 30 °C and 1 bar.
The BIO-AC recovered from olivine stones possessed a maximum Ny
uptake of <0.141 mmol/g (Fig. S6). On the foundation of the CO3 and Ny
adsorption isotherms at 30 °C, a complex examination of CO3 over Ny
selectivity was further performed. In this study, the gas selectivity of
CO9/Ny was calculated by employing the ideal adsorption solution
theory (IAST) to accurately predict the separation efficiency.

The IAST method of Myers and Prausnitz has been widely used for
estimating the adsorption selectivity of gaseous mixtures on porous
materials. It assumes that the mixed-gas adsorption isotherm can be
examined by combining the single isotherm of pure components [86,87]
in accordance with the following equation of state:

_ qco) N PN,
qny(p)  Pco,

Siast 2

where: Siagt is the selectivity coefficient, qcoz(p) and quz(p) refer to the
uptake of specific gas [mmol/g], pn2 and pco2 are the partial pressure in
the mixture.

Consequently, we examined the selectivity for CO3/Ny (0.5/0.5)
binary mixture, where eq. (2) takes the below form:

qco,(p)

N, (p)

Sisr(eg) = 3

Moreover, it is extremely valuable to examine the selectivity for flue
gas compositions corresponding to those emitted directly from the in-
dustry. The content of flue gas depends on several factors, including the
type of fuel used, the combustion process, and any treatment or cleanup
systems in place. However, it is a well accepted fact that the flue gases
for the most mature CO, capture technology (post-combustion capture)
typically contain around 10-15% CO5 and 75-80% Ng, along with other
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gases such as oxygen, carbon monoxide, and sulfur dioxide. Further
based on the IAST approach, the theoretical adsorption selectivity was
also determined for the standard composition of flue gas (15% CO2, 85%
Ny), utilizing the following formula:

qco,(p) . 0.85
qNg(p) 0 15

Siasr(re) = 4)

The selectivity obtained from IAST for an equimolar and flue gas
CO2/N binary mixture at 30 °C is presented in Fig. 12. A significant
decrease in the CO5/Nj selectivity ratio for both tested gas compositions
can be observed up to 0.2 bar. In the case of 50% CO; and 50% Ny
mixture, the coefficient of adsorption selectivity of CO, over N, ranged
from 422.8 to 28.4, depending on the change in pressure - as it is
increased from 0.01 to 1 bar. Whereas for the gaseous content of 15%
CO4 and 85% Ny, the value of the CO2/Nj selectivity at a pressure of
0.01 bar was the highest (1442), while with increasing pressure, it
decreased and ultimately achieved the lowest value of 161.1 for a
pressure of 1 bar. A comparable trend has been described by us in many
studies on CO5 over N selectivity [88,89]. In particular, it is important
to note that the calculated Sjast is among the highest reported in the
scientific literature to date (Table 2).

The reason for such a high selectivity of CO,/N2 adsorption can be
related to possessing a high surface area and a narrow distribution of
pore size tend to demonstrate elevated selectivity value, as the adsorp-
tion of CO; is more favorable in smaller pores owing to its larger mo-
lecular size relative to Nj. Finally, the final findings show that AC
derived from olive stones after subsequent activation with bioorganic
KOH is an experimental direction that has the potential to create effi-
cient sorbents for CO2 capture on a commercial scale. In addition to the
insights provided by results regarding the pressure-dependent selec-
tivity of the tested adsorbent material for CO, over N, this study
highlights the importance of understanding the behavior of adsorbent
materials under various gas compositions, which can aid in the design
and optimization of efficient CO5 separation processes.

3.9. Stability evaluation of CO_ capture

The stability of solid sorbent after many adsorption-desorption cycles
under various operating conditions is an important consideration in
designing efficient and cost-effective carbon capture technologies. It can
directly affect the adsorption capacity and overall durability of the
material, which are critical factors in determining its suitability and
lifespan for commercial or industrial applications. Furthermore, the
ability to maintain a constant adsorption capacity is critical for the
economic viability of an adsorbent, as any decrease in performance or

1500
= 9 Siagr,,, (0% CO,, 50% Ny)
3 1 —o— Spusr,, (15% CO,, 85% N,)
=
8 1000 \
(8]
>
3 \
-*6' \
2 .
8 A\
Z: 500 \ N
@]
O
0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Pressure [bar]

Fig. 12. CO4/N; selectivity of BIO-AC versus pressure at 30 °C.
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capacity can result in higher operating costs and lower capture effi-
ciency. Consequently, by conducting fifty adsorption-desorption runs at
30 °C, the potential of the BIO-AC to be utilized repeatedly was assessed.
To visualize the changes in adsorption capacity over successive cycles,
the adsorption isotherms for the 1st, 5th, 10th, 20th, and 50th cycles
were depicted in Fig. 13. The CO, adsorption performance of the BIO-AC
remained constant even after undergoing fifty cycles, indicating its
remarkable stability. The maximum standard deviation for among every
runed cycles equals 0.05. This suggest that it is feasible to regenerate and
reuse the material without any significant loss in its CO5 uptake. Finally,
it can be concluded that BIO-AC sample fulfills the standards of a
desirable CO2 sorbent, specifically with regard to its capacity for
regeneration.

4. Conclusions

This work provides three different processes for the preparation of
activated carbon using KOH saturated solution, H3PO4 acid and bio-
organic KOH solution based on olive stone waste. The obtained results
show that the physicochemical characterization of the prepared acti-
vated carbons, both with the participation of the saturated solution of
KOH and the bioorganic KOH solution, are relatively similar to each
other. AC synthesized by natural activating agent possessed well-
developed specific surface area, the total pore volume and micropore
volume that were 915 m?%/g, 0.495 cm®/g and 0.444 cm®/g, respec-
tively. At the same time, it is worth emphasizing that the obtained
bioorganic activated carbon was characterized by high sorption capac-
ity, which was 6.32 mmol/g and 4.33 mmol/g, respectively for 0 °C and
30 °C. BIO-AC sample also exhibited high CO2/N selectivity of 161.1 for
flue gas composition mixture and excellent stability over many
adsorption-desorption cycles. Moreover, applying as an activated agent
banana plant extract) bioorganic KOH solution), does away with the
requirement for using any hazardous inorganic activating agent like
acids or bases. What makes this method simple and easy. The synthe-
sized activated carbon has possessed high porosity and adsorption sta-
bility. Thus, are successful in the green synthesis of activated carbon
from wastes by avoiding toxic chemicals and using plant materials as an
organic activating agent for the first time.
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