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A B S T R A C T   

Low-cost walnut shell-based carbons with high microporosity were prepared by simple one-step carbonization 
with chemical activation using KOH, exhibiting the promising potential to be a very good CO2 and H2 adsorbent. 
The physicochemical properties of the obtained carbons were characterized by N2 and CO2 adsorption isotherms, 
X-ray powder diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FT-IR), and elemental analysis. The activated carbon AC-800 was characterized by a 
highly developed specific surface area of 1868 cm2/g and a high micropore content of 0.94 cm3/g. It highly 
exhibited CO2 uptake in 1 bar was up to 9.54, 5.17, 4.33 mmol/g for 0, 25 and 40 ◦C, respectively. In addition, 
the H2 storage capacity was 3.15 mmol/g at 40 bars. Significantly, confirmed an exceptionally high dependency 
of CO2 and H2 uptake vs micropores structure of activated carbon. AC-800 also shows good selectivity for CO2/N2 
and fast adsorption kinetics that be easily regenerated with superior cyclic stability after multiple cycles The 
experimental isotherm data of activated carbon produced from walnut shells were analyzed using Langmuir, 
Freundlich, Temkin, Sips, and Toth isotherm equations. The fitting details showed that the multitemperature 
Toth equation is a powerful tool to mathematically represent CO2 and H2 isotherms on activated carbon. The 
easy way of preparation and high capture abilities endow this kind of activated carbon attractive as a promising 
adsorbent for CO2 and H2 storage.   

1. Introduction 

Progressing climate changes, resulting in extreme weather phenom-
ena, are mainly caused by the emission of greenhouse gases such as 
methane and carbon dioxide. The latter is the main measure of emissions 
from industry and the use of fossil fuels [1]. Nowadays, the investigation 
follows to the need to minimize foreign oil imports, carbon dioxide (CO2) 
emissions and climate change, the desire for low- or zero-emission auto-
mobiles, and the necessity to store renewable energy sources, and the 
implementation H2 as the fuel of the future [2]. Hydrogen energy con-
sumption is not a unique concept, with interest in its practical applica-
tions extending back over 200 years [3]. What has changed since the 
middle of the 1990s is the convergence of variables that makes an econ-
omy based on hydrogen energy more alluring. To reduce CO2 emissions to 

the atmosphere, adsorption-based systems such as carbon capture and 
storage are being developed and require careful adsorbent selection. Solid 
sorbents, particularly activated carbons (ACs), have received a lot of 
attention in recent years as potential CCS candidates [4,5]. Low cost, 
excellent surface chemistry, higher surface area, larger pore volume, 
moisture stability, good chemical and thermal stability, good recycla-
bility, good mechanical resistance, affinity towards CO2, faster kinetics, 
and tunable pore structure are the main advantages of ACs [6]. Due to 
their numerous advantageous properties, ACs are also promising candi-
dates in other fields such as the chemical, food/beverage, environmental, 
automobile, hydrogen storage, and chemical sectors [7]. 

Activated carbons can be classified into three types: granular, fibrous 
and powder, according to the size and shape of the pores [8]. Currently, 
research involving the use of activated carbon for sustainable purposes is 
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increasingly encouraged. Activated carbons can be prepared in two 
ways. The first is the carbonization of the precursor material, which can 
be the carbonization/pyrolysis of the biomass a, followed by the acti-
vation process, which can be chemical or physical [9]. The carboniza-
tion or pyrolysis process is responsible for the thermal degradation of the 
source material, eliminating non-carbonaceous species, in this proced-
ure a rough structure is formed, with little developed pores, which may 
be clogged by tar, the activation process is intended to improve the 
quality of these pores, increasing the diameter and consequently the 
surface area [10]. The activation step can comprise physical and 
chemical activation. The physical activation process can be performed in 
two consecutive steps: carbonization of the precursor material at high 
temperatures (above 300 ◦C) in an inert atmosphere and thermal acti-
vation, at the same temperature or at temperatures higher than 
carbonization, in the presence of a gas oxidant such as water vapor, 
carbon dioxide or both [11–13]. These gases promote the oxidation of 
the carbonaceous material inside the particles, promoting the unclog-
ging of existing pores, and consequently, developing their porous 
structure [14]. On the other hand, for chemical activation, the material 
to be activated must be impregnated with chemical substances such as 
phosphoric acid, potassium hydroxide, sodium hydroxide, zinc chloride, 
among others, before or after carbonization [15,16]. The chemical 
activation process can change the structure of the precursor material, 
resulting in a change in the formation of micropores, mesopores and 
macropores, where the adsorbents, such as gas molecules, will be allo-
cated. After impregnation by the activating substance, the chemical 
agent and its decomposition products are removed by washing with 
water or an acid/base solution, leaving the formed pores free [17]. 

As many researchers report, in the processes of adsorption of gases 
such as CO2 and H2, the most important role is high microporosity and 
their surface area [18]. Numerous scientific works have been published 
regarding the study and improvement of processes and materials used to 
CO2 and/or H2 storage. For example, microporous carbon materials 
based on biomass corncob [19], pitch mesophase [20], chitosan [21], 
and potato starch [22], black locust [23], spend dregs [24], peanut 
shells [25] can present excellent hydrogen and carbon dioxide adsorp-
tion capacity. 

In this work we present a simple and method of preparation of 
activated carbons based on biomass from walnut shells. Highly efficient 
carbon adsorbents were evaluated in terms of texture parameters and 
CO2 and H2 storage performance. The adsorption of a binary mixture of 
CO2 and N2 with composition 15% of CO2 which can be considered 
representative of post-combustion capture conditions was assessed at 
25 ◦C and 40 ◦C. The mechanism of pores formation as a result of 
chemical activation was explained. The effect of porosity, and in 
particular microporosity, on gas CO2 and H2 adsorption was investigated 
and their mechanism of adsorption. 

2. Materials and methods 

2.1. Synthesis of activated carbon from biomass 

The walnut shells were grounded, then dried at 105 ◦C temperature, 
and prepared as a starting material for obtaining carbon. A saturated 
KOH solution was used as the chemical activating agent. First, the 
powder of walnut shells was treated with an activator at ambient tem-
perature for 3 h. The mass ratio of KOH: precursor was 1: 1. Then ma-
terials were carbonized under continuous N2 gas at 18L STP/min. The 
500–900 ◦C carbonization temperature was reached at a 10 ◦C/min 
heating rate and was maintained for 1 h. After activation, to prevent 
oxidation, the sample was cooled inside a furnace under N2 gas flow. 
After cooling, the resulting product was washed with distilled water, 
then with 1 mol/dm3 hydrochloric acid and again with distilled water 
until the pH was neutral. The resulting material was finally dried in an 
oven at 200 ◦C overnight. The schematic preparation of walnut shell 
activated carbon is shown in Fig. S1. 

2.2. Materials characterization 

To evaluate the textural properties of the prepared samples were 
analyzed using N2 adsorption-desorption at − 196 ◦C and CO2 at 0 ◦C. 
Gas adsorption measurements were carried out on a QUADRASORB evo 
™ volumetric apparatus. Before adsorption measurements were taken, 
the samples were degassed durning 16h under vacuum at 250 ◦C. To 
determine specific surface area (SBET) the Brunauer-Emmett-Teller 
(BET) equation was used in the relative pressure range of 0.05–0.25. 
The total pore volume (TPVN2) was calculated from N2 adsorption iso-
therms at the highest relative pressure (P/P0 = 0.99). Non-local density 
functional theory (NLDFT) model was used to determine the porosity of 
a sample – pore size and pore size distribution. The NLDFT method use a 
classical fluid density functional theory to construct the adsorption 
isotherms in ideal pore geometries (e.g., N2 adsorption in the slit-pore 
model at 77 K). This model used to estamitaed pore size distributions 
from N2 (MPVN2) and CO2 (MPVCO2) adsorption isotherms. The X-ray 
diffraction (XRD) analysis of the prepared ACs were recorded by an X- 
ray diffractometer (PANalytical Empyrean) using Cu Kα radiation (λ =
1.54056 Å), as the radiation source in the 2θ range of 20–80◦. Deter-
mination of the activated carbon spectra was carried out using a Fourier 
transform infrared spectrometer from The Digilab Division of Bio-Rad 
(Cambridge, MA, USA), model FTS-175 C. The research was carried 
out using the transmission method, using the technique of pressing 
samples with potassium bromide. The carbon samples were mixed with 
KBr at a constant activated carbon weight to KBr weight ratio of 0.25% 
and pelleted at a pressure of 5 bar. The advantage of using KBr pellets is 
that there are no KBr bands in the spectrum in the measuring range 
4000–500 cm− 1. The Raman spectra was used to determine the quality 
of the obtained activated carbon. The analysis was performed using a 
Renishaw InVia Raman Microscope spectrometer with excitation laser 
with a beam length of 785 nm. Morphologies of the ACs were examined 
using scanning electron microscopy (SEM) with cold emission (UHR FE- 
SEM Hitachi SU8020). For elemental analysis in activated carbons was 
carried out with elemental analyzers (LECO Corporation). For potassium 
quantity analyze XRF (The X-ray fluorescence energy dispersion spec-
trophotometer (EDXRF) of the Epsilon 3 type from PANalytical B. The 
CO2 adsorption equilibrium of all carbon adsorbents were obtained on a 
Quantachrome Instruments QUADRASORB evo™ gas volumetric 
analyzer. The adsorption process was carried out at two temperatures 
0 ◦C (ice-water bath), 25 ◦C and 40 ◦C (circulating water bath) at 
pressure up to 1 bar using pure CO2. Before the adsorption analysis, each 
sample was pretreated at 200 ◦C for 16 h under vacuum to desorb any 
moisture and then cooled down to the required temperature, followed 
by ultrahigh purity CO2 into the system. H2 adsorption at a pressure 
higher than 1 bar was tested by the volumetric method, using the Hiden 
Isochema IMI apparatus. H2 adsorption measurements were made for 
the temperature of 25 ◦C and the pressure up to 40 bars. An appropriate 
mass of the sample was poured into the reaction tank, with a volume of 
about 2 cm3. To reduce the unused volume, the remaining space of the 
reaction vessel was filled with glass wool. After closing, the entire sys-
tem was flushed with helium to check system for leaks. The next step 
was to degases the sample at 250 ◦C. After the degassing was completed, 
the adsorption isotherms were measured. 

2.3. Modeling of adsorption isotherms 

To identify the resulting adsorption complex on the adsorbent sur-
face when the adsorption process reaches an equilibrium state, it is 
significantly crucial to determine the appropriate mechanisms that take 
place during the process. Therefore, the subsequent interpretation of the 
data obtained from the isotherm models is necessary to predict the na-
ture of the adsorption and the effective design of the adsorption system 
[26]. In view of that, five selected equilibrium models were used to 
analyze the experimental CO2 adsorption data on activated carbon, 
which are two-parameter (Langmuir, Freundlich, Temkin) and 
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three-parameter (Toth, Sips) isotherm models. The non-linear form of 
isotherm equations, their theoretical assumptions, and description of 
parameter are presented in detail in Table 1. In the scoping of these 
studies, other isothermal models could potentially be implemented and 
considered that include: Radke-Prausnitz, Hill-Deboer, or 
Fowler-Guggenheim models. 

To determine the model that most accurately reflects the interaction 
between the adsorbent and the adsorbate, all five isotherms models were 
fitted to empirical data using nonlinear regression using the Solver Add- 
in in Excel and additionally verified by Origin’s NLfit tool. Linear 
regression was rejected in the analysis due to the potential inherent bias 
resulting from the transformation of the original equation (non-linear), 
which could lead to inaccuracies in the isothermal parameter estimate as 
well as to distortion of fits [33]. On the contrary, nonlinear regression 
gives a theoretically precise method, where it offers an exact fit of the 
predicted value of the isotherm model to the experimental data, mainly 
based on minimization of the error distribution between them [34]. 

The best fitting between the selected theoretical model and the 
experimental isotherm data was evaluated using the sum of the squares 
errors (ERRSQ/SSE), which is the most frequently used error function in 
modeling of adsorption isotherms. ERRSQ is calculated by the difference 
in squares between the experimental and model data. Moreover, it is 
also worth noting that this error should be applied for lower pressures or 
concentrations of the adsorbate. The ERRSQ error is defined by the 
following equation [35]: 

ERRSQ=
∑n

i=1

(
qe,exp − qe,mod

)2 (1)  

Where: 

qe,exp - experimental amount of adsorbed adsorbate [mmol/g]. 
qe,mod - calculated amount of adsorbed adsorbate [mmol/g]. 

3. Results and discussions 

3.1. Studies of textural properties by the adsorption of N2 at temperature 
of − 196 ◦C and CO2 temperature of 0 ◦C 

N2 adsorption isotherms at − 196 ◦C on activated carbons obtained in 
the temperature range of 500–900 ◦C are shown in Fig. 1. The isotherms 
show high N2 adsorption at low relative pressure, which is characteristic 
of microporous materials. High N2 adsorption at low relative pressure 

(less than 0.1 P/P0) indicates the availability in the carbons of a large 
volume of micropores with a narrow pore size distribution. It was 
noticed that the nitrogen adsorption capacity in − 196 ◦C clearly 
increased for the carbon samples with the increase of the thermal 
treatment temperature during their preparation, reaching the highest 
value for the sample obtained at 800 ◦C. From the point of view of the 
IUPAC [30]classification, the nitrogen sorption isotherms in the initial 
range of relative pressure P/P0 corresponded to type Ib, and in the range 
of medium and higher pressures to type IV. The Ib isotherm type is 
characteristic for materials with narrow micropores, where the filling of 
micropores is the dominant mechanism at low P/P0 [30] On the other 
hand, a characteristic feature of type IV isotherms is the occurrence of a 
clearly formed hysteresis loop related to the phenomenon of capillary 
condensation in the area of mesopores. The presented isotherms contain 
a hysteresis loop of H4 type around the pressure P/P0 of about 0.45, 
resulting from capillary condensation of nitrogen in mesopores [31]. 
This indicates that these carbons, apart from relatively well-developed 
microporosity, also have a developed mesoporosity. The obtained acti-
vated carbons were characterized by the specific surface area ranging 
from 406 to 1868 cm2/g (Table 2). 

Table 1 
Non-linear equations of selected isotherm models.  

Isotherm 
model 

Nonlinear form of 
equation 

Parameters Adsorption mechanism References 

Langmuir qe = qm
KL⋅P

(1 + KL⋅P)
qm - maximum adsorption capacity (mmol/g) 
P– relative pressure of the adsorbate (bar) 
KL - Langmuir isotherm constant (bar− 1) 

Monolayer adsorption on a homogeneous surface [27,28, 
29] 

Freundlich 
qe = KF⋅P

1
nF 

KF - Freundlich isotherm constant (bar− 1) 
P - relative pressure of the adsorbate (bar) 
1/nF – heterogeneity factor nF – Freundlich exponent 

Monolayer or multilayer adsorption on a heterogeneous 
surface. 

[27,28, 
30] 

Temkin qe =
R⋅T
bT

⋅ln(KT ⋅P) bT - Temkin isotherm constant related to the heat of 
adsorption (J/mol) 
R- universal gas constant (J/mol⋅K) 
T- temperature (K) 
KT - Temkin isotherm equilibrium binding constant (bar− 1) 
P– relative pressure of the adsorbate (bar) 

Adsorption on a heterogeneous surface accounts for 
indirect  
interaction between the sorption complex at a wide 
pressure range. 

[27,28] 

Toth qe =
qm⋅KT⋅P

[1 + (KT ⋅P)nT ]

1
nT 

qm - maximum adsorption capacity (mmol/g) 
P– relative pressure of the adsorbate (bar) 
KT - Toth isotherm constant (bar− 1) nT – heterogeneity 
factor 

Adsorption on heterogeneous surface at both low and 
high pressure. 

[27,28, 
31] 

Sips 

qe =
qm⋅(KS⋅P)

1
nS

1 + (KS⋅P)
1
nS 

qm - maximum adsorption capacity (mmol/g) 
P– relative pressure of the adsorbate (bar) 
KS - Sips isotherm constant (bar− 1) nS – Sips isotherm 
exponent 

Combined form of Langmuir and Freundlich model. [27,28, 
32]  

Fig. 1. Nitrogen adsorption-desorption isotherms at − 196 ◦C of the prepared 
activated carbons. (A colour version of this figure can be viewed online.) 
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Based on the analysis of the pore volume distribution, information on 
the structure of the tested adsorptive materials was obtained. In order to 
investigate the relationship between the pore size of the carbons and the 

temperature of the preparation process, an analysis of the pore size 
distribution of the obtained activated carbons was performed. It was 
found that for the tested carbons a similar pore distribution was 
observed. All carbons, apart from micropores, also contained mesopores 
with sizes from 2 to 3 nm. Fig. 2a shows the pore size distribution 
determined by the DFT method from N2 adsorption measurements at 
− 196 ◦C. The highest proportion of micropores in the range from 1.4 to 
2 nm was found in carbon AC-800, which was also characterized by the 
highest proportion of mesopores up to 4 nm. No mesopores with di-
ameters greater than 5 nm were observed. Fig. 2b shows the distribution 
of pores with a diameter of 0.3–1.4 nm determined by the DFT method 
based on CO2 adsorption at the temperature of 0 ◦C for the tested car-
bons. Several intense peaks were found with diameters of approx. 
0.4–0.5 nm, 0.5–0.7 nm and 0.8–0.9 nm. These peaks occurred in all 
materials, regardless of the temperature of their preparation. It was 
found that pores with a diameter of 0.5–0.7 nm were dominant in the 
AC-700 and AC-800 carbons. On the other hand, pores with a diameter 
of 0.8–0.9 nm predominated in the AC-800 carbon. The numerical 
values are summarized in Table 2. 

Results of the porosity presented in Table 2 is attributed to the effi-
cient chemical activation by KOH. As proven mechanism of activation 
using KOH as activated agent begin by transformation of KOH at 300 ◦C 
[32]: 

6KOH + 2C→2K + 3H2 + 2K2CO3 (2) 

As the carbonization temperature increases, K2CO3 decomposes: 

2K2CO3 + 2C→2K + 3CO (3) 

Thus, during the activation process, a number of changes occur in the 
material, such as: chemical etching via redox reactions, gasification of 
carbon, intercalation of potassium products resulting in lattice expan-
sion which upon hydrochloric acid washing gives a highly porous carbon 
framework [36]. 

The pore formation mechanism begins with the surface of the ma-
terial, where the KOH reacts with C. As a result, in the first phase, the 
formation of mostly small pores, characterized by a relatively small 
diameter, are micropores and mesopores (Fig. 3-I). When the tempera-
ture rises around 500 ◦C, transverse pores are formed (Fig. 3-II). With 
the subsequent increase in temperature up to 750–800 ◦C the reactions 
rate with carbon and the diffusion rate of the reagents increased. There 
is a significant pattern in the formation of transverse pores and their 
branching (Fig. 3-III). At 800C-900 ◦C, the surface area is reduced, pores 
continue to form micropores, but the process of increased mesopore 
formation also begins (Fig. 3-IV). Increasing the carbonization temper-
ature above 900 ◦C would result in the destruction of the microporous 
structure and the formation of wide macropore pores (Fig. 3-V) [37]. 
Understanding and defining the mechanism of pore formation is an 
important turning point in the preparation of activated carbons with the 
desired properties. 

The yield of activated carbon is usually defined as the final weight of 
activated carbon produced after activation, washing, and, divided by the 
initial weight of raw material, both on a dry drying basis according to 
equation (4) [38]: 

Table 2 
Textural properties of walnut shells activated carbons.  

Samples Yield 
content [%] 

BET 
(m2/g) 

TPVN2 

(cm3/g) 
MPVN2 

(cm3/g) 
MPVCO2 

(cm3/g) 

500 49 406 0.38 0.31 0.36 
600 42 528 0.43 0.36 0.35 
700 38 958 0.57 0.50 0.62 
800 35 1868 1.06 0.94 0.55 
900 27 1077 0.68 0.57 0.23  

Fig. 2. PSDs of the activated carbons prepared at different activation temper-
atures (a) based on N2 sorption, (b) based on CO2 sorption. (A colour version of 
this figure can be viewed online.) 

Fig. 3. The variation of pore structure formation through chemical activation in activated carbon. (A colour version of this figure can be viewed online.)  
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Y content(%)=
m
m0

x 100 (4)  

Where: 
m and m0 are the dry weight of final activated carbon (g) and dry 

weight of precursor (g), respectively. 
The activated carbon yield content ranged from 27 to 49% (Table 2). 

Similar results of the yield content range were obtained by other au-
thors: peach stones, 42–44% [39], palm oil shells, 27–64% [40], coconut 
shells, 49–52% [41]. 

3.2. XRD method 

XRD pattern of 500–900 ◦C carbons are shown in Fig. 4. XRD profile 
shows that all materials are low crystalline. The diffraction patterns 
show only two-digit broad diffraction peaks located at approx. 24◦ and 
44◦, which correspond to (0 0 2) and (1 0 0) plane in non-graphitic 
disordered carbon structure, respectively [42–44]. The low intensity 
of the peak corresponding to the plane (1 0 0) at approx. 44◦ for acti-
vated carbons shows the disordered graphite structure that was formed 
for the activated carbons [42]. Similar diffractograms of poorly avail-
able carbon materials can be achieved in the works [44,45], in which the 
authors attribute them to amorphous carbons. 

3.3. FT-IR spectroscopy 

The FT-IR spectra of the carbons are presented in Fig. 5. The FT-IR 
analysis showed that the characteristic peaks for all samples are basi-
cally the same and showed vibrations mainly in the area of 3400–3500, 
2900–3000, 1650–1700, 1375–1400, 1000–1100 and 600-800 cm− 1. A 
strong diffraction peak at 3420 cm− 1 corresponds to the tensile vibration 
of O–H bond, which may be caused by dehydration of the precursor in 
the activated carbon preparation process [46,47]. The band at 2930 
cm− 1 corresponds to C–H asymmetric stretching vibration, while the 
vibration peaks appearing around 1627 and 1700 cm− 1 can be attrib-
uted to the stretching vibrations of the C––C bond [48]. The 1390 cm− 1 

band represents in plan C–H bending [42]. The bands at 1000 and 1100 
cm− 1 corresponds to C–O stretching vibration. The vibration peak 
appearing near 800-600 cm− 1 belong to the peak of bending out of the 
plane C–H [48]. The infrared spectrum of the tested activated carbons 
has a shape similar to the spectra recorded for lignocellulosic materials 
[42,48]. 

3.4. Raman spectroscopy 

Raman scattering spectra exhibit two broad Raman bands: the first 
peak detected in the range of 1315 cm− 1 can be assigned to the defect or 
disordered phase (D-band), and the second peak at 1601 cm− 1 can be 
attributed to the graphitic phase (G-band) of carbon (Fig. 6). The D-band 
represents the vibrations of carbon atoms having a dangling bond in the 
terminations of the disordered graphite structure, whereas the G-band 
represents the stretching vibration mode of the sp2 hybridized carbon 
atoms in the graphite layer [49,50]. The ratio of the intensities of D-band 
and G-band (IG/ID) measures disorder in carbon materials with the 
graphitic structure (number of sp2 clusters). The IG/ID increases with the 
decrease in crystallinity indicating that the chemical activation process 
led to more defects appearing in the samples. The carbon samples 
exhibited IG/ID ratios in the range of 0.59–0.69. Careful observations 
reveal that the IG/ID ratio decreases from 0.69 to 0.59 upon the increase 
in the temperature of carbonization indicating more and more defects in 
the carbon framework and demonstrating an increase in the graphitic 
carbon. 

Fig. 4. XRD analysis of activated carbons. (A colour version of this figure can 
be viewed online.) Fig. 5. FT-IR pattern of activated carbons. (A colour version of this figure can 

be viewed online.) 

Fig. 6. Raman spectra of activated carbons. (A colour version of this figure can 
be viewed online.) 
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3.5. SEM method 

The surface morphology of activated carbons was examined using 
the scanning electron microscopy technique. Walnut shell carbons 
showed a uniform structure with a predominance of macropores, which 
had an average diameter of 12 μm [51]. The carbon-KOH interaction 
creates a huge number of micropores, which considerably increases the 
surface area and volume of the pores, according to an examination of the 
microstructure of activated carbon [52]. As seen in Fig. 7., the activated 
carbon created in this study may take on a variety of shapes with 
different pore sizes, wall thicknesses, and shapes. A significant amount 
of organic material was removed, and pores were created because of the 
activation process. The SEM pictures of the AC-500, AC-600, AC-700, 
AC-800, and AC-900 are displayed in Fig. 7. The micrographs show 
that each sample had hollow tunnels throughout, which is indicative of 
the gasification of volatiles after activation. All the AC samples were 
made up of agglomerated high-quality particles. Additionally, it was 
possible to see that all sample’s carbon particles were disordered, which 
was consistent with the findings of the XRD study [53]. 

3.6. The elemental analysis 

The elemental analysis results of the activated carbons obtained at 
various activation temperatures are shown in Table 3. It was observed 
that with increasing temperature of carbonization all carbon samples 
characterized of higher contents of C and lower contents of H and O. This 

means that chemical activation involving potassium hydroxide led to 
accelerate the removal of H and O and this resulted in an increased C. 
With an increase in the activation temperatures from 500 to 900 ◦C, the 
carbon content of the activated carbon samples was increased from 
70.46 to 96.35 wt%. Moreover, the hydrogen content decreased from 
2.78 to 0.74 wt%, And similar trend was observed for the oxygen con-
tent, decreasing from 25.21 to 2.16 wt%. Changes of the elementary 
content result from the release of volatiles during carbonization that 
resulted in the elimination of non-carbonaceous parts and enrichment of 
carbon element [54]. The obtained results of the elemental analysis for 
activated carbons from walnut shells are similar to other activated 
carbons obtained from the research biomass [55–57]. Potassium content 
was also determined using the XRF method. All activated carbons had 
trace amounts of potassium not exceeding 0.06% wt. The obtained re-
sults showed that by washing with water and 1 M HCl, potassium 
compounds and metallic potassium, which intercalated in the carbon 
structure, were practically removed from the activated carbons, and a 
small residue is most likely related to its incorporation into the activated 
carbon matrix along with the carbonization process. 

3.7. Studies on CO2 and H2 adsorption 

Walnut shell-based activated carbons were tested for their ability to 
adsorb CO2 at three temperatures 0 ◦C, 25 ◦C and 40 ◦C at a pressure of 1 
bar. As can be seen in Fig. 8., the system of isotherms for all activated 
carbons shows that at low adsorbate concentrations, when most of the 

Fig. 7. The SEM images of activated carbons a) AC-500; b) AC-600, c) AC-700; d) AC-800; e) AC-900. (A colour version of this figure can be viewed online.)  
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adsorbent sites are not bound to the adsorbate molecules, adsorption is 
very easy and some of the molecules are adsorbed. As the adsorbent 
surface is covered with adsorbate particles, the number of adsorption 
centers not associated with the adsorbate decreases. The AC-800 sample 
had the highest adsorption capacity, amounting to 10, 5, 4.5 for 0 ◦C, 
25 ◦C and 40 ◦C, respectively. The obtained CO2 adsorption values for 
AC-800 are among the highest when compared to other activated car-
bons obtained by other researchers, summarized in Table 4. 

To understand the mechanism of CO2 adsorption (Fig. 9a), we 
determined the dependence of CO2 adsorption on the total specific 
surface area (Fig. S2a), the total volume of pores (Fig. S2b), the volume 
of micropores determined by the N2 isotherm (Fig. S2c) and the volume 
of micropores determined by the CO2 isotherm (Fig. S2d). When 
comparing the R2 correlation coefficients, the highest values were ob-
tained for the relationship between CO2 adsorption and the volume of 
micropores determined using CO2, it was R2 = 0.75 for 0 ◦C, R2 = 0.87 
for 25 ◦C and R2 = 0.90 for 40 ◦C. The process of adsorption at low 
pressure uptake mainly depends on the volume of narrow micropores 
instead of the specific surface area and total pore volume. The 
adsorbent-adsorbate interaction energy, which comes from short-range 
attractive and repulsive forces, is notably reinforced when the adsorp-
tion occurs in extraordinarily small pores due to the overlapping of 
potential fields from neighboring walls. The enhanced adsorption po-
tential, therefore, results in the complete filling of small micropores at 
low relative pressure (<0.01). For that reason, the adsorption mecha-
nism consists of volume-filling rather than surface cover typical of 
meso/macroporous materials and the adsorbates occupying these small 
micropores are in a liquid-like state [75,76]. Therefore, the interaction 
between adsorbents and CO2 molecules becomes stronger when the pore 
size decreases. Thus, it can be concluded that narrow micropores are 
ideal sites for CO2 sorption to occur. 

The essential is that H2 storage capacity is governed by the factors 
that influence the adsorbate – adsorbent interactions. In porous mate-
rials such as activated carbon the most important factors in determining 
adsorptive H2 uptake are surface area and micropore volume [89,90]. 
Generally, the mechanism for H2 storage (Fig. 9b) by means of phys-
isorption is the van der Waals attraction between the surface of the ACs 
and the H2 molecules [91]. Nevertheless, the van der Waals interaction 
between the H2 molecules is weak; therefore, to expect a few layers of 
hydrogen packing onto an adsorbent surface is impractical [92]. As with 
CO2 adsorption, presence of an adequate volume of small pores is key 
factor that attributes to H2 uptake. In order to increase the interaction 
energy between H2 molecules and the carbon adsorbent, narrowing the 
pore size due to overlap of the potential fields from both sides of the pore 
wall to a degree determined by the pore width [93]. In the case of 
smaller pores, the overlap of van der Waals potentials due to the atoms 
of the adjacent walls favors stronger physisorption. Finally, the total 
interaction between the adsorbate molecule and a solid is greater if the 
molecule can interact with a larger number of surface atoms, as what 
happens in small pores [94]. For that reason, smaller pores are more 
efficient in H2 storage due to stronger interaction with H2 molecules, as 
confirmed by the analysis of H2 uptake dependence as a function of (a) 
BET surface area (Fig. S3a), (b) total pore volume (Fig. S3b), (c) VmN2 
(Fig. S3c) and (d) VmCO2 (Fig. S3d) [95]. The best correlation coeffi-
cient R2 was achieved for micropores up to 1.4 nm and it was R2 = 0.89. 

Fig. 10 present the H2 adsorption isotherms on activated carbon 
samples at temperature of 25 ◦C. The best result was obtained for the 
sample AC-800 equal 3.15 mmol/g at 40 bars. The walnut shells based 
activated carbon obtained in this study and its ability to store hydrogen 
may constitute a concretion for other available carbon materials used in 
this process, as presented in Table 5. 

3.7.1. Isosteric heat of adsorption 
The isosteric heat of adsorption (Qiso) value is important to char-

acterize the interaction between the adsorbent and the adsorbate. Pro-
vides information on the strength of adsorption. A higher value of the 
isosteric heat of adsorption indicates a stronger interaction between the 
adsorbate and the adsorbent. The high isosteric heat of adsorption 
causes a high cost of regeneration. The isosteric heat of adsorption is 
expressed by the Clausius-Clapeyron equation: 

Qiso = − R

⎛
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θ

(5)  

where: 

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

The isosteric heat adsorption values for activated carbons changed 
from 28 to 32 kJ/mol for surface coverage in the range of 0.1–0.35 
(Fig. 11). In the case of adsorption type determination, when the isos-
teric heat of adsorption value is lower than 80 kJ/mol, there is talk of 
physisorption, while for chemisorption it is in the range of 80–200 kJ/ 
mol [96]. The obtained values clearly confirm the physical nature of CO2 
sorption on activated carbons. 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 carbon. 
Carbon dioxide is bound to the surface of the activated carbons by van 
der Waals forces and can be easily desorbed. Recent studies show that if 
the gas contains only CO2, the most advantageous are sorbents with an 
isosteric heat of CO2 adsorption within the range of 22–28 kJ/mol. On 
the other hand, sorbents for CO2 adsorption from flue gases should be 
characterized by the heat of CO2 adsorption from 26 to 31 kJ/mol [97]. 
As seen in this case, the values of isosteric heat of CO2 adsorption ob-
tained in this study for all walnut shell activated carbons met these re-
quirements. It is noteworthy that such values are highly desirable 
because of the low regeneration costs. 

3.8. Studies modeling isotherms 

3.8.1. Adsorption isotherms 
The experimental equilibrium data on CO2 uptake by activated car-

bon (AC) with best-fit isotherm model curves for temperatures ranging 
from 0 ◦C to 40 ◦C are presented in Fig. 8. It has been observed that the 
tested AC samples possess an adsorption capacity between 3.55 and 
9.59, 2.19–5.18, and 1.43–4.34 mmol/g for three adsorption tempera-
tures. The AC sample synthesized at an activation temperature of 800 ◦C 
exhibits the highest CO2 uptake with excellent gas adsorption properties 
(9.59 at 0 ◦C and 1 bar) in the region of low pressure. In the case of H2, 
adsorption equilibrium test was carried out for 25 ◦C. The AC-800 
sample also stands out for the highest adsorption capacity, reaching 
3.15 mmol/g at 25 ◦C and 1 bar. The fact suggests that AC-800 has the 
most highly developed micro- and mesoporous structure than any other 
sample. On the contrary, AC-500, AC-600, AC-700, and AC-900 have H2 
uptake of 1.22, 1.39, 2.06 and 0.92 mmol/g under the same conditions, 
respectively. In a similar vein to CO2, Fig. 9 depicts the variation of H2 

Table 3 
Elemental analysis of activated carbons.  

Sample Elemental analysis 

C [wt%] H [%] N[%] O[%] 

AC-500 68.46 2.58 1.75 27.21 
AC-600 75.71 2.05 1.51 20.73 
AC-700 84.24 1.53 1.42 12.81 
AC-800 91.88 0.98 0.98 6.16 
AC-900 96.35 0.74 0.75 2.16  
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Fig. 8. The CO2 adsorption isotherms on AC samples at temperature of (a) 0 ◦C, (b) 25 ◦C, (c) 40 ◦C. Points represent experimental data; lines reflect Toth’s 
isothermal model. (A colour version of this figure can be viewed online.) 

J. Serafin et al.                                                                                                                                                                                                                                  



Carbon 201 (2023) 633–647

641

adsorption experimental data with the equilibrium pressure and the best 
correlating isothermal model curve. 

The shape of all CO2 and H2 adsorption isotherms on activated car-
bon is monotonically concave, and, as a result, they can be classified as 
type I according to the IUPAC classification (description of microporous 
adsorbents) [98]. Empirical point analysis indicates that the amount of 
adsorbed CO2 in the equilibrium state decreases with increasing tem-
perature, analogous to the exothermic nature of adsorption, indicating 
that the process is carried out more favorably at lower temperatures. It 
may suggest the physical adsorption phenomenon, which involves van 
der Waals forces that compared to the kinetic forces of CO2 molecule 
collisions, become negligible as the temperature increases (the strength 
of the binding forces between CO2 and a surface od adsorbent is 

weakening). Moreover, as expected, the rise in the partial pressure as a 
driving force (pressure gradient) for adsorption causes an intensification 
of the adsorption capacity of CO2 at all temperatures, as a consequence 

Table 4 
CO2 adsorption capacities at 0, 25, 40 ◦C and different pressures for carbon 
materials presented within the literature.  

Carbon Source 0 ◦C (mmol/ 
g) 

25 ◦C (mmol/ 
g) 

40 ◦C (mmol/ 
g) 

Ref. 

Bean dreg – 4.24 – [58] 
Packaging Waste 5.33 4.20 – [59] 
Walnut shell – – 1.05 [60] 
Starch 7.49 3.84 – [61] 
Cross-linked 

polymers 
6.95 – – [62] 

3D-Printed 
Monoliths 

– – 3.17 [63] 

surgical mask waste 3.90 – – [64] 
Pine Nutshell 7.70 5.0 – [65] 
Rice Husk 6.24 3.71 – [66] 
Waste CDs and 

DVDs 
5.80 3.30 – [67] 

Pinus canariensis 
cones 

6.40 – – [68] 

Coconut Shell 7.00 5.00  [69] 
Argan Fruit Shell – 5.63 – [70] 
Rice Husk 7.55 – – [71] 
Common Polypody 9.05 5.67  [72] 
Paulownia sawdust 8.00 — – [73] 
Organic polymer 7.60 – – [74] 
Walnut Shell 9.56 5.17 4.34 This 

work  

Fig. 9. Schematic visualization of adsorption mechanism a) CO2 and b) H2. (A 
colour version of this figure can be viewed online.) 

Fig. 10. The H2 adsorption isotherms on AC samples at temperature of 25 ◦C. 
Points represent experimental data; lines reflect Toth’s isothermal model. (A 
colour version of this figure can be viewed online.) 

Table 5 
H2 storage capacities at 25 ◦C and different pressures for carbon materials pre-
sented within the literature.  

Carbon Source Pressure (bar) H2 (mmol/g) Ref. 

Amorphous cellulose 80 1.70 [77] 
anthracite 20 1.15 [78] 
Olive Bagasse 200 3.15 [79] 
Corncob 50 2.20 [80] 
Almond Shells 50 1.55 [81] 
Mandarin Fruit 25 2.25 [82] 
Viscose rayon cloths 20 0.85 [83] 
Cellulose Acetate 20 0.50 [84] 
Wood Chips 80 2.75 [85] 
Sucrose 100 2.95 [86] 
Polymeric precursors 100 2.00 [87] 
Polyaniline 80 3.00 [88] 
Walnut Shells 40 3.15 This work  

Fig. 11. Isosteric heat of adsorption plots of CO2 adsorption.  
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of exothermicity. For H2, such broad and in-depth observations cannot 
be made due to the single-temperature adsorption study, however, the 
increase in pressure also intensifies the uptake and the process can be 
considered exothermic. 

3.8.2. Fitting results of isotherm models 
The calculated sum of squares error (ERRSQ) values from fitting the 

following isotherm models, such as Langmuir, Freundlich, Temkin, 
Toth, and Sips, which were discussed earlier are included in Table S1 
and Table S2. To contrast the accuracy of different models, each models 
ability has been examined to effectively minimize an objective error 
function. Statistical investigation and selection of the smallest ERRSQ 
values allowed the choice of the model with the minimum distribution of 
discrepancies between the experimental and model data of CO2 and H2 
adsorption on AC. According to this error function, the Langmuir, 
Freundlich, and Temkin models are not as suitable as other models to 
characterize CO2 and H2 adsorption on any of the AC samples that were 
tested. The Toth and Sips models seem to be the most feasible choice for 
predicting the findings by non-linear regression, which are consistent 
with the adsorption isotherms that were experimentally determined. 
However, the Toth model, which is an empirical modified form of the 
Langmuir equation involving an asymmetric quasi-Gaussian distribution 
of adsorption sites [99], has a greater degree of congruence with the 
experimental data in the entire range of adsorption temperatures. Its 
ERRSQ values for CO2 are in the range: 0.0250 to 0.2222, 0.0009 to 
0.0053, 0.0004 to 0.0041, correspondingly for the increasing tempera-
ture of adsorption. At the same time, for H2 these values oscillate be-
tween 0.000099 and 0.0008. Therefore, collated to the Sips models, the 
non-linear Toth equation is better able to accurately characterize the 
CO2 and H2 adsorption isotherms over the AC and was the only one used 
to demonstrate the quality fit. To contrast the fitting of other isothermal 
model curves to the Toth, their runs are demonstrated for CO2 and H2 
adsorption on AC-800 at 0 and 25 ◦C (Fig. 12, Fig. 13). As it can be seen 
from, the modeling isotherm with Toth and Sips nonlinear equation 
yields competitive prediction to the experimental isotherms than the 
Langmuir, Freundlich, and Temkin fittings, where their curve ran along 
the experimental points in the whole range of pressures. The obtained 

results of modeling non-linearized isothermal equations allowed the 
following model classification (from the left the best-fit model), for CO2: 

0◦C Toth > Sips > Langmuir > Freundlich > Temkin  

25◦C Toth > Sips > Freundlich > Langmuir > Temkin  

40◦C Toth > Sips > Freundlich > Langmuir > Temkin 

while for H2 at 25 ◦C: 

Toth > Sips > Freundlich > Langmuir > Temkin 

The parameters of all isotherm models are presented in Table S3 and 
Table S4. Interpreting the ones for the best-fitted model is a particularly 
important stage, which allows correct recognition of the nature and 
mechanism of adsorption on the surface of AC. The parameter of 
maximum CO2 adsorption capacity (qm), according to the Toth model, 
decreases with the growth of the adsorption temperature growth, which 
confirms that the phenomenon of CO2 adsorption in activated carbon is 
an exothermic process, as noted earlier. It was found that their values for 
all set samples at 0, 25, and 40 ◦C are roughly around: 12.032–184.745, 
43.079–102.029 and 26.575–80.542 mmol/g. The analysis of the 
maximum H2 adsorption capacity parameters correlate with earlier 
observations and reflects the adsorbed amount of gas in the equilibrium 
state (3.236–15.443). The results indicate that the model values are 
quite comparable to the measured ones. In the case of Toth constant 
(affinity parameter) values, they vary between 0.387 and 1.840, 
0.009–0.011 bar-1 for CO2 and H2, respectively. 

To explore more thoroughly the presence of diverse chemical and 
structural qualities on the AC surface, the main assumptions of the Toth 
model are crucially needed. The Toth model is especially helpful for 
characterizing adsorption on the heterogeneity surface of porous ad-
sorbents in the gas phase [100] that satisfies both the low and the high 
boundary of the adsorbate concentration. When the nT parameter 
measuring surface heterogeneity is equal to 1, the Toth model equation 
is reduced to the Langmuir isotherm [27]. On the other hand, if it de-
viates away from the unity state, then the adsorption system is consid-
ered heterogeneous [101]. Considering the theory of the above model 

Fig. 12. CO2 adsorption isotherm model curves for AC-800 at 0 ◦C. (A colour version of this figure can be viewed online.)  
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and analyzing its, each AC sample at three CO2 adsorption temperatures 
indicates that the surface of the adsorbent is heterogeneous. The values 
of nT for the H2 isotherm at 25 ◦C also indicate adsorption on an ener-
getically heterogeneous surface. 

3.8.3. Sum of normalized errors method (SNE) 
To further study whether the sum of squares error (ERRSQ) is the 

optimal tool that best describes the interaction between the adsorbate 
and the surface of the AC for the best fitted model, other error functions 
have been employed (R2, ARE, χ2, HYBRID, MPSD, and EABS). The final 
error analysis based on the sum of normalized error (SNE) allowed for 
the verification of the previous conclusions with a more in-depth un-
derstanding of isotherm modeling in the sense of choosing the appro-
priate error evaluation function to minimize the error distribution 
between the experimental equilibrium data and theoretical isotherms. 

The error functions with connected the lowest SNE values are presented 
in Table 6 and Table 7. 

In terms of minimizing the error distribution between the Toth 
isotherm model and the experimental equilibrium data of CO2, the 
findings demonstrate that the determination coefficient (R2) is superior 
to all the others investigated. The R2 showed the lowest SNE value at 
each adsorption temperature than other error functions. Meanwhile, the 
results of the error analysis of the fitting to the H2 experimental data 
indicated that the HYBRID and χ2 error functions produced an optimum 
parameter set for the Toth isotherm due to their small SNE values. For 
the isothermal modeling of CO2 and H2, MPSD had the worst goodness of 
fit of the Toth model, due to the very large SNE (5.193–6.993). 

Finally, it was found that, the use of ERRSQ error is not sufficient and 
the outputs of R2, HYBRID and χ2 may be used to forecast the optimal 
isotherm based on the three parameter Toth isotherm model. The 

Fig. 13. H2 adsorption isotherm model curves for AC-800 at 25 ◦C. (A colour version of this figure can be viewed online.)  

Table 6 
The lowest sum of normalized error (SNE) values and the corresponding error function for Toth isotherm model.  

Samples Temperature 0 ◦C 

R2 ERRSQ ARE χ2 HYBRID MPSD EABS 

AC-500 2.394 3.287 2.840 2.799 2.799 6.409 3.292 
AC-600 2.558 3.565 2.901 2.776 2.776 6.463 3.354 
AC-700 1.033 1.054 6.493 1.090 1.090 6.313 1.046 
AC-800 1.037 1.052 6.481 1.090 1.090 6.312 1.046 
AC-900 1.149 1.198 1.997 1.608 1.608 6.536 1.218 

Temperature 25 ◦C        
AC-500 1.304 1.432 2.583 1.930 1.930 6.992 1.408 
AC-600 1.305 1.432 2.575 1.930 2.076 6.992 1.429 
AC-700 1.314 1.421 2.567 1.966 1.965 6.993 1.403 
AC-800 1.319 1.420 2.665 1.918 1.916 6.992 1.478 
AC-900 1.303 1.434 1.510 1.930 1.930 6.992 1.415 

Temperature 40 ◦C        
AC-500 1.412 1.575 2.280 1.891 1.891 6.993 1.549 
AC-600 1.412 1.582 2.449 1.898 1.898 7.000 1.531 
AC-700 1.415 1.581 2.560 1.891 1.891 6.993 1.580 
AC-800 1.564 1.726 3.161 2.188 2.188 8.451 1.846 
AC-900 1.411 1.574 1.545 1.891 1.891 6.993 1.681  
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findings shows that the magnitude of the single error function is not a 
determining factor in selecting the optimal isotherm parameters and the 
SNE method gives much better accuracy. 

3.9. Studies of the CO2 over N2 selectivity 

To test the gas CO2/N2 selectivity of the as-prepared carbons, their 
N2 and CO2 adsorption isotherms were acquired at 25 ◦C and 40 ◦C at 1 
bar (Table 8, Fig. S5). The IAST theory developed by Myers and Praus-
nitz [102] along with pure component isotherms were applied to 
determine CO2/N2 selectivity. In this work, IAST was used to predict 
selectivity of CO2 over N2 using single adsorption isotherms of these 
gasses for equimolar CO2 and N2 binary mixture (S) according to the 
following equation: 

S=
qCO2/qN2

pCO2/pN2
(6)  

where: 
q represents the mole fractions of the components in adsorbed phase 

while p is used for bulk phase. 
Typical flue gas composition in vol% is: 67–72% nitrogen, 8–10% 

carbon dioxide, 18–20% water steam, 2–3% oxygen for natural gas-fired 
power plants and 72–77% nitrogen, 12–14% carbon dioxide, 8–10% 
water steam, 3–5% oxygen for coal-fired boilers [72]. 

Selectivity for flue gas composition 15% CO2 and 85% N2 (SIAST) was 
calculated also on the basis of IAST method using the below equation 
[64]: 

SIAST =
qCO2@0.15  bar
qN2@0.85  bar

x
0.85
0.15

(7)  

where: 
qi@jbar is the adsorption capacity [mmol/g] of CO2 and N2 at the 

partial pressure of 0.15 and 0.85 respectively. 
Table 8 shows the selectivity of the obtained activated carbons. The 

highest selectivity value was observed in AC-800, attributed to the effect 
of the potassium hydroxide activator and the facile accessibility of ultra- 
micropores to CO2 (diameter = 0.33 nm) but not to N2 adsorption (0.36 
nm) [103]. Moreover, a larger quadrupole moment of 4.30 × 10− 26 

esu*cm2 of CO2 compared to N2 (1.52 × 10− 26 esu*cm2) [104] lead to 
stronger interactions between CO2 molecules and adsorbent surfaces, 
resulting in highly selective CO2 adsorption and separation. The value of 
the selectivity coefficient reaching the value of 43.6 and 48.7 for a 
pressure of 1 bar, respectively at 0 ◦C and 25 ◦C. It is worth noting that 
the obtained SIAST value is one of the highest so far described in the 
literature. A similar tendency in the CO2/N2 selectivity ratio was noted 
by Serafin et al. [64]. 

3.10. Stability tests of CO2 and H2 capture 

One of the important criteria of a good activated carbon as an 
adsorbent is its regenerative capacity, which determines the life of the 
adsorbent, its reuse and the overall cost of capture. To determine the 
possibility of easy regeneration and reuse of the material, the revers-
ibility of CO2 adsorption was tested in 1,5,10,15,20 cycles and H2 in 
1,5,10 cycles for the best material AC-800 (Fig. 14). On this basis, it is 
possible to assess the possibility of regenerating activated carbons, and 
secondly, to verify the fact that CO2 and H2 do not bind to the sorbent 
material by chemisorption. Moreover, it enables parameters to be 
established that can serve as a benchmark when attempting to regen-
erate under real industrial scale conditions. Both in the case of CO2 
adsorption and H2 adsorption, no changes were found after many cycles. 
The highest standard deviation for CO2 cycles at 25 ◦C was 0.06 and at 
40 ◦C was 0.08. For H2 cycles, the standard deviation was 0.05. This is 
confirmed by the fact that it can be easily regenerated under mild con-
ditions and the material retained its capacity. The obtained AC-800 
activated carbon meets the criterion of a good sorbent in terms of its 
ability to regenerate. 

4. Conclusions 

This article discussed the key role of surface morphology as well as 
surface functionality on the substantial CO2 and H2 uptake capacity of 
walnut shells activated carbons. It can be concluded that the CO2 and H2 
adsorption capacity on biomass-derived AC depends mainly on surface 
microporosity. The activation temperature had an effect on the pore 
structure, surface area and the adsorption properties of the activated 
carbons. As the activation temperature increased till 800 ◦C, the CO2 and 
H2 value increased first then decreased, and the yield declined contin-
uously. The activation temperature 800 ◦C was the best stages of the 
activation process. The highest specific surface area, the total pore 
volume and micropore volume from CO2 were 1868 m2/g, 1.06 cm3/g 
and 0.55 cm3/g. CO2 adsorption for the best activated carbon was 9.54, 
5.17, 4.33 mmol/g for OC, 25 ◦C and 40 ◦C, respectively. However, in 
the case of high-pressure hydrogen adsorption, the highest value was 
3.15 mmol/g. In addition, it is worth paying attention to the high 
selectivity of activated carbon at 25 ◦C = 163 and 40 ◦C = 102.3, as well 
as high stability after many adsorption cycles - both in the case of CO2 

Table 7 
The lowest sum of normalized error (SNE) values and the corresponding error 
function for Toth isotherm model.  

Samples Temperature 25 ◦C 

R2 ERRSQ ARE χ2 HYBRID MPSD EABS 

AC-500 2.557 2.558 2.420 2.461 2.461 5.193 2.660 
AC-600 2.449 2.450 2.186 2.222 2.222 6.775 2.366 
AC-700 3.237 3.239 3.268 2.913 2.913 6.601 3.125 
AC-800 2.604 2.605 2.550 2.462 2.462 6.258 2.544 
AC-900 3.817 3.818 3.760 3.639 3.639 6.742 3.827  

Table 8 
CO2/N2 selectivity based on distinct numerical methods for all prepared 
samples.  

Samples Sa SIAST
b 

25 ◦C 40 ◦C 25 ◦C 40 ◦C 

AC-500 11.9 11.7 31.5 31.2 
AC-600 15.4 16.5 56.6 31.1 
AC-700 22.6 24.4 86 56.4 
AC-800 43.6 48.7 163 102.3 
AC-900 7.9 6.9 22.9 19.3  

a CO2 and N2 binary mixture at temperatures (25 ◦C, and 40 ◦C) and 1 bar. 
b CO2/N2 selectivity determined by IAST method at temperatures (25 ◦C, and 

40 ◦C) and 1 bar. 
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and H2. 
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[79] Z. Bicil, M. Doğan, Characterization of activated carbons prepared from almond 
shells and their hydrogen storage properties, Energy Fuel. 35 (2021) 
10227–10240, https://doi.org/10.1021/acs.energyfuels.1c00795. 

[80] Y. Sun, P.A. Webley, Preparation of activated carbons from corncob with large 
specific surface area by a variety of chemical activators and their application in 
gas storage, Chem. Eng. J. 162 (2010) 883–892, https://doi.org/10.1016/J. 
CEJ.2010.06.031. 

[81] N. Kaya, Z.Y. Uzun, Investigation of effectiveness of pine cone biochar activated 
with KOH for methyl orange adsorption and CO2 capture, Biomass Convers. 
Biorefinery. 11 (2021) 1067–1083, https://doi.org/10.1007/s13399-020-01063- 
8. 

[82] M. Jung, J. Park, K. Lee, N.F. Attia, H. Oh, Effective synthesis route of renewable 
nanoporous carbon adsorbent for high energy gas storage and CO2/N2 

selectivity, Renew. Energy 161 (2020) 30–42, https://doi.org/10.1016/j. 
renene.2020.06.125. 

[83] N.F. Attia, M. Jung, J. Park, H. Jang, K. Lee, H. Oh, Flexible nanoporous activated 
carbon cloth for achieving high H2, CH4, and CO2 storage capacities and 
selective CO2/CH4 separation, Chem. Eng. J. 379 (2020), 122367, https://doi. 
org/10.1016/j.cej.2019.122367. 

[84] T.S. Blankenship, N. Balahmar, R. Mokaya, Oxygen-rich microporous carbons 
with exceptional hydrogen storage capacity, Nat. Commun. 8 (2017), https://doi. 
org/10.1038/s41467-017-01633-x. 

[85] R. Pedicini, S. Maisano, V. Chiodo, G. Conte, A. Policicchio, R.G. Agostino, 
Posidonia Oceanica and Wood chips activated carbon as interesting materials for 
hydrogen storage, Int. J. Hydrogen Energy 45 (2020) 14038–14047, https://doi. 
org/10.1016/J.IJHYDENE.2020.03.130. 

[86] S. Schaefer, V. Fierro, M.T. Izquierdo, A. Celzard, Assessment of hydrogen storage 
in activated carbons produced from hydrothermally treated organic materials, 
Int. J. Hydrogen Energy 41 (2016) 12146–12156, https://doi.org/10.1016/J. 
IJHYDENE.2016.05.086. 

[87] H.M. Lee, Y.J. Heo, K.H. An, S.C. Jung, D.C. Chung, S.J. Park, B.J. Kim, A study on 
optimal pore range for high pressure hydrogen storage behaviors by porous hard 
carbon materials prepared from a polymeric precursor, Int. J. Hydrogen Energy 
43 (2018) 5894–5902, https://doi.org/10.1016/J.IJHYDENE.2017.09.085. 

[88] N. Kostoglou, C. Koczwara, S. Stock, C. Tampaxis, G. Charalambopoulou, 
T. Steriotis, O. Paris, C. Rebholz, C. Mitterer, Nanoporous polymer-derived 
activated carbon for hydrogen adsorption and electrochemical energy storage, 
Chem. Eng. J. 427 (2022), 131730, https://doi.org/10.1016/J.CEJ.2021.131730. 

[89] M.S. Balathanigaimani, M.B. Haider, D. Jha, R. Kumar, S.J. Lee, W.G. Shim, H. 
K. Shon, S.C. Kim, H. Moon, Nanostructured biomass based carbon materials from 
beer lees for hydrogen storage, J. Nanosci. Nanotechnol. 18 (2018) 2196–2199, 
https://doi.org/10.1166/jnn.2018.15001. 

[90] L. Ma, J. Li, X. Ma, Preparation and adsorption of CO2 and H2 by activated 
carbon hollow fibers from rubber wood (Hevea brasiliensis), Bioresources 14 
(2019) 9755–9765, https://doi.org/10.15376/biores.14.4.9755-9765. 

[91] T. Ramesh, N. Rajalakshmi, K.S. Dhathathreyan, Synthesis and characterization of 
activated carbon from jute fibers for hydrogen storage, Renew. Energy Environ. 
Sustain. 2 (2017) 4, https://doi.org/10.1051/rees/2017001. 

[92] A.I. Sultana, N. Saha, M.T. Reza, M. Toufiq Reza, Synopsis of factors affecting 
hydrogen storage in biomass-derived activated carbons, Sustainability 13 (2021) 
1947, https://doi.org/10.3390/su13041947. 

[93] O. Czakkel, B. Nagy, G. Dobos, P. Fouquet, E. Bahn, K. László, Static and dynamic 
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