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A B S T R A C T   

In this work, we report the use of activated carbon synthesized from a sustainable material - fern leaves - as a 
sorbent for carbon dioxide capture applications. The resource-friendly technology for activated carbon pro-
duction was applied and described. The activated carbons were prepared by chemical and physical activation and 
carbonization at the same time at the temperature range of 500–900 ◦C. This method reduces energy con-
sumption and resources. KOH and CO2 were used as activating agents. The evaluation of the CO2 adsorption 
ability of the activated carbon was supported by different methods including: elemental analysis using X-ray 
fluorescence spectroscopy, ash content, surface area and porosity measurements, Raman spectroscopy, X-ray 
spectroscopy and scanning electron microscopy. Results indicated that the optimum temperature of the synthesis 
was 700 ◦C. The highest achieved adsorption of CO2 was equal to 6.77 mmol/g and 3.58 mmol/g at 0 ◦C and 
25 ◦C, respectively. The activated carbons synthesized from fern leaves showed high CO2 adsorption and 
selectivity. Moreover, the abundance and low cost of fern leaves make them very promising carbon sources for 
CO2 sorbents production.   

1. Introduction 

Biomass provides around 14% of the world’s energy consumption, 
however a great amount of biomass has no application [1]. The biomass 
used for activated carbons synthesis with tailored physicochemical 
properties is a key idea for sustainable development. The great interest 
in the use of biomass as a carbon source is due to its abundance, low 
price, and renewability [2]. A large quantity of activated carbons pro-
duced from biomass has been applied as CO2 sorbents [3,4]. 

Carbon dioxide is seen as one of the major anthropogenic factors 
related to greenhouse gas emissions. It is believed that the primary 
greenhouse gas is carbon dioxide (CO2), which come from the energy 
industry, which relies on the burning of fossil fuels [5]. The increase in 
the concentration of CO2 in the atmosphere will bring about visible 
climate changes. Despite the efforts and still developing science to find 
alternative methods of generating energy, fossil fuels remain the leading 
energy source. The need to capture and convert greenhouse gases, 

including mainly carbon dioxide, requires intensified research into the 
preparation of cheap, porous adsorbents and catalysts [6]. Among the 
various technologies proposed to reduce the amount of CO2, the 
adsorption of this gas is very promising [7,8]. The efficiency of this 
process largely depends on the type of adsorbent used and the degree of 
development of its porous structure, including in particular, the degree 
of development of microporosity. Various porous materials were used 
for CO2 adsorption, such as zeolites [9], organometallic compounds 
[10], modified mesoporous materials [11], MOFs [12], mesoporous 
silica-carbon composites [13] and, above all, activated carbons [14,15]. 
The latter is particularly important because they have a large specific 
surface area, a well-developed microporous structure, often defined pore 
morphology, and good chemical and thermal resistance. 

The fern leaves are one of the ubiquitous biomass in a natural 
environment that can be applied as a carbon source for activated carbon 
production. Furthermore, the leaves of ferns may be regarded as su-
perfluous matter, as they tend to accumulate as organic detritus when 
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they are shed or pruned from fern plants. Especially in gardening, 
landscaping, or agricultural practises, fern leaves that are pruned or 
removed as part of maintenance activities might be considered waste 
[16]. Regarding the potential for valorization, fern leaves can be reused 
and converted into valuable products such as activated carbon. This 
methodology has the potential to directly optimize the exploitation of 
biomass materials. However, certain factors and prospective issues 
require attention when establishing the worth of fern leaves for the 
purpose of producing activated carbon. Initially, it is imperative to 
address the existence of impurities in the fern leaves to avert the 
discharge of harmful substances during the treatment procedure. 
Comprehensive sourcing and pre-treatment protocols are imperative to 
guarantee the integrity of the raw materials. Secondly, the optimization 
of both yield and quality of activated carbon requires the consideration 
of various factors, including but not limited to the species of fern,the 
timing of harvesting, the process of carbonization, and the conditions of 
activation. Each parameter must be carefully controlled to achieve 
desired properties and maximize adsorption capacity. Overall, the suc-
cessful valorization of fern leaves into activated carbon relies on thor-
ough consideration of these factors, ensuring both effectiveness and 
sustainability. 

Consequently, in the present work, fern leaves, a sustainable mate-
rial, have been selected for activated carbon production and their role in 
post-combustion CO2 adsorption. The sustainable technology of acti-
vated carbon production was widely examined by the authors. A novel 
one-step method was applied, namely, combined carbonization and 
chemical and physical activation (CChPA). Since both chemical and 
physical activation, as well as carbonization, take place simultaneously 
in the oven, the technique under consideration is environmentally 
friendly. This is an efficient approach in terms of its use of energy and 
resources. To our knowledge, this method has not been widely described 
until now in the literature, and there have been only a few studies on this 
subject. It’s worth to underline that very high CO2 adsorption was 
achieved: 6.77 mmol/g and 3.58 mmol/g at 0 ◦C and 25 ◦C, respectively. 

2. Materials and methods 

2.1. Preparation method 

The activated carbons were prepared from fern biomass by CChPA 
method. KOH and CO2 were used as chemical and physical activating 
agents respectively. The impregnation process consisted of mixing a 
saturated solution of potassium hydroxide with biomass for 1 h. Thus, 
the mass ratio of dry biomass: KOH was equal to 1:1. Afterwards, the 
mixture was dried in a quartz boat at 200 ◦C for 19 h. The CChPA was 
performed in a horizontal pipe furnace made of stainless steel from 
Czylok Company, Poland (PRW S 115/110) with 7.5 dm3 h− 1 carbon 
dioxide flow, with the rate of heating of 10 deg min− 1 from ambient 
temperature to 500–900 ◦C and maintained at that temperature for 1 h. 
The samples were finally washed with deionized water, with 1 M HCl, 
and with deionized water again to eliminate chloride ions. After 
washing, activated carbons were dried at a temperature of 200 ◦C for 12 
h. Finally, the material was grounded into a powder. 

2.2. Characterization of carbon materials 

The textural properties of activated carbons were determined by 
nitrogen adsorption/desorption at − 196 ◦C. This characterization was 
carried out using automated volumetric apparatus Quadrasorb Evo™ 
Gas Sorption analyser (Quantachrome Instruments). All samples were 
outgassed at 250 ◦C during 16 h before the measurements. The specific 
surface areas (SBET) were calculated using the Brunauer–Emmett–Teller 
(BET) equation based on of measurements at a relative pressure of 
0.05–0.35. The total pore volume (Vtot) was calculated from the nitrogen 
amount adsorbed at a relative pressure, p/p0 = 0.99. The micropore 
volume (VmicN2) for pores >1.4 nm received from N2 adsorption at 

− 196 ◦C and small micropore volume (VmicCO2) with diameters 0.3–1.4 
nm received from CO2 adsorption at 0 ◦C were determined using the DFT 
method. 

The X-ray diffraction (XRD) patterns of the samples were recorded 
with an X-ray diffractometer (X’Pert–PRO, Panalytical) using Cu Kα 
lamp as the radiation source. The measurements were performed in the 
2θ range 10–80◦ with a step size of 0.026. 

The mean crystallite thickness (Lc) and the mean diameter of the 
graphene sheet (La) were approximately calculated using the empirical 
expression proposed by Scherrer (1) [17]: 

L=
KλXRD

β cos(θhkl)
(1)  

where: 

L – crystallite size along a line normal to the reflecting plane [nm], 
λXDR - X-ray wavelength (0.154 nm for Cu), 
K - constant depending on the reflection plane, 
β - width at half the height of the peaks (100/101) or (002) after 
deduction of the apparatus correction [rad], 
θhkl - reflection angle [rad]. 

The instrumental correction βinst was subtracted from the measured 
peak width at half height βmeas using the Warren method, assuming that 
the peaks were Gaussian [15]: 

β=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
meas − β2

inst

√

(2) 

To determine the size of the crystallites perpendicular to the gra-
phene layers (Lc), the signal (002) was used, and the value of K was 
assumed to be 0.89. The size parallel to the graphene layers (La) was 
determined based on (100/101), assuming the value of K 1.84 [18]. 

Average graphite layer spacing was calculated using Bragg’s law (3): 

d002 =
nλXRD

2 sin(θ002)
(3)  

where: 

n - the deflection order is usually taken to be equal to 1. 

The number of graphite layers (N) was estimated by equation (4): 

N=
Lc

d002
(4) 

Raman spectroscopy was used to determine the structure of the 
carbon skeleton of the prepared carbon materials. Raman analysis was 
recorded on a InVia Raman Microscope (Renishaw PLC), with a laser 
wavelength of 785 nm. The spectrum obtained in the Raman shift range 
from 800 cm− 1 to 2000 cm− 1 was analysed. The Raman spectra were 
normalizing with respect to the G band. The values of G intensities were 
equal to the ratio of the intensity of the G peak to intensity of the D peak: 

R=
ID
IG

(5)  

where: 

ID – is the intensity of the D peak; 
IG – is the intensity of the G peak. 

Based on the value of R the quality of the samples can be evaluated. 
The lowest values of R the more disordered carbon. 

Scanning electron microscopy (SEM) images of the samples were 
performed on Hitachi SU 8200 at 15.0 kV. 

The ash content of the activated carbons was determined by standard 
methods (ASTM Designation D2866 11) [19]. Briefly: dried and 
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powdered activated carbons were burnt off for 3 h, at the temperature of 
650 ◦C in an electric muffle furnace. The ash content was calculated by: 

Ash %=
Weight of solids remaining (g)
Original weight of carbon (g)

• 100 (6) 

The X-ray fluorescence energy dispersion spectrometer (EDXRF) 
Epsilon3 type (Panalytical, Almelo) was used to determine the element’s 
content in the carbon materials. 

The isosteric heat of adsorption was calculated based on the 
Clausius-Clapeyron equation (7): 

Qiso = − R

⎛

⎜
⎜
⎝

∂ln (p)
∂
(

1
T

)

⎞

⎟
⎟
⎠

θ

(7)  

where: 

Qiso - isosteric heat of adsorption at a constant degree of surface 
coverage [kJ/mol] 
R - gas constant [J/mol⋅K] 
θ - the degree of surface coverage 

Upon performing differentiation on equation (7), a linear equation is 
obtained, indicated as equation (8): 

ln(p)θ = −
Qiso

R
1
T
+ C (8) 

The plots of ln(p)θ = f(1/T) for the constant degree of surface 
coverage were made. Based on the straight-line slope values the isosteric 
heat of adsorption was calculated for a particular degree of surface 
coverage. The isosteric heat of adsorption is a very important parameter 
in adsorption processes. This parameter is a measure of the interaction of 
the adsorbate molecules with the adsorbent surface. 

3. Results and discussion 

3.1. Characteristics of the textural properties of activated carbons 
produced from common fern by CChPA 

Fig. 1 shows the nitrogen adsorption isotherms at the temperature of 
− 196 ◦C. All the isotherms were characterized by a rapid increase at low 
pressure p/p0. This indicates that the activated carbons of the common 
fern are microporous materials. Hysteresis loops were narrow for acti-
vated carbons obtained at lower temperatures, sometimes even invisible 

without proper magnification. The presence of the hysteresis loop shows 
that mesopores also accompany the micropores. 

According to the IUPAC classification, all nitrogen adsorption iso-
therms presented in Fig. 1 combine the features of type I and type IV 
isotherms [20,21]. For type I, the initial shape of some isotherms can be 
classified as type Ia and some as Ib [22]. This course is characteristic of 
ordered microporous - mesoporous materials. In most of the isotherms, 
the restriction of adsorption at high p/p0, characteristic of the type IV 
isotherm, was not observed. It can be assumed that macropores were 
also present in the materials in small amounts. Detailed studies on 
macropores have not been carried out due to the fact that these pores are 
irrelevant for adsorption. They are mainly used to transport the adsor-
bent from the outer surface to micro- and mesopores. 

Hysteresis loops occurring in the tested materials are mainly of the 
H4 type. Some qualify as H3. Such hysteresis shapes are related to the 
presence of slit pores [18]. 

Based on nitrogen sorption measurements specific surface area 
(SBET), total pore volume (Vtot) and micropore volume (VmicN2) were 
calculated, with additional estimated content of microporosity (VmicN2/ 
Vtot and mesoporosity (Vmes/Vtot) in total pore volume. The small 
micropore volume (VmicCO2) was calculated based on CO2 measure-
ments. The range of micropore diameters determined by N2 adsorption 
was 1.4–2 nm, and by CO2 adsorption 0.33–1.4 nm. Table 1 showed the 
textural properties of activated carbons obtained from common fern. 

It was found that the increase in the temperature of common fern 
carbonization was associated with an increase in the specific surface 
area, total pore volume and micropore volume determined by nitrogen 
adsorption. However, once a certain maximum was reached, an increase 
in temperature caused these values to drop. The maximum specific 
surface area (1016 m2/g), the volume of pores (0.611 cm3/g) and mi-
cropores determined by nitrogen adsorption (0.539 cm3/g) were ach-
ieved at 700 ◦C. The carbon containing the most micropores determined 
by CO2 adsorption (0.356 cm3/g) was also obtained at a temperature of 
700 ◦C. 

Fig. 2a showed the pore size distribution (PSD) determined by the 
DFT method based on nitrogen adsorption. The method allows for 
determining the PSD of pores with diameters in the range of 1.4–50 nm, 
however, no pores with diameters larger than 3 nm were observed, 
therefore such a range is presented on the x-axis. 

CO2 sorption at 0 ◦C isotherms were used to calculate the pore size 
distribution (Fig. 2b) and the pore volume (0.33–1.1 nm) by the DFT 
method. For the activated carbons obtained from the common fern, the 
pore volume of narrow micropores ranged from 0.33 to 0.90 nm. In 
addition, the four-modal pore size distribution was observed with pore 
diameters of 0.35, 0.46, 0.54 and 0.82 nm. 

The structure and purity of activated carbons were analysed by the 
XRD method. Fig. 3 showed the XRD patterns of samples prepared at 
temperatures in the range of 600–900 ◦C, two wide peaks centered at 
about 2θ = 23 and 43◦ were observed, which correspond to the plane 
(002) and (100/101) of the graphite structure (JCPDS 41–1487). Broad 
peaks indicated a highly disordered carbon structure. Similar results 
were obtained by Singh et al. [23]. Apart from the peaks assigned to 

Fig. 1. Nitrogen adsorption - desorption isotherms of activated carbons pro-
duced from common fern by CChPA. 

Table 1 
Textural properties of activated carbons produced from common fern by CChPA.  

Activated 
carbon 

SBET [m2/ 
g] 

Vtot [cm3/ 
g] 

VmicN2 [cm3/ 
g] 

VmicCO2 [cm3/ 
g] 

AC-500 329 0.209 0.186 0.258 
AC-550 375 0.201 0.188 0.203 
AC-600 622 0.351 0.321 0.186 
AC-650 717 0.406 0.374 0.297 
AC-700 1016 0.611 0.539 0.356 
AC-750 984 0.559 0.514 0.211 
AC-800 906 0.492 0.458 0.313 
AC-850 771 0.434 0.396 0.257 
AC-900 705 0.461 0.403 0.348  
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graphite, no other peaks were visible. 
For activated carbons produced in the moderate temperatures of 

650–750 ◦C the peaks were the most flatted. That means that these 
materials were amorphous. Based on the peaks, height was stated that at 
lower and higher temperatures higher crystallinity of the samples were 
observed. It can be attributed to the insufficient (at lower temperatures) 
and extensive (at higher temperatures) reaction of KOH and CO2 with 
biomass carbon. Optimizing the reaction conditions, such as the optimal 
temperature required for a chemical reaction, led to the formation of 
disordered nanoporous carbon. Therefore, their XRD peaks are wide. As 
a result of the application of the temperature combination, highly 
disordered and randomly oriented graphite carbon layers are formed 
(expansion of graphite carbon networks, random layer distribution, 
distribution of aligned structural domains), which can also be related to 
the large surface area, total pore volume, and micropore volume. 
Therefore, all these parameters play a crucial role in the efficient 
adsorption of CO2. As a result of the comparison of the XRD results and 
the values of textural parameters (Table 1), it was found that the samples 
with a high degree of amorphousness showed higher porosity. 

The values of the average graphite layer spacing average crystallite 
thickness, average graphene sheet diameter, and the average number of 
graphite layers are summarized in Table 2. 

The average spacing between the layers (the distance between the 
turbostatic graphite layers) in the activated carbons was about 0.381 
nm, which resulted in an increase of about 12% compared to highly 
ordered pyrolytic graphite. The lowest interlayer spacing (0.365 nm) 
was observed for activated carbon obtained at 850 ◦C. The highest 
spacing between the layers (0.393 nm) was observed for the activated 
carbon obtained at the temperature of 500 ◦C. 

The higher value of the interplanar distance for activated carbons 

may be due to sp3 defects and/or interlayer repulsion between surfaces 
that are negatively charged due to surface functional groups [24]. The 
values of the interlayer spacing and the width of the peaks corre-
sponding to the reflection planes (002) and (101) indicated the presence 
of a disordered carbon structure [25]. Note that for the AC-650, the 
d-distance values were not calculated as no peak was observed corre-
sponding to (002) reflection planes. This can be associated with a much 
smaller value compared to other samples in the entire XRD spectra, and 
it is not so noticeable to observe in the graph. 

The mean values of the crystallite thicknesses and the mean di-
ameters of the graphene sheets listed in Table 2 are not exactly equal to 
the Lc and La of the crystallites because equation (1) was obtained for 
highly graphitized carbons. Therefore, it is not really suitable for tur-
bostatic (i.e., completely disordered) carbons. Equations (3) and (4) can 
be used as convenient and relative estimates of the crystallite thickness 

Fig. 2. Pore size distribution determined by the DFT method of activated carbons produced from common fern by CChPA (a) on the basics of N2 sorption, (b) on the 
basics of CO2 sorption. 

Fig. 3. XRD spectra of activated carbons produced from common fern by CChPA for a specific range of angle 2θ (a) 10–60◦ and (b) 10–35◦.  

Table 2 
Values of the average spacing between the graphite layers, the average thickness 
of the crystallites, the average diameter of the graphene sheet and the average 
number of graphite layers calculated from the XRD analysis.  

Activated carbon d(002) [nm] La [nm] Lc [nm] N 

AC-500 0.393 3.003 0.776 2.0 
AC-550 0.376 3.235 0.752 2.0 
AC-600 0.377 3.324 0.715 1.9 
AC-650 – – – – 
AC-700 0.383 3.415 0.670 1.8 
AC-750 0.392 – 0.713 1.8 
AC-800 0.384 3.616 0.687 1.8 
AC-850 0.365 – 0.706 1.9 
AC-900 0.374 – 0.734 2.0  
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and the average diameter of the graphene sheet [26]. In fact, the crys-
tallite sizes are probably slightly higher than those shown in Table 2. It 
has been found that the crystallite size values in the plane of the acti-
vated carbons are small (3.003–3.616 nm). The mean crystallite size 
along the c axis value was in the range of 0.670–0.776 nm, which gave 
the average number of graphite layers in the crystallite equal to 2. 

The values shown in Table 2 confirmed the conclusions drawn based 
on Fig. 3 that the activated carbons synthesized at the lowest and highest 
temperatures showed relatively higher crystallinity. In addition, these 
activated carbons showed the highest average crystallite thickness, 
average graphene sheet diameter, and average number of graphite 
layers. 

Activated carbons were also characterized by Raman spectroscopy to 
complement the XRD results (Fig. S1). The peak named G, centered 
around 1600 cm− 1, refers to graphite. In the presence of graphite 
disturbance in the carbon structure, a band of about 1300 cm− 1 called D 
is observed. Its intensity is proportional to the number of defects. Thus, 
the ratio of the G and D band intensities (IG/ID) is used to quantify the 
perturbation in the crystal structure. The higher the IG/ID value, the less 
graphite perturbation. From the Raman spectra normalized to the G- 
band, the IG/ID values were estimated. 

Fig. 4a showed the dependence of IG/ID ratio with the CChPA tem-
perature. IG/ID values for common fern activated carbons ranged from 
0.68 to 0.80. In the case of Lc values, they ranged from 0.67 to 0.78 
(Fig. 4b). The courses of the two curves presented in Fig. 4 were similar: 
the highest IG/ID and Lc values were observed at lower and higher 
temperatures. The results obtained by XRD and Raman spectroscopy are 
pretty consistent. 

The morphology of carbon materials was characterized by SEM 
(Fig. 5). Activated carbons prepared from fern leaves showed a sheet- 
assembled porous structure with typical cavities. This structure is 
ascribed to the pore-forming by KOH and products of the KOH with 
biomass reaction etching and the simultaneous oxidation by CO2 [27]. 
Similar shapes were observed for the activated carbons obtained from 
Camellia japonica, Jujun grass [28] and Polypodium vulgare [42]. Further, 
the comprehension and establishing of the pore formation mechanism 
represents a crucial milestone in the fabrication of activated carbons 
possessing the desired characteristics, particularly the determination of 
the optimal activation temperature range. Based on the SEM images, 
elevating the carbonization temperature beyond 900 ◦C would lead to 
the degradation of the microporous architecture and the emergence of 
broad macropores, resulting in reduced surface area and higher weight 
loss [29]. 

To determine the purity of the obtained carbonaceous materials, the 
ash content in the activated carbons was determined. The ash content is 
the residue that remains after firing. The ash content affects the acti-
vated carbon’s quality, pore volume, and surface area. High ash content 
leads to clogging of the pores and a reduction in the surface area and 
volume of the pores. Any residual mass after burning the material was 

attributed to the presence of mineral substances. High ash content is 
disadvantageous as it impedes pore development, leading to a low 
adsorption capacity. All activated carbons showed a low residual 
weight. The average ash content for activated carbons obtained from 
common fern was 4.50 wt%, With the highest value being 4.79 wt%. 
This means that the activated carbons were practically free of inorganic 
residues and were fully carbonaceous. 

The ash content depended on the burnout of the carbon and the 
removal of inorganic matter due to the reaction that took place during 
carbonization combined with chemical and physical activation. For 
example, SiO2 reacts with KOH to form water-soluble K2SiO3. It is 
removed by rinsing it with water. In this case, there is a clear downward 
trend in the ash content with increasing CChPA temperature (Fig. S2). In 
both cases, the increase in temperature likely led to a faster reaction of 
inorganic matter with KOH. The rate of reaction of inorganic compounds 
increased faster with temperature than the rate of coal combustion. The 
ash content values were consistent with the XRF results (Table S1). 
Similar results for activated carbons obtained from biomass were also 
obtained by Smirti et al. [30]. 

During carbonization combined with chemical and physical activa-
tion, a lot of chemical reactions took place. Through the reaction of KOH 
with biomass K2CO3, H2O, H2, K, and CO were produced. The onset 
temperature for the redox reaction between potassium hydroxide (KOH) 
and carbon precursors is estimated to be around 400 ◦C, resulting in the 
formation of potassium carbonate (K2CO3). At approximately 600 ◦C, 
KOH undergoes complete conversion into K2CO3. At temperatures 
exceeding 700 ◦C, the compound K2CO3 undergoes thermal decompo-
sition, resulting in the formation of carbon dioxide (CO2) and potassium 
oxide (K2O). The main reactions with KOH and biomass were as follows:  

2 KOH + C + H2O → K2CO3 + 2H2                                                        

6 KOH +2 C → 2 K2CO3 + 2 K + 3H2                                                    

4 KOH + C → K2CO3 + H2O + 2H2                                                        

2 KOH + 2C → 2CO + 2 K + H2                                                           

The decomposition of chemical activating agent took also place:  

2KOH → K2O + H2O                                                                            

The physical activating agent reacted with biomass too:  

C + CO2→ 2CO                                                                                   

and with chemical activating agent:  

2 KOH + CO2 → K2CO3 + H2O                                                             

The resulting gasses are influenced by the porosity and the structure 
of the activated carbons. The products of the reactions presented above: 
K2CO3, K2O also reacted with the biomass and influenced the final 

Fig. 4. Effect of synthesis temperature on (a) IG/ID and (b) Lc value for activated carbons produced from common fern by CChPA.  
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Fig. 5. SEM images of activated carbons produced from common fern by CChPA.  
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product. 
Due to the complicated reactions that take place simultaneously 

during the process, only the temperature changes led to activated car-
bons showing different properties. 

3.2. Adsorption of CO2 and selectivity CO2 on N2 

Fig. 6 showed the CO2 adsorption isotherms at 0 ◦C (a) and 25 ◦C (b) 
at pressures up to 100 kPa. The CO2 adsorption isotherms at 0 ◦C and 
25 ◦C increased sharply at low pressure and slowly became less steep at 
higher pressures. The highest CO2 adsorption under the pressure of 100 
kPa was achieved for the activated carbon obtained at the temperature 
of 700 ◦C. The adsorption of carbon dioxide at 100 kPa pressure on AC- 
700 was 6.76 and 3.58 mmol/g, at temperatures of 0 ◦C and 25 ◦C, 
respectively (Table S2). Table S2 presented CO2 adsorption on all the 
activated carbons obtained from fern at a pressure of 100 kPa and a 
temperature of 0 ◦C and 25 ◦C. Table 3 showed high CO2 adsorption on 
activated carbons produced from biomass described by other authors. 
Considering the values from Table 3 and Table S2 was stated that all the 
activated carbons produced from common fern by CChPA were very 
good CO2 sorbents. 

At the temperature of 0 ◦C, the adsorption of CO2 was higher than at 
25 ◦C for all activated carbons. The decreasing adsorption with 
increasing temperature is widely described in the literature. This in-
dicates the physisorption and exothermic nature of CO2 sorption on 
activated carbons obtained from fern. The van der Waals forces played a 
fundamental role in the interaction between CO2 and activated carbons. 
These molecular forces are quite strong at low temperatures, but they 
weaken as the temperature increases. This is also in line with Le Cha-
telier’s principle. 

It was assumed that the CO2 adsorption capacity at 100 kPa may 
depend on the surface area the total pore volume, the micropore volume 
determined by nitrogen (VmicN2) and small micropores determined by 
CO2 (VmicCO2). Fig. S3 presented the CO2 adsorption as a linear function 
of SBET, Vtot, VmicN2 and VmicCO2. The analysis of the coefficient of 
determination values indicated the strongest linear relationship be-
tween CO2 adsorption and specific surface area volume values for both 
0 and 25 ◦C temperatures. Similar results were presented by Ouzzine 
et al. [42]. However, it should be noted that the coefficient of deter-
mination values was also very high for the micropore volume in the 
range of 1.4–2 nm. Probably both surface area and micropore volume 
played a significant role in the adsorption of CO2 at temperatures of 
0 and 25 ◦C at the pressure of 100 kPa. 

The isosteric heat of adsorption (Qiso) value is important for char-
acterizing the interaction between the adsorbent and the adsorbate. It 
gives information on the strength of the adsorption. A higher Qiso value 
indicates a stronger interaction between carbon dioxide and activated 
carbons. The high isosteric heat of adsorption causes a high cost of 
regeneration. The isosteric heat of CO2 adsorption of activated carbons 

as a function of the degree of surface coverage was shown in Fig. 7. The 
isosteric heat of adsorption values for common fern activated carbons 
ranged from 27 to 32 kJ/mol for surface coverage in the range 0.1–0.35. 
These values strongly confirmed the physical nature of CO2 sorption on 
activated carbons. The typical energies for physisorption are in the range 

Fig. 6. Carbon dioxide adsorption isotherms at temperatures of (a) 0 ◦C and (b) 25 ◦C on activated carbons produced from common fern by CChPA.  

Table 3 
CO2 adsorption on activated carbons produced from biomass at 100 kPa, 0 ◦C 
and 25 ◦C.  

Activated 
Carbon 

CO2 adsorption at 0 ◦C 
[mmol/g] 

CO2 adsorption at 
25 ◦C [mmol/g] 

References 

rice husk 5.83 – [31] 
tea sead shell – 3.15 [32] 
pine cone 6.57 – [33] 
walnut shell 5.22 3.06 [34] 
coconut shell 6.04 4.23 [35] 
birch 4.50 4.06 [36] 
palm sheath 5.28 3.48 [37] 
cellulose 6.75 3.96 [38] 
pomegranate 

peels 
3.90 2.36 [39] 

corn cobs 2.70 2.31 [35] 
peanut shells 5.20 4.51 [35] 
common oak 

leaves 
6.17 5.44 [40] 

andiroba shells 6.10 3.20 [41] 
fern leaves (AC- 

700) 
6.77 3.58 This work  

Fig. 7. The isosteric heat of CO2 adsorption calculated based on CO2 adsorption 
at 0 ◦C and 25 ◦C. 
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of 20–40 kJ/mol, while the range of 80–400 kJ/mol is characteristic for 
chemisorption [43]. The isosteric heat of adsorption decreased with the 
coverage of the surface. The greater the surface coverage, the weaker the 
interaction between carbon dioxide and activated carbons. It is evident 
that carbon dioxide was bound to the surface of the activated carbons by 
van der Waals forces and can be easily desorbed. The values of the 
isosteric heat of CO2 adsorption of activated carbons were low. Such 
values are highly desirable for post-combustion capture because of their 
regeneration costs [44]. 

Selectivity is important when assessing sorbents for CO2 removal 
from flue gases. Nitrogen adsorption isotherms were measured at 25 ◦C, 
up to a pressure of 100 kPa (Fig. S4) N2 adsorption values obtained by 
activated carbons were below 0.25 mmol/g. 

The selectivity of CO2 over N2 was calculated based on the ideal 
adsorbed solution theory (IAST) [45]. According to the IAST, for the 
binary mixtures of A and B compounds, the adsorption selectivity of A 
over B can be calculated based on single adsorption isotherms of A and 
B, according to equation (9): 

SIAST(A) =

xA
yA
xB
yB

(9)  

where: 

xA and xB – the molar fractions of A and B compound in the adsorbed 
phase 
yA and yB – the molar fractions of A and B compound in the bulk 
phase. 

Based on the IAST method the selectivity of A over B for any content 
of the compounds in a binary mixture can be calculated. The accuracy of 
the IAST method was confirmed for numerous gas mixtures on a lot of 
sorbents [46,47]. 

In order to calculate the selectivity of CO2 over N2 based on the IAST 
equation (9) has been converted to equation (10): 

SIAST(CO2) =
qCO2(pCO2)

pCO2

:
qN2(pN2)

pN2

(10)  

where: qi(p) - adsorption capacity of i at pressure pi. 
According to the IAST for equimolar CO2 and N2 mixture the 

adsorption selectivity (SCO2) was calculated by dividing the CO2 
adsorption capacity by the N2 adsorption capacity at 25 ◦C using 
equation: 

SCO2 =
qCO2(p)

qN2(p)
(11)  

where: qi(p) is the carbon dioxide and nitrogen adsorption at the same 
partial pressure p. The adsorption selectivity (SCO2) for the equimolar 
CO2 and N2 mixture was presented in Fig. 8. 

The CO2/N2 selectivity at low pressure was equal to 500–600 and 
then dropped very quickly down to a pressure of about 20 kPa. For 
pressures greater than 20 kPa, a slow increase in selectivity for CO2/N2 
was observed. The selectivity values at the pressure of 100 kPa were 
ranged from 21 to 30 (Table S2). They were quite high compared to 
others described in the literature [48,49]. 

The IAST was also used to calculate the selectivity of CO2 over N2 for 
a typical flue gas mixture, namely 15% CO2 and 85% N2. The CO2 
selectivity for a typical flue gas mixture was calculated according to the 
equation: 

SCO2(FG) =
qCO2(15kPa)

qN2(85kPa)
×

85
15

(12) 

The selectivity of CO2 over N2 for a typical flue gas mixture was 
presented in Table S2. The SCO2(FG) values for the fern activated carbons 
ranged from 45.7 to 57.2. The obtained values were similar to those 

received for activated carbons from various biomass sources [50,51]. In 
the case of purely physically adsorptive selectivity, the separation is 
dependent on various physical properties of the gas molecules, such as 
polarizability or a quadrupole moment, which leads to a higher enthalpy 
of adsorption of some molecules compared to others ones. Since the 
polarizability (CO2, 29.1 10− 25 cm− 3; N2, 17.4 10− 25 cm− 3) ad 
quadrupole moment (CO2, 13.4 10− 40 C m2; N2, 4.7 10− 40 C m2) of 
CO2 are higher than those of N2, it is expected that a high selectivity 
[52–54]. 

4. Conclusion 

The one step sustainable technology of activated carbon production 
was applied in this work. This promising approach aims to address the 
environmental impact associated with traditional methods while 
ensuring the efficient and cost-effective production of high-quality 
activated carbon. The carbonization and chemical and physical activa-
tion were performed in the oven at the same time giving savings of 
energy and resources. 

By changing the temperature of activated carbons production in the 
range of 500–900 ◦C the properties of obtained materials, especially 
porosity and carbonaceous structure, can be tailored. The best proper-
ties for the high CO2 adsorption were high specific surface area, 
micropore volume in the range 1.4–2 nm and amorphous structure. 

The activated carbon prepared at the temperature of 700 ◦C showed 
the highest CO2 adsorption at the pressure of 100 kPa: 6.77 mmol/g and 
3.58 mmol/g at the temperature of 0 and 25 ◦C respectively. This sor-
bent was amorphous and had the highest micropore volume. The second 
highest CO2 adsorption was observed on activated carbon obtained at 
the temperature of 750 ◦C (6.51 mmol, 3.32 mmol/g). This material was 
also amorphous and had the highest specific surface area volume. 

The selectivities of CO2 over N2 calculated using IAST method were 
also high, making carbon produced from fern promising sorbents, 
especially for CO2 removing from flue gas. 
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