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This study explores the feasibility of producing activated carbons (ACs) from abundant fern leaves to enhance
their adsorption capabilities. The process involves activation with H3PO4 followed by thermal conversion at
temperatures ranging from 700 to 900 °C. Adsorption isotherms for CO3, CH4, H, N, and CoHy were system-
atically measured at 25 °C under pressures up to 45 bar for all specimens. These data formed the basis for
calculating the separation selectivity of CO2/Na, CO2/CH4, CO2/Ha, and CaH4/CHy4 at various pressures. ACs
synthesized at 800 °C (FERN800) exhibited superior characteristics, including a specific surface area of 438 m?/
g, a total pore volume of 0.300 cm®/g, and a micropore volume of 0.236 cm®/g. This resulted in significant gas
uptake values: 4.21 mmol/g for CO3, 3.14 mmol/g for CHy, 1.19 mmol/g for Hy, 2.04 mmol/g for Ng, and 3.36
mmol/g for CoHy, at 25 °C and 45 bar. The research demonstrates the potential of fern-derived ACs for high-
pressure gas adsorption, particularly in mitigating greenhouse gas emissions and advancing gas separation
technologies for applications such as flue gas treatment (post-combustion), syngas production (pre-combustion),
biogas upgrading, and hydrocarbon mixtures. Notably, ACs showed a high selectivity of 146 for CO, over Ny at 1
bar in flue gas containing 15 % CO, and a selectivity of 90 for CO, over Hj at 1 bar. ACs produced from fern
leaves activated by H3POj4 also show promise in capturing CO, from biogas and natural gas, as well as CoH4 from
natural gas. Additionally, the calculated cost of producing 1 kg of the AC was found to be 2.45 € (19 CNY),
positioning it competitively in the market. This research highlights the innovative use of fern-derived ACs as
effective and sustainable adsorbents in various environmental and industrial applications.

1. Introduction

Gas storage and separation are pivotal components in the optimi-
zation of various applications, ranging from mobile technologies [1,2] to
the improvement of biogas processes [3,4]. The practical implementa-
tion of technologies designed for the storage of COy, CH4, Ny, and Hy
gases, along with the separation of CO/CH4 and CO2/Ny, is widespread

* Corresponding authors.

across diverse large-scale industrial operations. These applications
encompass solid-state hydrogen storage [5,6], hydrogen-fueled vehicles
equipped with fuel cells [7,8], natural gas purification procedures
[9,10], and the effective capture of carbon dioxide from flue gases
[11-14].

The growth in greenhouse gas emissions (GHGs) is one of the world’s
most significant environmental challenges today [15]. The continuous
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soaring of GHG level in the atmosphere is largely driven by a variety of
causes, the most prominent of which are the expansion of human pop-
ulations, rapid industrialization, the expansion of transportation net-
works, the clearing of forests, and the expansion of agricultural land
[16]. Despite a broaden awareness of the need to decrease GHGs emis-
sions, many governments throughout the globe have been hesitant to
act. To accomplish the goals of many policies to mitigate climate change,
transitioning to a low-carbon economy and reducing emissions need
global coordination and collaboration to address the problem [17].
According to the Intergovernmental Panel on Climate Change (IPCC),
the concentration of greenhouse gases in the atmosphere has increased
by more than 40 % since preindustrial times [18]. This undesirable
phenomenon causes rising sea levels, melting glaciers and ice caps, and
more frequent and severe weather events such as hurricanes, droughts,
and heatwaves [19]. Unfortunately, the latest report from the Interna-
tional Energy Agency (IEA) confirms that the current trend will use up
the allowed future emissions for limiting anthropogenic warming to
1.5 °C.

The primary greenhouse gases are carbon dioxide (CO3), methane
(CHy), nitrous oxide (N20) and fluorinated gases. COy is the most
abundant one and is primarily emitted through the burning of fossil
fuels, such as of oil, natural gas, and coal for energy production. In 2022,
global energy-related CO, emissions were estimated at over 36.8 Gt,
where the power sector being the largest emitter with 14.65 Gt of global
CO5 emissions. The industry sector represented 9.15 Gt, transport was
responsible for 7.98 Gt and buildings accounting for 2.97 Gt [3]. The
remaining emissions came from agriculture, forestry, and other land use.
On the other hand, with worldwide emissions reaching 4.0 Gt of CO,-eq
in the same year, methane is the second-largest contributor to climate
change after carbon dioxide [3,20]. It comes mainly from natural
sources, such as wetlands, as well as human activities such as livestock
farming, and landfills [21], and mainly from onshore oil and gas pro-
duction, or steam coal production [3]. What is more, methane tends to
lead to global warming which is 84 times stronger than carbon dioxide
over a period of 20 years, and its effect is 28 times more severe over a
period of 100 years [22]. For nitrogen oxides, the emission values in
2022 were equal to 0.3 Gt of CO»-eq.

In view of the above, the emerging accumulation of greenhouse gases
because of enormous industry development in the global economy, as
well as the growing search of the scientific community for transition to
clean and adaptable energy carriers (i.e., hydrogen), has led to the
search for technologies that allow for addressing the demands of these
two critical challenges. Currently, adsorption is extensively reported as
one of the most attractive options for mentioned issues, due to the
versatility of its assembly, as well as the control over the properties of
the material and the adsorption system, including the surface chemistry
of the solid and its textural design, temperature, and composition of the
process, which can influence the selectivity towards particular compo-
nent in the gas mixture. Therefore, adsorption allows not only effective
capture of GHGs from large stationary emitters, but also safe, compact,
lightweight, and cost-effective storage of future fuels [23]. Compared
with different adsorbents, activated carbons (ACs) are highly effective
materials and are widely used in many applications due to their superior
adsorption capabilities [24]. ACs have several advantages that make
them a preferred choice for carbon reduction and other environmental
applications, including the inexpensive and straightforward process of
production from biomass residues, or industrial wastes [25-27].
Furthermore, the unique properties of ACs, which can be customized by
adjusting the pore size distribution, surface area, or chemical properties
[28], make them a superior choice in the development of climate miti-
gation projects that have great potential for development on a com-
mercial scale.

Recent research has shown that fern-derived activated carbons have
been shown to have superior adsorption properties and unique structure
compared to other AC materials, making them an attractive option for
preventing climate change [29-32]. Generally, ferns are representatives
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of pteridophyte plants, which are vascular plants and reproduce by
spores. They are an abundant and readily available plant species that
have been around on Earth for more than 300 million years [33], which
can be found in many different environments, including forests, wet-
lands, and deserts, or with a higher incidence in tropical areas [34].
They are also rich in cellulose and lignin, which are the primary con-
stituents for ACs synthesis. Furthermore, ferns also possess a high
biomass production rate and are considered one of the most efficient
photosynthetic plant groups [35], providing a renewable and sustain-
able source of ACs. Consequently, fern-based ACs, as products of a well-
controlled carbonization process, can be widely accepted as a part of the
modern agenda to recycle organic by-products and waste and to utilize
various environmentally friendly approaches.

The adsorption of COg, CH4, Hy, and No was investigated, with a
particular emphasis on the selectivity of CO2 adsorption. This focus was
chosen due to the significance of these gases in the composition of
natural gas, flue gases, syngas, and biogas. Concentrations of CO2 vary
from 5 to 50 %: natural gas (1-10 %) flue gases (15-20 %), syngas (8-20
%), and biogas (30-50 %) [36].

In addition to CO; capture, the adsorption of CH4 and Hj is note-
worthy, reflecting their potential significance in energy storage, for
example, for future automotive applications [37].

The recovery of C2 hydrocarbons, especially CoHy, from natural gas
is economically feasible and meaningful. Ethylene is a crucial chemical
for the production of polymers, primarily polyethylene, polyester,
polystyrene, polyvinyl chloride, and other organic chemicals [38].

Considering the above issues, we investigated the possibility of using
activated carbon produced from fern leaves to separate gas mixtures
such as COy/Nj, COy/Hjy, CO2/CHy, and CoHs/CHy. Initially, we con-
ducted measurements of the adsorption isotherms for pure CO3, Ny, CHy,
Hj, and C2H4 onto activated carbons produced from fern leaves acti-
vated by H3PO4 and carbonized in three different temperatures (700,
800, or 900 °C). The Toth model [26] was utilized as input to forecast
adsorption equilibria in binary mixtures, employing the ideal adsorption
solution theory (IAST) [11,39] To the best of our knowledge, fern leaves
have not been reported in the literature as AC raw material in sorption
applications for such a wide range of gaseous substances, including
greenhouse gases or clean energy transition fuel. This study presents an
innovative approach to producing activated carbons (ACs) from fern
leaves, offering a sustainable and readily available alternative to tradi-
tional materials. The process involves activation with phosphoric acid
(H3PO,) followed by thermal conversion at temperatures ranging from
700 to 900 °C. This method yields ACs with potentially exceptional
adsorption properties characterized by increased specific surface area
and pore volume, which enhance their capability to capture a variety of
gases under high-pressure conditions, including CO,, CH4, Hy, No, and
CoHy. Motivated by the need to address environmental challenges and
advance clean energy technologies, this research investigates the
application of fern-derived ACs in gas separation processes. Initial ex-
periments focused on measuring adsorption isotherms for pure COg2, No,
CHy, Hy, and CaH,4 on ACs produced from fern leaves activated by HgPO4
and carbonized at temperatures of 700, 800, or 900 °C. The Toth model
was employed to predict adsorption equilibria in binary mixtures, uti-
lizing the ideal adsorption solution theory (IAST). Significantly, fern
leaves have not previously been utilized as a raw material for ACs in
such a broad spectrum of gas sorption applications, including green-
house gases and clean energy transition fuels. This novel utilization
underscores the potential of waste biomass, such as fern leaves, as a cost-
effective and efficient adsorbent in mitigating global warming effects
and facilitating the transition towards renewable energy sources.

In summary, this research contributes to the development of sus-
tainable adsorption technologies by exploring the innovative use of fern-
derived ACs. By demonstrating their efficacy in gas separation and
highlighting their environmental benefits, this study sets a precedent for
utilizing abundant natural resources in advancing gas sorption science
and promoting global sustainability efforts.
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2. Materials and methods
2.1. Synthesis of porous carbons

Impregnation with phosphoric acid and pyrolysis treatment was
applied to prepare the carbon precursor derived from fern leaves. In
detail, the procedure of preparation was as follows: the material was
collected and then dried at 120 °C for 12 h, and the material was then
ground into a powder. Then, chemical activation was performed with
70 % H3POy4 solution in a ratio of 1:1 for 3 h at room temperature. After
the reaction, the brownish product was transferred to a stainless-steel
boat, and thermal treated into a horizontal tube furnace with stainless
steel reactor (Carbolite ®), under a constant nitrogen flow (15L/h),
followed by being heated at a ramp of 5 °C/min until different tem-
peratures, 700, 800, or 900 °C for 1 h, and then cooling in a CO5 at-
mosphere with a flow of 15 L/h, to produce the samples FERN700,
FERN800 and FERN900, respectively. Then, every sample was washed
thoroughly with warm distilled water until the filtrate had a constant pH
value and then they were dried at 100 °C for more than 12 h (Fig. 1).

2.2. Physicochemical characterization

The textural parameters of specific surface area (Sggr), pore volumes
(Vi and Vpicro) and pore size distribution were evaluated through the
experimental data of nitrogen adsorption isotherms at —196 °C and CO4
at 0 °C. a, as appropriate. These data were obtained in a semi-automatic
Autosorb IQ2 sortometer equipment, and the data were processed in the
ASIQWin software using the BET, and the density functional theory
(DFT) by the QSDFT model.

To analyze the micromorphological structure of cuticular waxes, a
fresh leaf segment (1 cm?) was placed with the adaxial surface facing
upwards onto a sample holder. After drying at room temperature and the
usual gold-palladium sputtering (Denton Vacuum Desk II sputter
coater), photomicrographs were taken with a SEM (Jeol JSSM-5310LV),
at 45° tilt. Images were acquired by ORION software and processed
with Adobe Photoshop CS5 v. 12.0. Micromorphological wax classifi-
cation was followed by Barthlott et al [40].

The X-ray fluorescence energy dispersion spectrophotometer
(EDXRF) of Epsilon 3 type from PANalytical B.V was used to determine
the content of other elements in derived activated carbons. Moreover,
the yield content in the obtained activated carbons was determined in
accordance with PN-84 / C-97555/08 [41]. The principle of this method
is complete combustion of organic substances that are contained in the
material and calcination to a constant mass at a temperature of 814.5 °C

Cosmetics
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=+ 15 °C. Then the arithmetic average of three measurements between
which the difference does not exceed 5 % is calculated. The yield content
(YC) in the obtained activated carbons was determined in accordance
with PN-84/C-97555/08 [24]. The method is based on the complete
combustion of organic substances that are contained in the material and
calcination to a constant mass at a temperature of 1088 + 288 K. The
average of three measurements between which the difference does not
exceed 5 % of the arithmetic average is taken as the final result. The
yield content in the activated carbon sample was determined according
to equation (1):

o W3XW1

Yc
sz W1

x100% (€D)]

where: W1- weight of roasted container [g]; Wy- weight of container
with activated carbon [g]; W3- weight of the container with yield [g].

A PANalytical Empyrean diffractometer equipped with a sample of
CuKa was used to analyze the phase composition of active carbons. The
prepared diffractograms were analyzed and compared to the location
and intensity of the reflections on the obtained diffractograms with the
standard diffractograms contained in the ICDD PDF4 + 2015 database
based on the X'Pert HighScore program.

For the Raman spectroscopy tests, the samples were taken in an
XPlora Raman Horiba spectrometer that is coupled to an Olympus BX41
Microscope. The team has three lasers: the first is an air-cooled diode
laser, with a power of 90 mW (for 785 nm); the second laser is an air-
cooled diode of 4 mW power (for 638 nm); and the third laser is a
mW power doped ruby crystal (for 532 nm). The operating character-
istics of the microscope for the samples were as follows: 100 % filter, 532
laser, 600 grating and an aperture of 5x_0.80.

Mossbauer spectra were obtained in a spectrometer equipped with
twelve channels with constant acceleration and geometry of trans-
mission. A source of >’Co was used in a matrix of Rh of 50 me normal. All
isomeric shifts were related to a standard at 25 °C. Lorentzian lines of the
same width were used for each component of the spectra. All the spectra
were fitted, and the hyperfine parameter distributions were obtained to
quantify the different phases of the iron oxides. The spectra were ob-
tained at room temperature and folded to minimize geometric effects,
being evaluated using a commercial computer fitting program named
Recoil.

The hydrophobic factor of the samples was evaluated through the
immersion calorimetry technique, for this, the immersion enthalpies,
AHjmm, in benzene and in water were evaluated. The experimental data
were obtained in a passive diathermic calorimeter of home-made

70% HiPO.,
solution ratio 1:1,
. 3h at room

> } | temperatur
Pharmaceuticals
industry
) Fern waste leaves Grounding Activation

9, | 700-900°C, 1 h,

— 45 A 5°C/min,
: N ) N: flow (15 L/h),
R . &7 cooling in a CO»

, : (15 L/h)

| Y ‘
) - . . v
<

\.

AC-700/AC-800/AC-900 Drying at 100 °C fro 12h

Washing with warm distilled water Carbonization

till neutral pH

Fig. 1. Schematic preparation procedure of activated carbons.
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construction. In detail, approximately 100 mg of the sample was
weighed into a glass cell, which has a fragile peak. The calorimeter
consists of a heat reservoir that contains a thermopile-type sensor sys-
tem, adapted to the geometry of the calorimetric cell, which contains 8
mL of the wetting liquid. By coupling the parts of the calorimeter in the
heat reservoir, the data is collected in a multimeter coupled to a
computerized system, once the thermal equilibrium is reached, which is
assumed when there is a baseline, the glass cell is immersed, after
breaking the peak, with the bottom of the calorimetric cell, now the
wetting liquid is entered, while a change in the signal related to the heat
involved in the interaction between the solid and the liquid has been
registered. Later, when the signal returns to the baseline, an electrical
calibration is carried out to know the electrical work and constant of the
calorimeter to calculate AHjyn, from the signal obtained in the immer-
sion step.

2.3. High-pressure gas adsorption

The adsorption of gases such as carbon dioxide, nitrogen, hydrogen,
methane, and ethylene under pressure conditions higher than 1 bar was
investigated by the volumetric method using the IMI Hiden Isochema
apparatus. All gas adsorption measurements were performed at room
temperature. The preparation consisted of placing ~2 cm® of the sample
into the reaction tank and closing it. To check the tightness of the
helium-flushed system. The next stage was the degassing of the sample
at the temperature of 250 °C for 12 h. Then, the measurements of the
isotherms of adsorption were performed.

2.3.1. Adsorption isotherms

To describe the adsorption equilibrium were used different models:
Langmuir, Freundlich, Toth, Sips, Fritz — Schlunder, Radke-Prausniz,
UNILAN. In order to evaluate the best fittings of isotherm models to
the experimental data has been applied the least-squares method (LSM),
which is most commonly used as error functions. This method is
described by equation (2):

Np 5
LSM = (deo — 9es) @)

i=1

where: ge,. theoretical adsorption capacity calculated from the model,
e,z — adsorption capacity determined experimentally, Np — total number
of measurements.

2.3.1.1. Langumir isotherm model. The Langmuir equation describes an
adsorption model leading to the formation of a monomolecular layer on
the surface of the adsorbent. It is assumed that there are a certain
number of energetically homogeneous centers, sites of adsorption, on
the surface, each of which can adsorb only one molecule of the adsorbate
[42,43]. Moreover, it is assumed that there are no interactions between
the molecules adsorbed on the surface of the solid body. The Langmuir
isotherm equation is given by the equation (3):

_ Qmzobg e p [mmol
_1+bL‘P{ 8 } ®

where: qny, — the maximum adsorption capacity [mmol/g], by, — the
Langmuir constant [bar’l], p — pressure [bar], q - the adsorbed quantity
under p pressure [mmol/g].

2.3.1.2. Freundlich isotherm model. The Freundlich equation is the first
and best-known empirical equation used to describe heterogeneous
systems that can be characterized by the heterogeneity factor 1/n. This
equation well describes the reversible adsorption from dilute solutions.
In Freundlich’s theory, the number of adsorbed molecules with complete
coverage of the adsorbent surface cannot exceed the number of active
sites [44]. Freundlich equation is expressed by an equation (4):
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q = keA-p™[mmol/g] &)

where: kg — the Freundlich constant [mmol/g], ng — the heterogeneity
factor

2.3.1.3. Toth isotherm model. The Toth isotherm model is another
empirical equation developed to improve isotherm fitting between
experimental data and the equilibrium data’s predicted value. The Toth
isotherm model is useful in describing heterogeneous adsorption sys-
tems, which satisfies both low and high-end boundaries of the concen-
tration [45,46]. Toth equation can be described as follows (5):

q=— IR mol/g) ®)

(1+ (bgp)"™" )T

where: gy — the maximum adsorption capacity [mmol/g], by — the Toth
constant [bar’l], nt - the heterogeneity factor

2.3.1.4. Sips isotherm model. The Sips isotherm model is a combination
of the Langmuir and Freundlich isotherms. It is useful for adsorption on
heterogeneous surfaces. It is reduced to the Freundlich model at low
adsorbate concentrations, and at high adsorbate concentrations, it is
similar to the Langmuir model [47,48]. The Sips isotherm is expressed
by an equation (6):

_ CImsA'bst
= boep® byep™ [mmol/g] (6)
where: qms — the maximum adsorption capacity [mmol/g], bg — the Sips
constant [bar’l], ng — the heterogeneity factor

2.3.1.5. Fritz — Schlunder isotherm model. Fritz and Schlunder derived
an empirical equation that can fit a wide range of experimental results
due to many coefficients in the isotherm [49]. Fritz — Schlunder is given
by (7):

q= Qmrsbrsp

= ) 7
1 + qmrspnizs [mmol/g] )

where: qmps — the maximum adsorption capacity [mmol/g], bgs — the
Fritz- Schlunder constant [bar‘l], ngs — the Fritz — Schlunder model
exponent

2.3.1.6. Radke — Prausnitz isotherm model. The Radke-Prausnitz model
has several important properties that make it the preferred choice for
most adsorption systems with low adsorbate concentrations. At a low
adsorbate concentration, the isotherm model reduces to a linear
isotherm. In contrast, at a high adsorbate concentration, it approaches
the Freundlich isotherm, and when ngp = 0, it becomes a Langmuir
isotherm. Another essential feature of this isotherm is that it provides a
good fit over a wide range of adsorbate concentrations. Radke — Praus-
nitz equation is expressed as (8):
qmrp ® bRPA‘P

= dmep ®OrPAD (ol 8
(1 + brpAp)™ mmol/g] ®

where: qmrp — the maximum adsorption capacity [mmol/g], bgp — the
Radke — Prausnitz constant [bar’l], ngp — Radke - Prausnitz model
exponent

3. Results and discussion

3.1. Textural characterization

The textural characteristics of the different FERN carbonaceous
materials were determined by sorption of N at 77 K. Ny
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adsorption-desorption isotherms for FERN carbonaceous materials are
shown in Fig. 2. As can be seen the materials prepared using phosphoric
acid as activating agent are microporous with a moderate development
of mesoporosity; described by the small hysteresis loop, and pore size
distribution up to 30 nm, evaluated by DFT model.

The isotherms obtained from N5 adsorption can be classified as type I
(a) for FERN 700, and type IV for FERN 800 and FERN 900, according to
the recent IUPAC classification [50,51]. Type I isotherm is associated
with microporous structures and a type IV isotherm indicates a mixture
of microporous and mesoporous materials. The initial part of the iso-
therms is of type I with significant uptake at low relative pressures,
which corresponds to adsorption in micropores. At intermediate and
high relative pressures, the isotherms are of type IV with a hysteresis
loop of type H4 associated with monolayer-multilayer adsorption fol-
lowed by capillary condensation in narrow slit-like pores [9]. Nitrogen
uptake increases with increasing activation temperature indicating the
gradual development of the porous structure. With the increase in
temperature of carbonization, it is found that the hysteresis loop grad-
ually widens indicating that the activated carbons get populated with
mesopores. For all temperatures, a plateau is not apparently reached
rather adsorption occurs over the entire pressure interval indicating the
presence of a wide range of pore diameters. It can be stated that the
activated carbons obtained have both micropores and mesopores, which
is confirmed by the pore distribution presented in Fig. 3. Similar results
were reported by other researchers [52-54].

Fig. 3(a) shows the pore size distributions (PSD) of the carbonaceous
materials obtained from the experimental data of adsorption of No at 77
K and Fig. 3(b) corresponds to PSD from the experimental data of CO; at
273 K. Nitrogen experimental data were fitted to two microscopic
models: Non-Local Density Functional Theory (NLDFT) and Quenched
Solid Density Functional Theory (QSDFT) and the different geometries:
Slit, cylindrical and combined [55], among these models, the one with
the best fit was the QSDFT of combined geometry (Slit-cylinder). A
better fit to the QSDFT in carbonaceous materials describes a rough
surface of solids geometrically and chemically heterogeneous [55,56].
When comparing the PSD calculated for the two adsorbates (N2 and
COy) it is observed that the samples have a greater contribution of
microporosity with pore width less than 2 nm, however moderate vol-
umes of mesopores between 2.0-15.0 are observed nm, being more
evident for the FERN800 and FERN900 samples.

Table 1 summarizes the textural characteristics of carbonaceous
materials, from N5 adsorption data were calculated the BET area (Sggr)
for the FERN solids, this parameter is between 357-438 m?/g, also were
calculated the micropore volumes (Vong)), for these are between
0.212-0.300 cm®/g, respectively. Differences in features found among
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Fig. 2. N, adsorption—desorption isotherm from FERN materials at 77 K.
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Fig. 3. PSD of FERN materials evaluated from (a) N, data at 77 K by slit-
cylinder QSDFT model and (b) CO, data at 273 K by NLDFT model.

carbonaceous materials show that the activating agents used have a
different effect on the properties of activated carbons depending on the
temperature used. Additionally, Table 1 shows the volume of narrow
micropores (Vy,) those with diameters less than 0.8 nm obtained from the
CO,, adsorption isotherm at 273 K, as can be seen for all the samples V
(co2) > Vn, which reflects the absence of kinetic restrictions for Ny to
access the narrow microporosity. However, it can be observed that for
the FERN 700 and FERN 900 samples the content of V;, value in Vocoz)
corresponds to 75.6 and 74.6 %, while for FERN 800, it is around 73.4 %,
indicating a little bit less narrow pore size distribution located at di-
ameters lower than 0.8 nm for this sample.

3.2. Morphological and chemical characterization

3.2.1. Scanning electronic microscopy (SEM)
Fig. 4 shows the micrograph of the impregnated solids submitted

Table 1
Textural properties evaluated from N, adsorption data at 77 K, and CO,
adsorption capacity at 273 K.

Sample SgET Ve Vonz) Vo(co2) Va
[m2/g] [cm3/g] <2nm <1.47 nm < 0.8 nm
[em®/g] [em3/g] [em®/g]
FERN 700 357 0.212 0.165 0.164 0.124
FERN 800 438 0.300 0.236 0.193 0.176
FERN 900 387 0.263 0.180 0.174 0.132
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under targeted pyrolysis temperature, the morphological characteristics
of activated carbons are apparently similar between them, however with
respect to the starting material the destruction of the surface is observed
as a result of the thermal and chemical degradation process in the first
phase of impregnation due to initial depolymerization effect of the
activating agent H3POy, it revealed that the structure and surface was
partially attacked under the impregnation and pyrolysis conditions, but
mainly smooth surfaces are maintained.

3.2.2. Compositional and proximal analysis

Chemical composition evaluated by X-Ray Fluorescence (XRF),
summarized in Table 2 revealed the presence of different heteroatoms,
among these: elemental silicon (Si) is present in these solids, considering
that silicon is the second most abundant element in the earth’s crust, due
to this it is very common to find different silicon compounds as part of
plants. Silicon also provides mechanical and physical protection to
plants and improves their UV tolerance. The presence of other trace
elements has also been reported such as: P, which is an essential nutrient
that is part of several structural compounds in plants and acts as a
catalyst for biochemical reactions, especially due to its role in capturing
and converting the sun’s energy into useful plant compounds. Part of the
reported phosphorus can also come from impregnation with the acti-
vating agent, HsPO4. Furthermore, K is a macronutrient that enhances
the ability of the plant to defend to biological stress, intervenes in the
nitrogen fixation process, it intervenes in several enzymatic processes as
well as in the production of macromolecules essential for the operation
of the plant. Ca, it plays an important role to produce plant tissues, also
participates in certain enzymatic mechanisms. Fe is a micronutrient
present in most living organisms, specifically in plants it can intervene in
processes such as photosynthesis, and enzymatic processes in which
redox reactions occur, where iron acts as a cofactor for its ability to gain
and lose electrons. The chloride ion is an essential micronutrient in
plants and participates in various metabolic processes such as photo-
synthesis, resistance and tolerance to diseases, osmotic and stomatal

(a) FERN 700
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Table 2

Proximal and compositional analysis, the latter evaluated by XRF.
Sample parameter FERN 700 FERN 800 FERN 900
Moisture [%] 6.91 8.92 15.8
Volatile Matter [%] 10.1 27.4 13.4
Ash [%] 15.1 22.8 47.0
Fixed Carbon [%] 67.9 41.0 23.8
C Yield content [%] 39.8 28.1 32.7
Si [%] 1.57 1.03 0.82
P [%] 1.70 4.01 9.61
K [%] 0.67 8.79 5.08
Ca [%] 7.91 291 2.22
Fe [%] 5.42 2.82 11.3
Total XRF [%] 18.55 20.00 29.34

regulation. Cu is a micronutrient that acts in several enzymatic pro-
cesses, including photosynthesis, lignin synthesis, protein and carbo-
hydrate metabolism, and plant respiration.

The presence of each of these heteroatoms suggests the enrichment
of the inorganic phase due to the condensation of the inorganic com-
ponents of the ferns in the pyrolysis process, and slow decomposition of
the organic polymers, therefore the smoother surface of the activated
carbon due to low and homogeneous decomposition. The presence of
these inorganic components can form active sites of interaction for some
of the molecules selected for study.

Table 2 also includes the proximal analysis that was made for FERN
materials, in general, it is observed that carbonaceous materials have a
volatile matter content that ranges between 10.1 and 27.4 %, and fixed
carbon percentages ranging between 23.8 and 67.9 %, although this
percentage for FERN80O is low, with respect to other carbonaceous
materials, the effect of the ash content on the preservation of the
carbonaceous phase during the pyrolysis process is also evident.

The activated carbon yield is defined as the ratio of the weight of
activated carbon after activation, washing and drying to the weight of
the dried fern leaves residue. As can be seen from Table 2, when the

(b) FERN 800

Fig. 4. SEM micrograph of the materials (a) FERN700, (b) FERN800 and (c) FERN900.
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activation temperature increased from 700 to 900 °C, the activated
carbon yield decreased from 39.8 to 28.1 %. Along with the increase in
carbonization temperature, there was a loss of mass, which was related
to the loss of volatile materials. The use of phosphoric acid in the acti-
vation process promotes depolymerization, dehydration and redistri-
bution of the biopolymer components, thus increasing the final yield of
activated carbon [57].

3.2.3. X-ray diffraction analysis

The results of the X-ray diffraction pattern in Fig. 5 show broad
asymmetric diffraction peaks that are located at 20 = 24°, indicating the
formation of a turbostatic random carbon structure. A second peak at 20
= 43° also appeared in the activated carbon patterns; this can be indexed
to diffraction on (100) graphite planes (JCPDS sheet no. 41-1487),
showing that the activated carbons made of common fern have a low
degree of graphitization [58]. The XRD study of activated carbons
showed a high intensity of the background, indicating that we are
working with a disordered material, i.e., amorphous carbon. All three
samples show the presence of an amorphous phase because the graphite
reflex corresponding to the 002 level is superimposed on an intense
background with an angle of 15-30°. The highest value of intensity is
observed for FERN 800 activated carbon. Zig¢zio et al. [59] obtained
similar results.

3.2.4. Raman spectroscopy

Fig. 6 shows the Raman spectra of the FERN materials, Raman
spectroscopy can provide key information about material structure.
Three major regions are detected at frequencies located at 1311 cm ™, D
band, correlated with the disorder-induced band often seen in defective
graphenic materials, also depends on the number of the sp® carbon
atoms; 1599 cm_l, G band, corresponds to the C-C stretching mode, and
1760 cm™!, 2D band that supported the formation of the 2D graphenic
crystallites [60,61]. The intensity ratio of the D band to G band (Ip/Ig)
indicates the degree of graphitization and the level of the disorder and
the number and size of the sp2 cluster, while that (Izp/Ig) between the
2D band and the G band was utilized to estimate the layer number of the
graphene nanosheets. The Ip/Ig and Iyp/Ig are summarized in Table 3,
values are 0.535-1.717 and 0.1848-1.766, respectively, which indicate
the growth of few-layered graphene-based nanosheets.

3.2.5. Mossbauer spectroscopy

The Mossbauer spectra of the samples are shown in Fig. 7. All spectra
showed a central doublet with shoulders on both sides and two wide
lines in the negative and positive velocities range. In addition, the val-
leys between these peaks do not reach the baseline and because of this

FERN700
—— FERNBS800
—— FERN900

(002)

Intensity [a.u.]
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Fig. 5. XRD diffractogram and of FERN materials.
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the background seems curved. This is a characteristic of systems with
magnetic relaxation due to the small crystal sizes. All spectra were fitted
with two magnetically blocked sextuplets, two relaxing sextuplets and a
doublet. The two magnetically blocked and partially resolved sextuplets
(red curves in Fig. 6) can be assigned to the Fe3* ions located in tetra-
hedral sites (A sites) and to the Fe?5* ions in the octahedral sites (B sites)
of magnetite (Fe3O4). The values of hyperfine magnetic fields are
slightly decreased compared to typical values of bulk magnetite. This
can be attributed to the existence of “collective magnetic excitations”
due to the small size of the crystals. The two relaxing sextuplets (black
curves in Fig. 7) were fitted using the model of two-state relaxation
proposed by Blume and Tjon [62] and also have typical hyperfine pa-
rameters of the A and B sites of magnetite, but now, the hyperne mag-
netic fields are even smaller than those magnetically blocked due to
magnetic relaxation effects.

These results indicate a broad distribution of magnetite particle sizes,
so that the fraction related to the larger particle sizes produces
magnetically blocked signals but with reduced fields due to fluctuations
of the magnetization vector around the easy magnetization directions,
while the fraction of smaller particle sizes produces magnetically
relaxing signals. Also, when magnetite particles have sizes small enough
to show superparamagnetic relaxation and the signal collapses to a
singlet, it is reasonable to rule out that the central doublet (black line in
Fig. 6) corresponds to this species. Besides, it does not seem probable
that this doublet, with a typical isomer shift of Fe>*, may correspond to
paramagnetic Fe>* ions exchanged or widespread within the activated
carbon, since these kinds of supports do not exhibit these characteristics.
The doublet is assigned to superparamagnetic hematite (a-FepOs) for
these reason. From the Mossbauer it is possible supposed that the
magnetite particles are formed mainly inside the support pores, during
heating, from impregnated iron nitrate. It is believed that hematite is
produced first since there is no Fe?* species from the starting materials.
After some time, carbon monoxide is produced from activated carbon
and is able to reduce some Fe3" to Fe?* species to produce magnetite.
However, as the reduction should begin on the surface, it is probable
that some hematite remains as a core in the particle because of the
inaccessibility of carbon monoxide. Therefore, the resulting particles are
made of a hematite core surrounded by magnetite.

Only hematite could be identified in three different magnetic re-
gimes: magnetically locked, in collective magnetic excitation and in a
magnetic relaxation state. The first fraction corresponds to the larger
particles while the second one has a size large enough to show a not
relaxing behavior, but their magnetic hyperfine field was decreased by
the collective magnetic excitation phenomena. Finally, the third corre-
sponds to very small particles, which are in a state of magnetic relaxa-
tion. Considering the previous description related to the richest iron
catalysts, one can suppose that as the iron load gets very low, the oc-
clusion of carbon pores is negligible. Therefore, diffusion restrictions for
the iron richest samples are also negligible. As a result, the carbon
monoxide formed by the partial combustion of the support is rapidly
eliminated, so that the partial reduction of hematite to magnetite does
not occur. Table 4 shows the total percentages of both magnetite and
hematite contained in the activated carbons prepared. It can be noted
that magnetite is the major component and that there is no significant
difference between the percentages of the phases for the different cat-
alysts within experimental error.

3.2.6. Immersion calorimetry

Carbonaceous materials were enthalpically characterized using the
calorimetric technique. Table 5 shows the immersion enthalpies of the
FERN carbons in water and in benzene, which allows the establishment
of the hydrophobic and hydrophilic character of the solids. Fig. 8(a)
shows an increase in the enthalpy of immersion in benzene with the
increase in the BET area of carbon materials, due to the proportionality
between the immersion enthalpy and the surface area accessible to the
immersion liquid. Moreover, Fig. 8(b) shows the correlation between
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Fig. 6. Raman spectra of FERN materials.

Table 3

Raman parameters obtained by FERN materials.
Sample In/Ig Iop/Ic
FERN700 1.717 0.1848
FERNS800 1.824 0.249
FERN900 0.535 1.766

the ash content, total XRF versus the moisture content, considering that
these inorganic groups can function as groups of interaction between the
water molecules in the environment and with the fountain liquid in the
calorimetric cell. These correlations turn out to be proportional, being

1.5

very evident in the determination of inorganic sites. While the correla-
tion between the hydrophilic factor and the moisture content, as pre-
sented in Fig. 8(c), is a little more dispersed, considering that the surface
of an activated carbon is composed of basal units. They strictly corre-
spond to the basal planes with a high electron density and a series of
polar sites at the edges of the carbon layers frequently composed of
oxygen, forming various functional groups with different acid-base
properties. Therefore, all the interactions that are established between
the surface of FERN carbons and a polar molecule such as water are
determined by the content of total surface groups present in the carbons.
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Fig. 7. Mossbauer spectra for FERN materials, FERN700 is the orange line, FERN80O is the green line, and FERN90O0 is the blue line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4

Amounts of magnetite (Fe304) and of supermagnetic hematite (a —Fe;O3 (sp)) in
the catalysts obtained from Mossbauer spectra of FERN700, FERN80O and
FERN900 samples (activated carbon from Fern Leaves). The numbers represent
the iron amount (wt.%) found in the activated carbon.

Sample Fey0,4 o-Fe203 (sp)
[%] [%]
FERN 700 88 +11 12+1
FERN 800 80+9 10+1
FERN 900 75+ 7 15+1
Table 5

Immersion enthalpies in water and benzene of FERN materials, and the Hy-
drophobic Factor.

Sample AHimm AHmm AHmm CeHe/ AHimm H20 /
H,0 CeHe AHimm H20 AHimmCeHe
[J/gl [J/gl Hydrophobic Hydrophilic
Factor Factor
FERN700 —-11.2 —46.3 4.13 0.242
FERN800 —24.4 —54.8 2.24 0.446
FERN900  -28.0 —60.9 2.18 0.459

3.3. High pressure adsorption of ethene, hydrogen, methane, nitrogen and
carbon dioxide

The comprehension of the adsorption characteristics of gases at
elevated pressures holds significant importance owing to its extensive
consequences across diverse disciplines such as industrial operations,
energy storage, and materials research. The acquisition of high-pressure
adsorption data is of utmost importance as it offers valuable insights into
the interactions between gases and adsorbents. This section presents the
high-pressure adsorption results at 298 K of ethene, hydrogen, methane,
nitrogen, and carbon dioxide on the prepared carbonaceous materials.
These investigations aim to elucidate the unique behaviors shown by
these gases and their potential implications for practical applications.
Figs. 9 and 10 illustrate the adsorption capacity of ACs within a pressure
range between 0 to 45 bar for each tested gas.

FERNB8O0O0 stands out for its remarkable gas uptake capacities among
all the samples. FERN80O exhibited the greatest of CoHa4, Hy, CH4, and
CO, uptake values of 3.36, 1.19, 3.14, and 4.21 mmol/g at a pressure of
45 bar, respectively. The Ny uptake of FERN 800 was evaluated to be
2.04 mmol/g. In contrast, FERN700 and FERN900 demonstrated
comparatively reduced performance in terms of CoHy, Hy, CHy, and CO4
adsorption at the same pressure, reaching 2.91, 1.19, 2.59, 3.79 mmol/g
and 3.15, 0.99, 2.83, 3.74 mmol/g. The observed differences underscore
the impact of activation temperature on the adsorption efficiency, which
is reported by many of our previous studies [63,64]. Additional inves-
tigation and examination may be required in order to comprehend the
ramifications of the activation temperature on the textural characteris-
tics and its relationship with sorption performance.

Furthermore, the augmentation of pressure has been seen to signif-
icantly enhance the adsorption of gases onto activated carbon solid
surface, particularly in instances of physical adsorption. This observa-
tion aligns with Le Chatelier’s principle, a notion in chemical equilib-
rium that posits an increase in pressure would promote the side of the
reaction during the adsorption phenomenon [65]. As the pressure is
raised, there is an associated increase in the concentration of molecules
inside the gaseous phase, leading to the more efficient accumulation of
them on the surface of ACs derived from fern leaves [66]. Table 6 shows
comparison of CoHy, Hy, CH4, and CO, uptake on adsorbents at 45 bar
and 25.

3.3.1. Influence of textural properties on adsorption performance
Fig. 11 show the correlation of the total amount of this gas adsorbed
in each of the carbonaceous materials with the textural parameters, at
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atmospheric pressure that can provide insights into gas selectivity and
affinity. This includes BET surface area (Fig. 11(a)), total pore volume
(Fig. 11(b)), micropore volume (Fig. 11(c)) and narrow micropore
volume (Fig. 11(d). The varying R? values with small differences for
different textural parameters and the adsorption of ethene (R%
0.99-0.88) and methane (Rzz 0.99-0.90) on ACs suggest a complex
adsorption mechanism influenced by a combination of factors. The
intricate nature of this phenomenon may arise from a multitude of
variables, including the size and shape of the gas molecules, their po-
larity, and the distinct chemical reactions taking place at the adsorption
sites inside the material. On the other hand, hydrogen (R? = 0.94) and
nitrogen (R? = 0.91) exhibited high R? values for total pore volume,
which suggests that gas adsorption is influenced by the overall pore
structure. This could indicate that gases are adsorbed in larger pores or
that pore volume affects gas accessibility and diffusion within the ma-
terial. Finally, based on the highest R? (0.97-0.99) for carbon dioxide,
the adsorption mechanism is directly related to the interaction of this
adsorbate with the walls of the pores smaller than 2 nm, especially
narrow micropores. Therefore, it could be concluded that the CO
adsorption mechanism depends crucially on the pore size distribution.

3.3.2. Influence of chemical properties on adsorption performance

During our rigorous investigation into the adsorption behavior of
gases on ACs, several notable correlations between chemical parameters
and adsorption capacity can be seen in Fig. 12, applying the same pro-
cedure as previously. Notably, these correlations shed light on the
intricate interplay of surface characteristics and gas affinity. The hy-
drophilic and hydrophilic factors displayed a positive correlation with
H, (R% 0.94-0.95) and Ny (R% 0.97-0.98), likely due to the polar and
nonpolar nature of gases. In the case of moisture content, it exhibited the
highest positive correlation with CoHy (R% 0.89) and CH4 uptake (R%
0.93), underscoring the role of ACs surface moisture in gas capture.
Finally, XRF analysis, reflecting the inorganic composition, showed high
R? values for CO, (R%: 0.99). The presence of certain inorganic compo-
nents in the activated carbon could impact COy adsorption acted as
potential catalysts or modifiers. These correlations offer valuable in-
sights into the nuanced relationships between chemical parameters and
gas adsorption on activated carbons, illuminating the complex interplay
of surface properties and gas-specific affinities.

3.3.3. Modeling of the Hz adsorption process

Adsorption models are very useful because they predict the behavior
of the adsorption equilibrium over a wide range of temperatures and
pressures. Typically, models with two or three parameters are used to
describe isotherms on activated carbon [72]. Various mathematical
equations are used to describe the adsorption isotherms. These equa-
tions determine the total amount of adsorbed gas q [mmol/g] depending
on the pressure p [bar]. To describe the experimental adsorption iso-
therms of gases such as CO2, Hy, CH4, CoH4 and Ny at the temperature of
25 °C, equations with two Langmuir and Freundlich parameters and
equations of adsorption isotherms with three parameters Sips, Toth,
Unilan, Radke-Prausniz and Fritz-Schlunder were used. The least
squares method (LSM), described by the equation [73]:

LSM = Zinzl (qe.a - qe,z)z (C)]
where:

q ¢,0 — theoretical adsorption on the sorbent surface calculated based
on the model
q ez — adsorption on the sorbent surface determined experimentally

Toth’s equation was found to give the highest accuracy of fit to all
experimental data which is a commonly used isotherm model in
adsorption studies, and it’s known for its versatility in fitting experi-
mental data accurately, especially for complex adsorption behavior. In
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other words, the Toth equation produced the best fit with the least error
compared to other isotherm models, describing adsorption on a het-
erogeneous surface. The generic mathematical representation is pre-
sented as below [74]:

qupr
(1 + (byp)™ )"/

(10)

where:

gmT — Maximum adsorption capacity, [mmol/g]
br — Toth constant, [bar 1]
nt — heterogeneity factor

Table 7 presents the parameters of the Toth isotherm for all tested
gases at the temperature of the adsorption process of 25 °C. The
parameter ny is being used as a heterogeneity factor, and it ranges from
0 to 1. A value of 1 corresponds to a homogeneous surface, implying that
adsorption sites on the surface are equivalent and have the same
adsorption energy, consistent with the assumptions of a homogeneous
surface. On the other hand, a lower value of nt indicates greater surface
heterogeneity, where adsorption sites on the surface vary in terms of

10

their adsorption energies and characteristics.

3.3.4. Selectivity studies

The preferential adsorption of CO, compared to other gases such as
N, and CHy, is a crucial factor in several industrial and environmental
contexts. These include applications like carbon capture and storage,
natural gas purification, and hydrogen production. This level of selec-
tivity is of utmost importance in mitigating greenhouse gas emissions,
optimizing energy efficiency, and advancing the overall sustainability of
many processes and sectors.

The widely used IAST, as established by Myers and Prausnitz [35] is
extensively utilized in the field to accurately predict adsorption selec-
tivity and mixed-gas adsorption isotherms. This theory relies on pure-
component isotherms and offers reasonable accuracy over a range of
systems. The selectivity ratio between CO, and different gases for an
equimolar binary mixture at a temperature of 298 K and at a certain
pressure was calculated using Eq. (9). All calculations were performed
for the sample FERN800, which possessed the best sorption capabilities.

qco,,
96,

SiastEom) =

13)
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9c02(pcoz) . INapra)

a4
Pco, DPn,

S(C02100r15) =
where: gco,, is the adsorption capacity at the same partial pressure p of
C02 and Nz/CH4.

The FERN80O adsorbent demonstrated a selectivity ratio of 551, 520,
and 502 for CO, over No/CH4 at a pressure of 0.1 bar, respectively. The

11

correlations are shown in Fig. 13. However, at a pressure of 35 bar, the
selectivity ratio decreased significantly to 77, 47, and 28. The CO2/Ny
selectivity observed in this study was found to be much greater than
those reported in previous literature. The selectivity seen may be
attributed to the distinct chemical and physical characteristics shown by
carbon dioxide. CO5 molecules exhibit greater size and stronger polar-
izability in comparison to nitrogen N2 and CH4 molecules. As a result,
adsorbents and membranes can be designed to preferentially attract and



J. Serafin et al.

FERN700 |

404 FERNS00 //
FERN900 7

3.5 /%
-

3.0 %

7 /

N
<)
1

LI

N
o
1

Adsorption capacity [mmol/g]
s
1

N
o
1

o
)
1

AN

o©
o
!

Fig. 10. Histogram of the adsorption capacities of each studied gaseous mol-
ecules for the AC materials.

Table 6
Comparison of CoH4, Ho, CHy4, and CO,, uptake on different adsorbents at 45 bar
and 25-35 °C.

Adsorbent Gas uptake [mmol/g] Reference
CoH, H, CH,4 CO,
FERN800 3.36 1.19 3.14 4.21 This study
Activated carbon - - - 10.99 [67]
OP-H3PO4 - 0.99 - - [68]
ZSM-5 - - 0.97 3.98 [69]
AC - 0.5 - - [70]
ZIF-8 - 0.80 4.72 - [71]

capture CO, while allowing the passage of smaller, nonpolar molecules
like N5 and CHy.

The most frequently discussed problem is the adsorption capture of
CO,, from waste gases. There is usually 15 % CO; in such gases. Calcu-
lating the selectivity for the binary gas mixture CO, and Ny containing
15 % CO3 and 85 % Ny, is relevant. Fig. 14 shows the selectivity of CO5
adsorption over Ny denoted CO2 vs N3 as a function of pressure. The
highest selectivity CO, vs Ny was achieved over FERN 700 carbon. It was
very high and was equal to 146 at 1 bar. The selectivity values decreased
rapidly with increasing pressure up to 10 bar and then decreased very
gradually. At 10 bar, the selectivity was 45, and at 25 bar, it was 27.
These values were very high compared to the different published liter-
ature [75]. The selectivity Oz vs Ny was equal to 12.3 and 11 for 1 and
25 bar, respectively.

Also, an important binary system in the separation and purification
process of pre-dried landfill gas (biogas) involves a COy/CH4 mixture
with molar compositions ranging from 25-50 % for CO, and 50-75 % for
CHy. Fig. 15 shows the selectivity of CO, adsorption over CH,4 as a
function of temperature for a binary mixture containing 50 % CO» and
50 % CH4. Belmabkhout, et al. [76] demonstrated selectivity of CO3 vs
Nj in the range 2-5 at the pressure of 1 bar and 2—6 at the pressure of
25 bar. The separation of CO5 from CO2/CH4 mixtures has undergone
both experimental and theoretical scrutiny, involving alternative ad-
sorbents such as MOFs. At a pressure of 20 bar the selectivity CO3 vs Ny
was achieved 3 for IRMOF-1 [77] and for MOF-508b [78].

It is widely acknowledged that the composition of natural gas is
contingent upon the geographic region of the deposit. It is noteworthy to
emphasize that gas wells originating from the same field may exhibit
divergent compositions. As a prominent contaminant in natural gas
feeds, carbon dioxide must be effectively removed, as its presence re-
duces the energy content of the gas and influences the selling price of

12
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natural gas [79]. Selectivity studies commonly consider a CO; content of
5 % in natural gas [37,38]. The figure illustrates the selectivity of CO4
adsorption over CHy4 for a binary mixture containing 5 % CO, (see
Fig. 16). The achieved selectivity separation ranged from 4.0 to 8.6 at a
pressure of 1 bar and from 11.0 to 15.6 at a pressure of 25 bars. These
values compare favorably with those reported by other authors (8.0 and
9.6) [38] and (2.3, 3.3, 4.7, 6.6, 59.9) [37]. Activated carbons produced
by us exhibited good selectivity for CO2 vs CH4 and can be applied for
capturing carbon dioxide from natural gas.

The discussion revolves around the CO; vs. Hy uptake for activated
carbons produced from fern leaves presented in Fig. 17. The concen-
tration typical for syngas was considered (20 % CO2 and 80 % H). The
selectivity of CO5 over H; for FERN 700 demonstrated a remarkably high
value, reaching 90 at a pressure of 1 bar. According to our knowledge,
such high selectivity of CO, over Hy was not achieved before. The
selectivity COy vs Hy for FERN 800 and FERN 900 at 1 pressure was
about 63. At 25 bar the selectivity for all carbon produced from CO; fern
leaves was about 18. Belmabkhout et al. [80] achieved CO5 vs Hy
selectivity at about 32 and 55 at pressure 1 bar and 25 respectively.
Akten et al. [81] showed CO2 vs Hj selectivity at about 70 and 50 at
pressure 1 bar and 25, respectively. The results imply that these adsor-
bents have promising capabilities for selectively extracting COy from
syngas, especially in the context of applications related to pre-
combustion COy capture. This is particularly relevant in processes
where precise removal of CO, from syngas is essential, as seen in pre-
combustion CO; capture. Such utilization contributes significantly to
enhancing the system’s overall efficiency and environmental impact.

The feasibility of utilizing activated carbons derived from fern leaves
for the capture of C;H4 from natural gas was also explored. The results of
IAST calculations are shown in Fig. 18. The selectivity for CoH4 vs CHy is
presented in the figure. At a pressure of 1 bar, the values varied from 3 to
6, while at a pressure of 25 bars, they were approximately 1.3. Literature
reports regarding the selectivity of CoHy4 adsorption over CHy testing are
infrequent. Masoudi-Nejad and Fatemi [38] achieved selectivity for
CoHy vs CHy values of approximately 7, while Liu et al. [82] reported
values around 14.

3.3.5. Stability studies under adsorption—desorption cycles

A thorough understanding of activated carbons’ stability under
changing adsorption—desorption cycles conditions is essential for the
optimal usage of these adsorbents to achieve the greatest affinity to-
wards certain gases. In that case for COy, Hy, CHy4, CoH4, as was pre-
sented in section 3.3.4. The aforementioned cycles imitate the
operational dynamics of capture systems in the real world, whereby the
adsorbent material undergoes repetitive exposure to the gaseous
mixture and subsequent regeneration. The repetitive nature of this
operational process is crucial in evaluating the extended-term efficacy
and durability of the materials.

Hence, an investigation was conducted to assess the reusability of the
FERNB8O0O0 by the execution of twenty adsorption-desorption cycles at a
temperature of 298 K. The adsorption isotherms for the 1st, 5th, 10th,
15th, 20th data points are shown in Fig. 19. After a total of twenty
repetitions, there was no observable change in the CO3, Hp, CHy4, and
CoHy uptake. The maximum value of the standard deviation was 0.14.
Based on the aforementioned evidence, it can be inferred that the
FERNB8O00 shows exceptional stability as an adsorbent material.

3.3.6. Hypothetical economic analysis to produce activated carbon from
fern leaves

This study presents a hypothetical economic analysis for producing
activated carbon from fern leaves, utilizing biomass waste from the
pharmaceutical industry in Vietnam. Vietnam was selected as the loca-
tion for constructing the production facility due to its favorable eco-
nomic conditions, including low labor costs, availability of raw
materials, and supportive government policies for industrial develop-
ment. We thoroughly evaluate the various cost components involved in
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constructing and operating a production facility. The analysis encom-
passes installation costs, material processing, equipment investment,
staffing, utilities, maintenance, quality control, and logistics. By exam-
ining these aspects, we aim to provide a comprehensive understanding
of this innovative production method’s economic feasibility and market
competitiveness. All costs outlined and described below have been
converted into both Euro (€) and Chinese Yuan (CNY), using the ex-
change rate: 1 Euro (€) = 7.80 Chinese Yuan (CNY). This ensures con-
sistency in financial planning and management across both currencies.

e Biomass Source: Fern Leaves from Pharmacy Industry

Fern leaves are acquired as biomass waste from the pharmacy in-
dustry, offering a sustainable and cost-effective raw material for acti-
vated carbon production. This sourcing strategy aligns with
environmental sustainability goals while leveraging readily available
biomass.

¢ Installation and Facility Setup

The initial phase involves the establishment of a production facility
equipped with reactors, dryers, grinders, and other essential machinery
(see Table 8). This encompasses site preparation, building construction,
and installation of equipment necessary for the activation process.
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o Processing of Materials

Processing fern leaves for activation involves essential steps such as
cleaning, drying, and grinding to optimize material suitability for sub-
sequent activation processes. The annual cost associated with these
critical processes amounts to approximately 3000 € (23400 CNY). This
investment ensures that raw materials are prepared to meet quality
standards, supporting efficient production and maintaining product
integrity throughout the activation process. The total investment in
equipment amounts to approximately 97,000 € (756600 CNY). This
includes essential machinery such as reactors, dryers, grinders, and
other necessary equipment (see Table 9). Additionally, annual depreci-
ation costs are estimated at 8000 € (62400 CNY), spread evenly over a
10-year period. Depreciation reflects the gradual wear and tear of
equipment over time, ensuring financial planning aligns with long-term
asset management strategies. These figures underscore the importance
of capital expenditure and ongoing maintenance to sustain operational
efficiency and profitability.

o Staffing

Operational efficiency depends heavily on skilled personnel over-
seeing production activities. Production operators manage machinery to
meet production targets, while supervisors coordinate activities to
ensure quality and safety standards are upheld. Support staff, including
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maintenance technicians and logistics coordinators, play essential roles
in equipment upkeep and efficient material handling. Together, they
maintain high productivity and effectively achieve operational goals
(Table 10). Annual Cost: Approximately 15,000 € (117000 CNY) for

three production operators, supervisors, and support staff.

e Utilities and Energy
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Substantial utility expenses are necessary due to energy-intensive
processes. Managing electricity, water, and gas costs effectively is
crucial for maintaining operational sustainability and controlling over-
head costs. Efficient utilization of utilities supports cost-effective pro-
duction and environmental sustainability goals (Table 11). Total Annual
Cost for Utilities: Approximately €2800 (21840 CNY).
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Table 7
Toth isotherm parameters for FERN materials.
Sample Qmt br nr
[mmol/g] [bar’l]
CO,
Fern_700 4.631 3.181 0.478
Fern_800 5.115 1.339 0.573
Fern_ 900 4.62 0.764 0.617
H,
Fern_700 5.072 0.01 0.657
Fern_800 6.284 0.01 0.581
Fern_ 900 3.477 0.01 0.851
CHy4
Fern_700 3.243 0.708 0.575
Fern_800 3.886 0.698 0.592
Fern_ 900 3.689 0.431 0.602
CoH,
Fern_700 3.413 40.295 0.369
Fern_800 3.786 30.984 0.432
Fern_900 3.454 9.623 0.51
N2
Fern_700 3.458 0.01 0.854
Fern_800 2.753 0.126 0.696
Fern_ 900 3.262 0.094 0.679
600 -
—o— CO,/N,
, —o—CO,/CH,
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1
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>
=
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Fig. 13. The CO; over Ny, and CH, selectivity as a function of pressure at 298 K
for FERN80O.

e Maintenance and Repairs

Routine maintenance and occasional repairs are critical for ensuring
equipment reliability. Properly maintained equipment reduces down-
time, enhances operational efficiency, and extends equipment lifespan.
By conducting regular inspections and addressing issues promptly,
business can minimize unexpected breakdowns and maintain consistent
production output. Annual Cost: Approximately 1000 € (7800 CNY).

e Quality Control
Stringent quality control measures are crucial to ensure product ef-

ficacy and compliance with industry standards. By investing approxi-
mately 500 € (3900 CNY) annually into quality assurance processes,
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business can maintain high product standards, customer satisfaction,
and regulatory compliance. This proactive approach helps identify and
rectify potential issues early, ensuring consistent quality and reliability
in the final product.

e Storage, Transportation, and Packaging

Efficient logistics management plays a pivotal role in handling raw
materials and distributing finished products effectively. Allocating 1000
€ (7800 CNY) annually for storage ensures proper inventory manage-
ment and preservation of materials. Additionally, dedicating 2000 €
(15600 CNY) annually towards transportation and packaging facilitates
timely delivery and maintains product integrity. The total annual lo-
gistics cost of 3000 € (23400 CNY) supports streamlined operations,
ensuring smooth transitions from production to distribution.
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e Total Annual Production Costs

Summing up all annual expenses results in total annual production
costs amounting to approximately 122,300 € (953940 CNY). These costs
encompass expenditures across staffing, utilities, maintenance, quality
control, logistics, and other operational essentials. Managing these costs
effectively is crucial for budgetary control and sustaining operational
efficiency throughout the production cycle.

¢ Determining the Price per Kilogram of Activated Carbon

Ng et al. [83] explored the production costs associated with activated
carbon derived from pecan shells, reporting a range of 2.34 € (18.25
CNY) to 2.49 € (19.42 CNY) per kilogram depending on the activation
method used. Lima et al. [84] focused on producing activated carbon
from organic waste through physical activation, achieving a competitive
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cost of 1.24 € (9.67 CNY) per kilogram assuming no raw material ex-
penses. In contrast, Stavropolous et al. [85] provided comparative cost
analyses for activated carbon sourced from various materials: used tires
(9.81 € (76.52 CNY) /kg), wood (5.49 € (42.82 CNY)/kg), and lignite
(4.62 € (36.04 CNY)/kg).

Given an annual production volume of 50,000 kg of activated carbon
from fern leaves, the calculated production cost is approximately 2.45 €
per kilogram, based on total annual production costs of 122,300 €.

Price per Kilogram = Total_Annual Production Costs_122300 — 9 45€(19CNY)

Comparing this to Ng et al. [79] findings, our production costs align
closely with their reported range. Lima et al. [37] lower cost for organic
waste indicates their efficient production method, reflecting minimal
raw material expenses. In contrast, the costs reported by Stavropolous
et al. [85] highlight the variability and higher expenses associated with
different feedstock materials.

In the economic context, particularly in China, competitive produc-
tion costs are achieved through lower labor rates, favorable utility ex-
penses, and efficient operational practices. While initial investments in
facility setup and equipment are significant, ongoing costs are mini-
mized, which supports profitability in the activated carbon market.
Utilizing biomass waste as a raw material not only enhances cost-
effectiveness but also aligns with sustainability goals. Strict adherence
to quality control measures is essential for maintaining product reli-
ability and competitiveness. Effective logistics management and prudent
financial planning are critical for sustainable growth and profitability in
the activated carbon production industry. This approach ensures that
our production of activated carbon from fern leaves remains competitive
and economically viable, reflecting our commitment to efficiency, sus-
tainability, and high-quality standards in the market.

4. Conclusions

The research conducted was primarily centered on investigating the
feasibility of producing activated carbons from the widely available fern
leaves. The objective was to generate materials that exhibit improved
hydrogen, ethene, methane, and carbon dioxide at high pressures,
involving the use of phosphoric acid (HsPO4) and thermal conversion at
three distinct temperatures, namely 700, 800, or 900 °C. The porous
structure of the produced ACs has been examined to investigate the ef-
fect of chemical and textural parameters on sorption capabilities. The
experimental results have shown that the activated carbons synthesized
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Table 8

Installation and facility setup cost.

Table 10
Human resources cost.

Cost component

Estimated cost (€)

Estimated cost (CNY)

Facility Setup 40,000 312,000
Construction Materials 10,000-20,000 78,000-156,000
Labor 8000-15,000 62,400-117,000
Design 2000-4000 15,600-31,200
Technical Installations 3000-5000 23,400-39,000
Fire Safety Measures 500-1000 3900-7800
Permits and Certificates 500-1000 3900-7800

Table 9
Materials cost.

Equipment Estimated cost (€) Estimated cost (CNY)
Horizontal Tube Furnace 15,000 117,000

Stainless Steel Reactors 30,000 234,000

Drying and Grinding Equipment 15,000 117,000

Filtration and Washing Units 7000 54,600

Quality Control Instruments 3000 23,400

Packaging Machinery 7000 54,600

Storage Facilities 20,000 156,000

at a temperature of 800 °C (FERN800) exhibit the highest values for
specific surface area, total pore and micropore volume (438 m?/g, 0.300
em®/g, and 0.236 cm®/g). Consequently, the FERN80O adsorption
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Staff role Estimated hourly rate Estimated hourly rate
©) (CNY)
Production 2-4 16-31
Operators
Supervisors 4-6 31-47
Support Staff 1-2 8-16

capacity of CoHg, Ha, CH4, and CO» uptake of 3.36, 1.19, 3.14, and 4.21
mmol/g at a pressure of 45 bar, respectively. Furthermore, the influence
of textural and chemical properties on the adsorption performance of
ACs was examined, which is impacted by a multitude of variables. The
complexity of this phenomena may be attributed to several factors, such
as the size and configuration of the gas particles, their polarity, and the
specific mechanism occurring at the adsorption sites inside the material.
The FERN8O0O exhibited the greatest selectivity towards CO in binary
mixtures of No/CH4/H, as calculated by the IAST equation for equi-
molar. At a temperature of 25 °C, the selectivity ratio values for CO5 over
No/CH4/Hj at a pressure of 0.1 bar were found to be 551, 520, and 502,
respectively. Additionally, the cyclic stability studies involving the
adsorption and desorption of CO,, Hy, CH4, and CoH4, on FERNS8OO
demonstrated favorable reversibility and reusability over a span of 20
cycles at ambient temperature. Very high selectivity: 146 at 1 bar for
CO4 over Ny for flue gas (15 % CO,) was achieved. The selectivity of CO4
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Table 11
Utilities and energy cost.

Fuel 374 (2024) 132462

Utility Unit cost (€) Unit cost (CNY) Annual consumption Annual cost (€) Annual cost (CNY)
Electricity 0.05-0.07 per kWh 0.39-0.55 per kWh 20,000 kWh 1000-1400 7800-10920

Water 0.20-0.30 per m® 1.56-2.34 per m*® 3000 m® 600-900 4680-7020

Gas 0.80-1.20 per m® 6.24-9.36 per m® 1500 m*® 1200-1800 9360-14040

(20 %) over H; reached 90 at a pressure of 1 bar. Such a high value has
not been described up to now. Activated carbons produced from fern
leaves activated by H3PO4 can also capture carbon dioxide from biogas,
natural gas, and ethane from natural gas. Additionally, the calculated
cost of producing 1 kg of the activated carbon was found to be 2.45 € (19
CNY), positioning it competitively in the market.

Furthermore, discussing our study’s limitations and suggesting
future research directions is crucial for acknowledging uncertainties and
guiding further exploration. This approach aims to enhance the validity
of our findings and pave the way for future advancements in the field.

e Limitations:

— Scale-Up Challenges: While our laboratory-scale synthesis of acti-
vated carbons (ACs) from fern leaves has shown promising results,
scaling up the process to industrial levels presents several challenges.
Ensuring uniform impregnation of H3PO4 and maintaining consistent
thermal conditions during the carbonization process are critical
factors that need to be addressed for successful large-scale
production.

— Purity of Gases: The gases used in our adsorption experiments were
of high purity. However, real-world gas streams often contain im-
purities that could affect the adsorption performance of ACs. The
impact of such impurities on the adsorption capacity and selectivity
of our fern-derived ACs warrants further investigation.

— Operational Conditions: Our experiments were conducted at a

constant temperature of 25 °C. Industrial processes, however, oper-

ate over a range of temperatures and pressures. To fully understand
the practical applicability of our ACs, it is crucial to investigate their
performance under varying operational conditions.

Future Research Directions:

— Scaling Up Production: Future research should prioritize opti-
mizing the synthesis process for large-scale production. This includes
exploring alternative activation methods that are both cost-effective
and environmentally friendly. Pilot-scale studies will be instru-
mental in addressing the challenges associated with scale-up.

— Impurity Effects: Investigating the impact of common impurities
present in gas streams on the adsorption performance of fern-derived
ACs is essential. Such studies will provide insights into the robustness
and reliability of these materials in industrial applications, where gas
purity cannot always be guaranteed.

— Temperature and Pressure Variability: Conducting adsorption
experiments across a broader range of temperatures and pressures is
necessary to assess the versatility and limitations of fern-derived
ACs. Understanding how these materials perform under different
operational scenarios will enhance their practical utility.

— Material Modification: Exploring the modification of fern-derived
ACs with other elements or compounds could enhance their
adsorption properties. For instance, doping with metals or intro-
ducing additional functional groups may improve selectivity and
capacity.
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