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Abstract: Nutshells are regarded as cost-effective and abundant raw materials for producing activated
carbons (ACs) for CO2 capture, storage, and utilization. The effects of carbonization temperature
and thermochemical KOH activation conditions on the porous structure as a BET surface, micropore
volume, micropore width, and pore size distribution of ACs prepared from walnut (WNS) and
hazelnut (HNS) shells were investigated. As a result, one-step carbonization at 900/800 ◦C and
thermochemical KOH activation with a char/KOH mass ratio of 1:2/1:3 were found to be optimal for
preparing ACs from WNS/HNS: WNS-AC-3 and HNS-AC-2, respectively. The textural properties of
the WNS/HNS chars and ACs were characterized by low-temperature nitrogen vapor adsorption,
XRD, and SEM methods. Dubinin’s theory of volume filling of micropores was used to evaluate
the microporosity parameters and to calculate the CO2 adsorption equilibrium over the sub- and
supercritical temperatures from 216.4 to 393 K at a pressure up to 10 MPa. The CO2 capture capacities
of WNS- and HNS-derived adsorbents reached 5.9/4.1 and 5.4/3.9 mmol/g at 273/293 K under
0.1 MPa pressure, respectively. A discrepancy between the total and delivery volumetric adsorption
capacities of the adsorbents was attributed to the strong binding of CO2 molecules with the adsorption
sites, which were mainly narrow micropores with a high adsorption potential. The high initial
differential heats of CO2 adsorption onto ACs of ~32 kJ/mol confirmed this proposal. The behaviors
of thermodynamic functions (enthalpy and entropy) of the adsorption systems were attributed to
changes in the state of adsorbed CO2 molecules determined by a balance between attractive and
repulsive CO2–CO2 and CO2–AC interactions during the adsorption process. Thus, the chosen route
for preparing ACs from the nutshells made it possible to prepare efficient carbon adsorbents with a
relatively high CO2 adsorption performance due to a substantial volume of micropores with a size in
the range of 0.6–0.7 nm.

Keywords: carbon adsorbents; carbon dioxide capture and storage; thermochemical activation;
adsorption; micropores

1. Introduction

Currently, the most pressing issue that necessitates a revision of the existent technolog-
ical practice is the severity of the major environmental challenges, such as climate change
and global warming brought on by the greenhouse effect. Carbon dioxide is the primary
greenhouse gas produced by burning fossil fuels. The governments of many countries
make an effort to control greenhouse gas emissions. In 2015, the participating countries
ratified the Paris Agreement and pledged to reduce greenhouse gas emissions with the goal
of preventing a rise in global temperature of more than 2 degrees Celsius above current
levels by the end of this century [1].
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Carbon dioxide capture/storage (CCS) technology consists of carbon dioxide seques-
tration directly from exhaust gases from industrial sources followed by its transportation
and long-term underground storage. Carbon dioxide can also be utilized to produce valu-
able materials like plastics, concrete, or biofuels while maintaining the carbon neutrality
of the production processes [2]. The carbon dioxide capture process plays a leading role
in these technological chains. For the purpose of carbon dioxide capturing [3,4], various
technologies have been developed and put in use, including solvent absorption [5], chemi-
cal and physical adsorption [6], membranes [7], and cryogenic separations [8]. Although
methods based on chemical absorption, such as chemical absorption through aqueous
mixtures of organic amines, gain widespread acceptance in carbon dioxide capture, their
use raises concerns about serious environmental damage brought on by the volatile and
corrosive components of the absorbing mixture as well as high energy consumption in the
regeneration process. Conversely, physical adsorption techniques provide the possibility of
handling gas streams with a low content of carbon dioxide and guarantee a high degree
of gas separation that is unattainable through other methods [9]. In addition, this method
is applicable over a wide range of temperatures and pressures. It should be noted that
physical adsorption has the advantages of easy operation, environmental compliance, low
cost, and high recovery rate.

The adsorption-based CCS process rests on the principle of adsorption cyclic processes,
which consist of multiple cycles of adsorption and desorption (regeneration). The transition
from adsorption to desorption is carried out with a pressure swing (PSA), temperature
swing (TSA), or vacuum pressure swing (VPSA) [10].

Usually, all-purpose adsorbents like zeolites, calcium oxides, and activated carbons
(ACs) are suggested to load the adsorption columns at the large CO2 emission point
sources [11]. The adsorption capacity of porous materials depends on several characteristics,
including packing density, porosity (pore size and volume), and surface chemistry. The
performance of an adsorption-based system for gas capture/delivery depends on the
thermal effects that accompany the adsorption/desorption processes.

Currently, material such as ACs [12–15], zeolites [16], mesoporous silica [17], and
metal–organic framework structures (MOF) [18] are used as CO2 adsorbents. Each type of
material can be employed successfully in the CCS processes within a given characteristic
range of CO2 concentrations. ACs are the most promising adsorbents for the capture of
relatively significant amounts of CO2 (more than 1%) because of their extremely high
porosity, tunable pore size, and potential for surface functionalization, for example, by
amino groups [15,19]. Additionally, ACs meet crucial requirements such as low cost and
high availability, adsorption rate, mechanical strength, and easy regenerability.

From an economic point of view, it makes sense to produce ACs at the places of their
potential application in the CCS processes. It would therefore be wiser to develop an
easy and universal technology for producing ACs with specified properties from local
raw materials. This technology can be implemented in the form of a modular plant that
can be transported to locations, where (1) appropriate raw materials are abundant and
(2) sources of CO2 emissions are concentrated. The plant produces a carbon adsorbent with
a tailored porous structure from locally available, naturally occurring biomass resources or
waste byproducts from the food crop sector. One can easily adjust the synthesis conditions
by altering the carbonization and activation parameters (temperature, activating agent,
activation duration, etc.). Such mobile and modular plants for producing adsorbents near
CO2 emission sources promise to be economically viable. A similar modular principle was
realized in the form of an adsorption plant that consists of several cargo containers loaded
with an adsorbent, pumping devices, and other blocks that can be readily transported and
quickly put together as specified in the patent [20].

It is worth mentioning that the adsorption-based CCS technology, which uses inexpen-
sive carbon adsorbents prepared from agricultural waste, is a fascinating field because it
has two advantages: it reduces the greenhouse gas concentration in the atmosphere and
manages waste [12–15,21–26].



Gases 2023, 3 114

Walnut and hazelnut shells, WNS and HNS, are frequently employed as raw materials
to produce carbon adsorbents [14,27,28] due to their abundance and low cost. In 2016,
6000–8000 tons of nutshells were produced in Russia, and 40,000–65,000 tons throughout
the CIS countries [29]. Carbon adsorbents prepared from WNS and HNS show good
chemical stability and mechanical strength, low ash content, and excellent adsorption
performance with respect to water purification [30,31] and gas adsorption [32].

Production routes of ACs from seeds and nutshells are well documented [24–36]. ACs
are produced via the chemical or physical activation of char (or non-activated carbon)
prepared by carbonizing a raw material (precursor). In the physical activation, oxidant
gases (carbon dioxide, air), steam, or their mixture pass through the char at temperatures
within a range from 800 to 1000 ◦C [24]. An activating agent contributes to the final porous
structure: CO2 significantly influences the micropores, whereas steam encourages the
development of pores with a wide range of sizes [37]. In the thermochemical activation,
reagents such as H3PO4, ZnCl2, FeCl3, NaOH, and KOH are mixed with the char and
heated at temperatures within a range of 500 to 900 ◦C [38]. At the last stage, the activating
agent and the products of its decomposition are washed out from the pores. The KOH
activation is an effective way to obtain ACs with a preset porosity from various organic
raw materials [39,40].

Over the past decades, many researchers have focused on the crucial parameters
of adsorbents that determine their adsorption behaviors with respect to carbon diox-
ide [9,11,34,36,39,41–51]. Since, in general, the adsorption of carbon dioxide (weak Lewis
acid) is often considered a combination of chemosorption and physical adsorption [46],
two factors such as the surface chemical properties and pore structure of an adsorbent
are responsible for its adsorption capacity. Shafeeyan and coauthors analyzed various
methods of chemical modification of ACs and came to the conclusion that the introduction
of nitrogen-containing functionalities and the decomposition of oxygen-containing acidic
groups contribute to CO2 adsorption capacity [42]. These findings were supported by
the experimental data and the results of molecular dynamics simulations carried out by
Khosrowshahi et al., who found a downstream impact of various surface functionalities
on CO2 adsorption enhancement and adsorption kinetics: presence of both carboxyl-
hydroxyl groups and graphite pyridinic nitrogen species > only pyridinic nitrogen species
> carboxylic groups > hydroxylic groups [43]. Kwiatkowski and coauthors revealed the
high CO2 adsorption capacity of S-doped microporous carbon adsorbents [44]. Moreover,
Seema et al. showed that S-doped microporous carbon material was more efficient in
capturing CO2 than similarly prepared N-doped microporous carbon [45]. Based on the
results of both the experimental measurements and the grand canonical Monte Carlo calcu-
lations, Ma et al. also emphasized the fact that the CO2 adsorption capacity of microporous
ACs was sensitive to the presence of carboxyl and hydroxyl groups due to their strong
electrostatic interactions with CO2 [46]. At the same time, according to their estimates,
the impact of the porous structure of microporous carbon adsorbents accounted for about
63% of CO2 uptake. There are numerous experimental and theoretical studies that point
to the key role of micropores with a size less than 0.8–0.9 nm in the effective performance
of ACs as efficient adsorbents of carbon dioxide [36,39,47–49]. Presser et al. obtained a
linear correlation between the CO2 adsorption capacity of the nitrogen-free carbide-derived
ACs and the volume of pores with a size less than 0.8 nm [47]. An effect of adsorption
pressure on the pore size, which contributes the most to CO2 adsorption, was found [47–49].
Numerical simulations by Yakovlev with coworkers [50], who used the Dubinin theory
of volume filling of micropores (TVFM) [52,53], revealed that a carbon adsorbent with a
slit-like micropore width of ~0.9 nm and a characteristic energy of adsorption of ~25 kJ/mol
could exhibit the optimal CO2 adsorption (capture)/desorption behaviors. At a tempera-
ture of 293 K and a pressure P = 10 bar, such a model microporous carbon structure showed
a CO2 volumetric adsorption capacity of up to 423 m3(NTP)/m3. The deliverable volume
of CO2 was found to achieve a value of 305 m3(NTP)/m3 at a pressure drop from 10 to
1 bar at T = 293 K.
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Summarizing the above, one can conclude that the specific features of microporosity
of ACs, whose development is dependent on raw materials and activation conditions,
determines their ability to adsorb carbon dioxide [51].

The present study aimed to examine the synthesis of ACs from WN and HN shells with
the optimal porous structure for CO2 capture. We examined the influence of carbonization
and activation conditions on the porous structure of the resulting ACs and their adsorption
behaviors with the aid of measurements of nitrogen vapor adsorption at 77 K. The morphol-
ogy and elemental composition of the final carbon adsorbents were investigated using the
methods of X-ray diffraction and scanning electron microscopy, respectively. We studied the
CO2 adsorption behaviors of the adsorbents over the sub- and supercritical temperatures
using experimental data and the calculations using Dubinin’s theory of volume filling of
micropores (TVFM) [51,52]. The total and deliverable CO2 adsorption capacities of the AC
adsorbents were evaluated. The performance of an adsorption system depends both on
the adsorption capacity of a porous material with respect to a target gas and the amount of
heat released/absorbed during accumulation/delivery (or adsorption and desorption) pro-
cesses [54–59]. Therefore, the evaluation of thermodynamic state functions of adsorption
systems, such as heat of adsorption, enthalpy, entropy, and heat capacity, is an important
stage in designing the heat management of adsorption-based industrial processes. As a
first step in this direction, we estimated these thermodynamic parameters for the CO2–AC
adsorption systems as a function of CO2 uptake and temperature.

2. Materials and Methods
2.1. Synthesis of Activated Carbons from Hazelnut and Walnut Shells

In the present study, two series of carbon adsorbents, WNS-AC and HNS-AC, were
prepared from WN and HN shells, respectively. The synthesis of the ACs included the
following stages: (1) preliminary treatment of the raw material: washing, drying, and
crushing of the WN and HN shells followed by sieving to the particle size of 2–3 mm, and
(2) carbonization of the nutshell particles without oxygen access in a muffle oven without
oxygen access at a temperature of 600–900 ◦C (in increments of 100 ◦C) at a heating rate
of 10 ◦C/min. These temperature ranges were chosen based on the reported data for the
synthesis of industrial activated carbons [24]. This was followed by (3) thermochemical
activation of the WNS and HNS char samples and (4) washing and drying the resulting
ACs to remove chemicals.

Following the declared objective of the study, we considered the carbonization temper-
ature and the carbon/KOH ratio, which largely determine the performance of the synthesis
process, as variable parameters.

Before the stage of KOH activation, the porosity parameters of the thus prepared
WNS and HNS char samples were analyzed in order to choose the optimal samples for
subsequent activation. Each of the chosen WNS and HNS char samples was mixed with
KOH in a ratio of 1:1, 1:2, and 1:3 in the steel vessel. The mixtures were placed in an oven.
Thermochemical activation was carried out at 800 ◦C in accordance with a route described
in the recent work [60], and the heating rate was 10 ◦C/min. The samples were kept for
60 min at the proper temperature, and then the oven was turned off.

After cooling, the samples were rinsed with distilled water until the filtrate has a pH
of 8. The resulting WNS-AC and HNS-AC adsorbents were dried in the oven at 120 ◦C for
12 h.

2.2. Adsorptive

High-purity carbon dioxide (99.995%), purchased from Linde Gas Rus (Balashikha,
Russia), was used as an adsorptive.

Table 1 lists the physicochemical properties of carbon dioxide, which were used in
the analysis and calculations, such as molecular mass M, boiling point Tb [K], critical
temperature Tcr [K], critical pressure Pcr [MPa], critical density ρcr [kg/m3], and the kinetic
diameter of a molecule dkin [nm].
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Table 1. Physicochemical properties of carbon dioxide [61,62].

M Tb [K] Tcr [K] Tλ [K] ρcr [kg/m3] Pcr [MPa] dkin [nm]

44.01 194.65 304.19 216.55 468 7.382 0.33

2.3. Textural Characteristics of the Carbon Adsorbents

The porosity characteristics of both the intermediate samples of char and the ACs
prepared from them were calculated from the standard low-temperature (77 K) nitrogen
vapor adsorption/desorption isotherms measured with a Quantachrome Autosorb iQ
multifunctional surface area analyzer.

The equations of TVFM [51,52] were used to calculate the structural and energy
characteristics (SEC) that are descriptive of the micropores of the prepared adsorbents:
the intermediate char samples and the corresponding ACs, namely, the specific micropore
volume W0 [cm3/g], standard characteristic energy of adsorption E0 [kJ/mol], and the
average radius of micropores X0 [nm].

The general TVFM equation is the Dubinin–Astakhov equation:

a = a0exp
[
−
(

A
E

)n]
, (1)

where a0 [mmol/g] is the maximum amount of adsorbed gas corresponding to the satura-
tion of the pore volume; E [kJ/mol] is the characteristic adsorption energy; A [kJ/mol] is the
differential molar work of adsorption; and the power n depends on the type of adsorbent.
Since for ACs, n = 2, we employed the well-known Dubinin–Radushkevich equation [51]:

a = a0exp

[
−
(

A
E

)2
]

, (2)

to calculate the values of W0, E, and X0.
Here, A is the differential molar work of adsorption, which was calculated by the equation:

A = RTln
(

fs

f

)
, (3)

where R [J/(mol·K)] is the universal gas constant and f and f s [Pa] are the fugacity of a gas
phase in equilibrium and saturated vapor, respectively.

On the assumption that at Ps/P = 1, the adsorbate density (ρad) is equal to the liquid
density (ρL), the micropore volume W0 can be calculated from the value of a0:

W0 = a0/ρL, (4)

The values of the characteristic energy of nitrogen vapor adsorption E onto the carbon
adsorbents are related with the characteristic energy of standard vapor (benzene) via the
affinity coefficient of nitrogen and standard vapor (benzene) β:

E = β·E0, (5)

The affinity coefficient β was determined from the ratio of the parachors of nitrogen
(Π [(J1/4 × cm5/2)/mol]) and the standard benzene vapors (Π0 [(J1/4 × cm5/2)/mol]) at
the boiling points:

β = Π/Π0, (6)

The effective half-width of slit-like micropore X0 was estimated from the characteristic
adsorption energy of standard benzene vapor E0 using a semi-empirical relationship
derived within a framework of TVFM:

X0 = 12/E0, (7)
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For all the char and AC samples, the specific surface area, SBET [m2/g], was estimated
using the Brunauer–Emmet–Teller (BET) equation with Rouquerol’s criterium for microp-
orous adsorbents [63–65]. In addition, the specific surface area of mesopores, SME, was also
obtained from the low-temperature nitrogen vapor adsorption/desorption data using the
Kelvin equation [66]. The specific mesopore volume, WME [cm3/g], was calculated as the
difference WME = WS −W0, where WS [cm3/g] is the total pore volume obtained from the
low-temperature nitrogen vapor adsorption data at the relative pressure P/Ps = 0.99.

The low-temperature N2 vapor adsorption isotherms were also used to evaluate the
pore size distribution (PSD) in the ACs that resulted from the KOH activation with a
different content of KOH by employing the nonlocal density functional theory (NLDFT)
method [67] and assuming a slit-like pore model.

The surface morphology of the ACs was observed using a JEOL JSM-6060 electron scan-
ning microscope (Oxford Instruments, Abingdon, UK) equipped with an energy-dispersive
X-ray (EDX) detector (Oxford Instruments, Abingdon, UK). The surface elemental composi-
tion of the ACs was evaluated by averaging the results of ten measurements.

The phase composition of the final carbon adsorbents was determined from the X-
ray diffraction (XRD) patterns, which were acquired using an Empyrean (Panalytical BV,
Almero, The Netherlands) diffractometer working in Bragg–Brentano geometry and using
nickel-filtered CuKα radiation (λCu = 0.1542 nm). A 2θ angular range from 0◦ to 50◦

was scanned.

2.4. The Adsorption of Carbon Dioxide onto Carbon Adsorbents Prepared from Nutshells

The CO2 adsorption onto the carbon adsorbents was measured within the pressure
range from 0.1 Pa to 0.15 MPa at temperatures of 216.4, 243, 273, 293, and 333 K on a semi-
automatic adsorption gravimetric setup [68,69]. The maximum absolute measurement
error was ±0.01 mmol/g with a confidence probability of 95%; the average measurement
error was about 1.5%.

The CO2 adsorption equilibrium in the high-pressure region (up to 10 MPa) and
supercritical temperatures was calculated using the microporosity parameters determined
from the low-temperature nitrogen vapor adsorption and the equations of TVFM [52,53,70]
applied to carbon dioxide as an adsorbate, namely Equations (2) and (5), in accordance with
the well-proven route [71]. The parachor of carbon dioxide (ΠCO2 [(J1/4 × cm5/2)/mol]) at
boiling point was obtained from the formula [72]:

ΠCO2 =
M·σ 1

4

ρL − ρvapor
, (8)

Here, σ [J/m2] is the surface tension of carbon dioxide, and ρL and ρvapor are the
densities of liquid and vapor of carbon dioxide at the boiling temperature.

At temperatures between the boiling point Tb and the critical temperature Tcr, the
limiting amount of adsorbed carbon dioxide was calculated using the Dubinin–Nikolaev
formula [70]:

a0(T) = a0(Tb)exp[−α(T − Tb)]. (9)

Here, a0(Tb) is the limiting adsorption achieved at the triple point temperature Tλ,
and α = −(dlna0/dT)Ps [1/K] is the thermal coefficient of limiting adsorption.

In the region of supercritical temperatures, the isotherms of CO2 adsorption onto
the carbon adsorbents were calculated using Equation (2), where the value of saturated
pressure Ps is a result of the linear extrapolation of a function:

ln Ps(T) = M− N
T

. (10)

The constants M and N were evaluated from two characteristic points for carbon
dioxide, (Tb, Ps) and (Tcr, Pcr).
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From the linear extrapolation of the Dubinin–Nikolaev formula (9), we obtained the
value of limiting adsorption a0 at the saturation pressure.

3. Results and Discussion
3.1. Optimal Conditions for Synthesis of Carbon Adsorbents and Characterization of Their Textural
Properties

The first step in finding optimal synthesis conditions was the choice in carbonization
temperature (Tcarb) for each type of nutshell based on the data on the porous structure of
the char samples. Figure 1 shows the parameters of the porous structure of the WNS char
and HNS char samples, namely the specific BET surface and specific micropore volume,
versus the carbonization temperature. As noted above, the range of Tcarb values was chosen
in accordance with the data on carbonization temperatures of industrial ACs [24].
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Figure 1. Dependence of the porous structure parameters: SBET (dash curves 1, 1′) and W0 (solid
curves 2, 2′) of the WNS char (black curves 1 and 2) and HNS char (red curves 1′ and 2′) samples on
the carbonization temperature.

According to Figure 1, a rise in the carbonization temperature from 700 to 900 ◦C
causes the porosity in the WNS char sample to develop. This development manifests in
an increase in the volume of micropores from 0.20 to 0.25 cm3/g (curve 1) and the specific
BET surface from 470 to 620 m2/g (curve 2). Hence, in the following experiments, we chose
the WNS char sample carbonized at a temperature of 900 ◦C with the greatest W0 and SBET
values. It should be emphasized that a further increase in the carbonization temperature is
inexpedient since it entails higher energy consumption and, ultimately, a higher cost of the
carbon adsorbent.

As follows from the data on W0 and SBET for the HNS char series in Figure 1, at a
temperature of 800 ◦C, both parameters reached their maximum values: of 0.22 cm3/g and
550 m2/g, respectively. With a further increase in the carbonization temperature, the values
of W0 and SBET decreased (curves 1′ and 2′). Therefore, the HNS char sample produced at
a carbonization temperature of 800 ◦C was chosen for subsequent activation.

Next, we performed a series of KOH activations with different char/KOH ratios of the
chosen WNS char and HNS char samples and measured the isotherms of low-temperature
nitrogen vapor adsorption onto the obtained activated carbons. As an example, Figure 2
shows the low-temperature N2 vapor adsorption isotherms for two samples obtained
after the KOH activation of WNS char and HNS char with the char/KOH = 1:2 and 1:3,
respectively.
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Figure 2. The standard isotherms of nitrogen vapor adsorption onto WNS-AC-2 (black symbols and
lines) and HNS-AC-3 (red symbols and lines) measured at 77 K.

The isotherms of low-temperature nitrogen vapor adsorption onto all the ACs were
used to calculate the parameters of their porous structure, including the SEC values (W0, E0,
and X0), specific BET surface (SBET), volume of mesopores (Wme), and total pore volume
(Ws) of the carbon adsorbents. The results of these calculations, shown in Table 2, were
compared to determine the impact of the carbon/KOH ratio on the porosity of the resulting
AC samples, including micro- and mesopores.

Table 2. The parameters of the porous structure of the activated carbons prepared from WNS
(Tcarb = 900 ◦C) and HNS (Tcarb = 800 ◦C) through the KOH activation at 800 ◦C with the different
carbon/KOH ratios.

Sample Char/KOH Ratio W0 [cm3/g] E0 [kJ/mol] X0 [nm] SBET [m2/g] Ws [cm3/g] Wme [cm3/g]

WNS-AC series

WNS-AC-1 1:1 0.24 24.5 0.49 590 0.27 0.03
WNS-AC-2 1:2 0.60 24.9 0.48 1510 0.65 0.05
WNS-AC-3 1:3 0.62 23.4 0.61 1550 0.71 0.09

HNS-AC series

HNS-AC-1 1:1 0.29 24.2 0.50 670 0.32 0.03
HNS-AC-2 1:2 0.44 25.9 0.46 1030 0.47 0.03
HNS-AC-3 1:3 0.54 24.6 0.49 1300 0.59 0.05

The comparison of the data of the TVFM-based calculations listed in Table 2 for the
ACs produced under the various activation conditions showed that an increase in the
char/KOH ratio causes the following changes in the porosity:

• The specific BET surface in the WNS-AC and HNS-AC series increased almost three
and two times, respectively;

• The micropore volume in the WNS-AC and HNS-AC series increased by almost 2.6
and 1.9 times, respectively;

• The volume of mesopores in both series increased with increasing content of KOH
and achieved a maximum value at the char/KOH ratio = 1:3;

• According to the TVFM-based calculations, the effective width of slit-like micropore
increased by a factor of 1.2 for the WNS-AC series and decreased insignificantly for
the HNS-AC series;

The isotherms of low-temperature nitrogen vapor adsorption were used to evaluate
the PSD function (dW0/dD = f (D)) in these two series of ACs by utilizing the NLDFT
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method assuming a slit-like pore model. The results of these calculations are shown in
Figure 3a,b for the WHS-AC and HNS-AC series, respectively.
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Figure 3. The PSD functions dW0/dD = f (D) in two series of carbon porous materials prepared from
WNS char (a) and HNS char (b) via KOH thermochemical activation with a char/KOH ratio of 1:1
(curves 1 and 1′), 1:2 (curves 2 and 2′), and 1:3 (curves 3 and 3′).

Analysis of the PSD functions obtained for the carbon adsorbents prepared from
nutshells via KOH activation revealed a difference in the effect of the char/KOH ratio on
the development of porosity in the WNS char and HNS char during activation. During
the activation, the interactions of the WNS char with KOH led to the formation of both
micropores with a predominant size of 0.78 nm and an insignificant amount of wide
micropores with a size ranging from 1.1 to 1.4 nm (see curve 1 in Figure 3a). As follows
from Figure 3a (curve 2), a two-fold increase in the KOH content led to an increase in
the micropore volume, which included the narrow micropores with a predominant size
D~0.65 nm (the highest peak of the PSD curve) and micropores with wider sizes described
by a relatively broad peak of lesser intensity with a maximum at D~0.85 nm and a small
number of pores with a size ranging from 1.0 to 1.6 nm (several overlapping low-intensity
peaks). The KOH activation with an increased content of KOH produced the microporosity
in the WNS-derived adsorbents described by the f (D) curve with a relatively high and wide
peak and a very broad peak of low intensity corresponding to pores with a size D ranging
from 0.6 to 0.85 nm and 1.1 to 1.4 nm, respectively (see curve 3, Figure 3a). In the HNS char
samples (Figure 3b), an increase in the KOH content resulted in a rise in the proportion of
narrow micropores, as illustrated by the formation of a peak at D~0.75 nm (compare curves
1′ and 2′), and a subsequent increase in its intensity accompanied by a shift to smaller pore
sizes of D~0.6 nm (see curve 3′).

As follows from Table 2, the pore sizes of two adsorbents, namely WNS-AC-2 and
HNS-AC-3 (highlighted in bold in the table), are comparable, as are their PSD functions
(curve 2 in Figure 3a and curve 3′ in Figure 3b). Moreover, the pore volumes of these two
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samples are composed mostly of pores with a size ranging from 0.6 to 0.7 nm; this fact
supports our expectations associated with the high CO2 adsorption capacity [41,47–49,51].
It should be noted that the SEC values of WNS-AC-2 and HNS-AC-3 are close to that
determined through the above-mentioned computer simulations of CO2 adsorption in a
model carbon adsorbent with slit-like micropores formed by burning out two graphite
layers of four, which ensures the highest performance of the CO2 capture and delivery
system [50]. Thus, carbon adsorbents with a potentially high adsorption capacity for CO2
can be prepared from the nutshells through the carbonization process at 900 and 800 ◦C,
followed by the KOH activation with a char/KOH mass ratio of 1:2 and 1:3, respectively.

Next, we will focus on studying the texture properties and adsorption behaviors of
these two samples. Figure 4 shows the SEM images of the WNS-AC-2 (a,b) and HNS-AC-3
(c,d) samples. It can be seen that the surface of both samples is evenly pitted with close-to-
cylindrical channels (macropores) with a near-circular (WNS-AC-2) or oval (HNS-AC-3)
cross-section, with a diameter ranging from 10 to 20 microns. During the adsorption
process, these pores serve as transport pores for adsorptive molecules. In general, the
heterogeneous surface with open pit channels of the carbon adsorbents is inherited from the
precursors, walnut [73] and hazelnut [74] shells, which consist of polylobate cells, forming
a 3D structure with thick lignified cell walls. All changes in the surface morphology and the
porous system of the nutshells occurring upon the carbonization and activation processes
can be attributed to the disruption of the original macromolecular network structure
formed by the cellulose and lignin units, the removal of volatile organic compounds, and
the subsequent rearrangement of a new matrix structure with micropores [73,74].
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Figure 4. SEM images of the WNS-AC-2 (a,b) and HNS-AC-3 (c,d) carbon adsorbents.

A large volume of micropores in ACs provides their high adsorption capacity for CO2.
The open macropores facilitate the diffusion of CO2 to the centers of adsorption, which are
heteroatoms [41–43] and narrow micropores with a size comparable with a CO2 molecular
dimension [41,46,47,75].
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When examining the data on the elemental analysis provided in Table 3, one can
state that the WNS-AC-2 sample has more carbon species than HNS-AC-3, which can be
attributed to the higher temperature of carbonization. The activation of the char with a
larger char/KOH mass ratio is responsible for the more significant amount of potassium
atoms in HNS-AC-3 compared to WNS-AC-2.

Table 3. Elemental composition of carbon adsorbents prepared from nutshells in at.%.

Sample C O K Metals (Cr, Fe)

WNS-AC-2 92.83 6.08 1.09 -
HNS-AC-3 83.69 9.53 4.59 2.19

The structural transformations of the nutshells upon the carbonization and activation
processes manifest themselves in the specific features of the XRD patterns recorded for the
WNS-AC-2 and HNS-AC-3 adsorbents (see Figure 5).
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Figure 5. XRD patterns of the synthesized WNS-AC-2 (1) and HNS-AC-3 (2) adsorbents.

The weakly pronounced (100), (002), and (101) reflections are indicative of the mostly
amorphous phase composition of both carbon adsorbents. The XRD patterns of the WNS-
AC-2 and HNS-AC-3 adsorbents do not show the strong broad peaks characteristic of
crystalline cellulose (at 2θ = 16 and 22 degrees [76]) that were observed for both walnut and
hazelnut shells [76,77]. The complete disruption of the crystallographic ordering in both
adsorbents is caused by the aggressive action of KOH in accordance with the activation
mechanism [78]. The noticeable increase in the intensity at small angles observed for the
WNS-AC-2 adsorbent can be associated with a large fraction of micropores [79].

3.2. Carbon Dioxide Adsorption Properties of Nutshell-Derived Carbon Adsorbents

The experimental data on carbon dioxide adsorption onto both nutshell-derived ACs
measured within a temperature range from 216.4 to 393 K were used to plot the isosteres
lnP = f (1/T)|a=const, which were found to be linear over wide ranges of temperatures:
Tλ < T < Tcr, and Tcr < T. The linear behaviors of the isosteres of adsorption preserved upon
transition to the supercritical (P > Pcr, T > Tcr) state of the adsorbing substance are intrinsic
for the adsorption in microporous adsorbents [71,80]. We used this positive consequence of
the linearity of the isosteres to predict the adsorption equilibrium from the minimal set of
experimental data. In addition, the TVFM equations (Equations (2)–(10)) and the SEC data
for WNS-AC-2 and HNS-AC-3 (Table 2) were employed to calculate the carbon dioxide
adsorption over the temperature range of 216.4 to 333 K and up to 10 MPa. Figure 6a,b
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show the experimental data represented by solid symbols and the results of calculations
marked by open symbols (predictions from the linearity of the isosteres) and solid lines
(calculations by the TVFM equations) for carbon dioxide adsorption onto WNS-AC-2 and
HNS-AC-3, respectively, over the ranges of temperatures from 216.4 to 333 K and pressures
up to 10 MPa.
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Figure 6. The CO2 adsorption isotherms onto the WNS-AC-2 (a) and HNS-AC-3 (b) samples plotted
in semi-logarithmic coordinates at temperatures, K: 216.4 (1); 243.0 (2), 273.0 (3), 293.0 (4), and 333.0
(5). The solid symbols correspond to the experimental data, the open symbols are the results of
prediction from the linearity of the isosteres, and the solid lines are the results of the calculations
according to the TVFM equations. The dotted lines limit the area with experimental data and the
results of calculations using two methods.

As can be seen from Figure 6a,b, the predictions show good agreement with the
experimental results for both adsorbents, indicating the adequacy of the data processing
method using the TVFM equations. The values of CO2 adsorption rise as expected with
increasing pressure and decreasing temperature.

Figure 7 shows the isotherms of CO2 adsorption onto the WNS-AC-2 and HNS-AC-3
adsorbents up to 0.1 MPa at different temperatures (symbols: the experimental data, solid
curves: theoretical predictions using the TVFM equations). As follows from the figure,
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at the lowest temperature of 216.4 K, the CO2 uptake of the WNS-AC-2 and HNS-AC-3
adsorbents reaches a value of 13.4 and 11.8 mmol/g, respectively, at a pressure of ~0.1 MPa.
However, according to the results of the calculations based on TVFM, at a temperature of
273/293 K, the maximum CO2 capture capacity WNS-AC-2 and HNS-AC-3 could be up to
13.4/12.5 and 12.0/11.1 mmol/g at a pressure of about 3.3 MPa, respectively. The obtained
values of CO2 uptake should be compared, taking into account the data on the porosity
(Table 2) and the content of heteroatoms (Table 3) in the adsorbents. It is evident that
despite the lower content of heteroatoms including oxygen species (and, probably, oxygen-
containing functionalities), the larger volume of micropores in WNS-AC-2 compared to that
in HNS-AC-3 was the primary factor in the higher adsorption capacity that this adsorbent
exhibited at these P,T-conditions. The observed effect is in agreement with the previous
studies [46].
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333.0 (5).

We compared the experimental data on the CO2 adsorption capacity at P = 0.1 MPa
(see Figure 7) with that reported for the carbon adsorbents prepared from various biowaste
(Table 4).

Table 4. Comparison of the CO2 adsorption capacity (273 and 298 K) at P = 0.1 MPa for activated
carbons prepared from various biowaste [14,39,81–97]. The data on CO2 adsorption onto WNS-AC-2
and HNS-AC-3 are provided for 273 and 293 K (curves 3 and 4, Figure 7). The data of this work are
highlighted in bold.

Carbon Source Activation
W0

[cm3/g]
SBET

[m2/g]

Adsorption Capacity [mmol/g]
at P = 0.1 MPa Ref.

273 K 298 K

Palm stone Chemical (H3PO4) activation + NH3
chemical modification 0.24 587 3.1 n/a [81]

Chestnut Chemical (NH3) activation ~0.22 561 3.4 2.3 [82]
Rice husk CO2 activation + leaching with K2CO3 0.34 1097 n/a 3.1 [83]

Gum Arabic tree seed shell KOH activation 0.58 1472 n/a 3.4 [84]
Wheat KOH activation 0.58 1438 5.7 3.5 [85]
Starch Dry chemical activation n/a 1957 7.5 3.8 [86]

Hazelnut shell KOH activation 0.49 1270 5.6 3.9 (293 K) this work
Hazelnut shell KOH activation 0.64 1963 5.0 4.0 [87]

Fern leaves KOH activation 0.33 1593 4.5 4.1 [88]
Peanut shell KOH activation 0.68 1962 5.4 4.1 [87]
Bean dreg KOH activation + N-doping 0.43 1060 n/a 4.2 [89]

Cotton stalk KOH activation n/a 2695 6.9 4.2 [90]
Carrot peels KOH activation 0.40 1379 5.6 4.2 [88]

Walnut shells KOH activation 0.52 1468 4.3 4.3 [87]
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Table 4. Cont.

Carbon Source Activation
W0

[cm3/g]
SBET

[m2/g]

Adsorption Capacity [mmol/g]
at P = 0.1 MPa Ref.

273 K 298 K

Cupuassu shell KOH activation 0.43 2221 7.8 4.4 [91]
Walnut shells KOH activation 0.55 1420 6.2 4.4 (293 K) this work

Bamboo KOH activation ~
0.36 ~1846 7.0 4.5 [39]

Assai stone KOH(CO2) activation 0.86 3250 6.1 4.5 [92]
Peanut shell KOH activation ~ 0.3 956 7.1 4.6 [93]
Pine nutshell KOH activation n/a n/a 7.7 5.0 [34]
Coconut shell KOH + N-doping 0.73 1535 ~7.0 5.0 [94]
Walnut shell KOH activation 0.94 1868 9.6 5.2 [14]

Argan fruit shell KOH(NaOH) activation 1.04 2251 n/a 5.6 [95]
Chitosan Molten salt template synthesis 0.56 2025 7.9 5.6 [96]
Common
Polypody KOH activation 0.92 1994 9.1 5.7 [97]

It should be noted that most of the researchers emphasized that the presence a sufficient
fraction of the micropores with a size of ≤0.8–0.9 nm is crucial for efficient CO2 capture.
The analysis of the table allowed us to conclude that the proposed route of the AC synthesis
from nutshells made it possible to prepare the adsorbents with a sufficiently high CO2
capture capacity, especially at low temperatures, which is comparable with that reported
by other researchers for carbon adsorbents from various biowaste, including the same
nutshells [14,87].

The present study aims to prepare a high-performance carbon adsorbent for CO2
capture and delivery for subsequent utilization. In this context, the specific CO2 total
capture and deliverable volumetric capacities of an adsorption tank loaded with this
adsorbent are the main indicators of the effectiveness of this system. In fact, while assessing
the integral specific efficiency of an adsorption-based system for CO2 capture and storage
that comprises a tank loaded with an adsorbent, it is necessary to take into account not
only the adsorbed phase of the target gas, but also the free gaseous phase in the space
unoccupied by the adsorbent. Thus, we consider the total specific CO2 volumetric capacity
including both the adsorbed and free gas phase as an efficiency criterion. It is important
to stress that the volumetric storage capacity is relevant for a gas storage application of
porous materials due to necessity to adsorb a maximum amount of target gas molecules in
a minimum volume. As follows from a definition of the volumetric storage capacity, its
value strongly depends not only on the adsorption behaviors of the adsorbent determined
by the pore geometry and adsorption sites, but also on its packing density [98].

The specific deliverable (working) capacity is defined as the amount of the target gas
(converted to STP or NTP conditions) released when the pressure in the storage tank with
the adsorbent is reduced from the current level to a specified minimum value divided by
the geometric volume of the tank [50,98–100]. We used the isotherms of CO2 adsorption
at 293 K (Figures 5 and 6) and the experimental data on the packing density of the ACs
(~2.56 kg/m3 for both ACs) to evaluate the CO2 total and deliverable volumetric capacities
at a pressure drop from 1 to 0.1 MPa. Table 5 summarizes the results of these calculations
for both carbon adsorbents.

Table 5. Total and deliverable CO2 adsorption capacities of the carbon adsorbents, which were
prepared from walnut and hazelnut shells, evaluated at 293 K and a pressure drop from 1 to 0.1 MPa.

Adsorbent Total Capacity,
[m3(NTP)/m3]

Deliverable Capacity,
[m3(NTP)/m3]

WNS-AC-2 270 115
HN-AC-3 240 110
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As follows from the data in Table 4, the BET surface plays a less significant role in the
CO2 adsorption capacity of carbon adsorbents; hence, we consider a significant volume
of narrow micropores with a size <0.8 nm with strong adsorption potentials to be a key
parameter. At the initial stage of adsorption, these micropores along with heteroatoms serve
as adsorption sites with high binding strength for CO2 molecules, and, hence, the total
adsorption capacity is determined by the micropore volume in accordance with TVFM. At
the same time, the high binding strength significantly increases the amount of unremovable
CO2 molecules, and, as a result, reduces the deliverable capacity of the adsorbents, which is
confirmed by the data in Table 5. One way to increase the deliverable capacity is a combined
pressure–temperature swing delivery proposed, for example, for the hydrogen adsorption-
based storage systems [100], when the target gas is accumulated at low temperatures and
high pressures and is released at high temperatures and low pressures.

3.3. Differential Molar Isosteric Heat of CO2 Adsorption onto Carbon Adsorbents

Isosteric heat is generally interpreted as the energy required for an adsorptive gas
molecule to move from the free state to the adsorbed one under fixed thermodynamic
conditions of the system: constant pressure, temperature, and adsorbed amount. According
to the definition posed by Hill [54,55], who replaced Gibbs’s formalism of excess adsorption
with an alternative model of absolute adsorption, the differential molar isosteric heat of
adsorption, qst, is calculated as a difference between the molar enthalpy of the equilibrium
gas phase hg and the differential molar enthalpy of the adsorption phase

(
∂H1
∂a

)
T

:

qst = hg −
(

∂H1

∂a

)
T
= hg − h1, (11)

If one assumes that the properties of the adsorbate in the gas phase adhere to the laws
of ideal gas, the Clausius–Clapeyron formula is used to calculate the heat of adsorption [55]:

qst = −RT2
(

dlnP
dT

)
. (12)

Bakaev proposed a complete formula that includes the terms related to the non-ideality
of an equilibrium gas phase and the non-inertness of an adsorbent at high pressures
and temperatures; it provides the possibility to estimate the essential thermodynamic
characteristic of the adsorption process as the isosteric differential molar heat of adsorption
from experimental isosteres of adsorption calculated as total content [101,102]:

qst = −R·Z·
[

∂(lnP)
∂(1/T)

]
a
·
[

1−
(

∂Va

∂a

)
T

/νg

]
−
(

∂P
∂a

)
T
·
[

Va − T·
(

∂Va

∂T

)
a

]
, (13)

here, Z = P·νg/(RT) is the compressibility of the equilibrium gaseous phase at specified
P,T-conditions; νg [m3/kg] is the specific volume of the gaseous phase; Va = V0(P,T)/m0
[cm3/g] is the reduced volume of the adsorbent–adsorbate system; and V0 [cm3] is the
volume of the regenerated adsorbent and m0 [g] is its mass.

It is evident that Equation (13) considers all the factors that contribute to the value of
the differential molar isosteric heat of adsorption, namely: isothermal adsorption-induced
deformation (∂Va/∂a)T, temperature isosteric deformation (∂Va/∂T)a, the slopes of the
isotherm of adsorption (∂P/∂a)T and isosteres [∂lnP/∂(1/T)]a, and the non-ideality of a
gas phase Z(P,T). The factors associated with the adsorption- and temperature-induced
deformations of the adsorbent are relevant to adsorption processes at high temperatures
and pressures.
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When the effects associated with the thermal and adsorption non-inertness (deforma-
tion) of an adsorption system are insignificant, Equation (13) simplifies to the form:

qst = −RZ·
[

∂(lnP)
∂(1/T)

]
a
−
(

∂P
∂a

)
T
·Va, (14)

It should be noted that the carbon adsorbents are regarded as exceptionally rigid and
heat-resistant during adsorption since the contribution of their deformation stimulated by
adsorption does not exceed 1% [103]. Therefore, the deformations of the material caused by
adsorption and temperature, (∂Va/∂a)T and (∂Va/∂T)a, can be neglected in our calculations
of the differential isosteric heat of adsorption from the CO2 adsorption isosteres.

Figure 8a,b show the isosteric differential molar heats of CO2 adsorption onto WNS-
AC-2 (a) and HNS-AC-3 (b), which were calculated by applying Equation (14) to the CO2
adsorption data. The heats of CO2 adsorption are plotted as a function of the CO2 adsorp-
tion, qst(a), for different temperatures in order to follow the variations in the contributions
of the adsorbate–adsorbent and adsorbate–adsorbate interactions to the total energy of
molecular interactions during filling the pores with CO2.
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It can be seen that the qst = f (a) plots obtained for the CO2 adsorption onto WNS-
AC-2 (Figure 8a) and HNS-AC-3 (Figure 8b) are similar. The initial values of qst for CO2
adsorption onto WNSAC-2 and HNSAC-3 are about 32 kJ/mol that exceed the reported
data for heats of CO2 adsorption onto carbon adsorbents [56–59]. At the early stage of
adsorption, the high initial isosteric heat of adsorption points to the strong interactions
between the carbon adsorbent and CO2 that cause the large number of retained molecules
at low pressures during the delivery (desorption) process.

During the adsorption process, the heat of adsorption decreases. The decrease in qst
is caused by the gradual occupation of the adsorption sites by CO2 molecules, which are
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narrow micropores and heteroatoms. The low rates of this decrease indicate a relatively
slight difference between the adsorption sites for CO2 molecules, which is in agreement
with the relatively narrow pore size distribution and small amounts of impurities.

After reaching a~4 mmol/g, the behaviors of qst(a) can be considered a result of
the increasing contribution from the attractive CO2–CO2 interactions resulting in the
formation of the clusters of adsorbed molecules [44,80]. Then, as the pores are filled with
the adsorbate (a = 8–9 mmol/g,), the distances between the molecules decrease, and the
repulsive intermolecular forces cause the rearrangement of adsorbed molecules.

As can be seen from Figure 8a,b, at the initial stage of adsorption, the heat of adsorption
does not change with temperature, and curves 1–5 almost coincide up to a = 4 mmol/g.
But during adsorption, the temperature affects the behaviors of the qst(a) function. At low
temperatures, the heat of adsorption changes insignificantly (curves 1–3). In contrast, at
T ≥ 293, a sharp decrease in qst was observed with the increase in carbon dioxide uptake
(curves 4 and 5). This effect can be explained by the temperature-induced change in the
contribution of the slope of the adsorption isosteres and the compressibility coefficient
of the gas phase (the first term in Equation (14)) [80]. With increasing temperature, these
effects manifest at lower pore fillings due to an increasing contribution of kinetic energy
associated with CO2 molecular mobility.

Figure 9 shows the dependences of the differential molar isosteric enthalpy of the of the
WNS-AC-2–CO2 adsorption system, h1 = f (a), calculated according to Equation (10) using
the corresponding data on qst(a) for different temperatures. In the following discussion, we
restrict ourselves to the thermodynamic parameters for the WNS-AC-2–CO2 adsorption
system since the characters of the qst(a) dependences for both adsorbents are similar.
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The changes in the behaviors of the h1 = f (a) curves with rising temperature can be
explained by considering the temperature effect on the terms of Equation (11). At the initial
stage, when temperature changes do not affect the heat of adsorption, i.e., qst 6= f (T), the
enthalpy of the adsorption system is determined by the linear temperature dependence
of the molar enthalpy of the equilibrium gas phase, hg(T). As a result, the curves h1(a) for
different temperatures are almost parallel. After reaching a = 3–4 mmol/g, the temperature-
dependent compressibility of the gas phase Z and the product (∂P/∂a)·Va in Equation (14)
for qst determine the behaviors of h1 = f (a) at each of the studied temperatures with
increasing CO2 uptake.

The differential molar entropy of the adsorption system, s1, was calculated as fol-
lows [54,55]:

s1 = sg − qst/T, (15)



Gases 2023, 3 129

The values of s1 plotted as a function of CO2 uptake in Figure 10 reflect the changes
in the state of CO2 molecules during their adsorption caused by the interaction with the
adsorption sites compared to the gas phase.
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Figure 10. The differential molar isosteric entropy of the WNS-AC-2–CO2 adsorption system versus
the CO2 uptake at temperatures, K: 243.0 (1), 273.0 (2), 293 (3), and 303.0 (4).

As follows from Figure 10, at the initial stage of CO2 adsorption, up to the adsorption
value of a ~ 1 mmol/g was achieved, and the entropy decreases sharply, suggesting that
CO2 molecules move to a bound state at the high-energy adsorption sites. In the range
of adsorption values of 2–10 mmol/g, the gradual filling of the pore space with CO2 and,
consequently, the enhancement of the CO2–CO2 interactions cause the entropy drop to
slow down. One can see an increase in the s1(a) values observed at a > 10 mmol/g at
293 and 333 K. In a recent study [104], we found a similar effect for methane adsorption
onto microporous carbon adsorbent prepared from mineral coal and explained it via the
impact of temperature-dependent molecular mobility on the structural rearrangements of
adsorbed molecules at high micropore fillings.

The heat capacity of an adsorption system is a crucial parameter that determines its
thermal stability during a large number of adsorption/desorption cycles. Distinct from the
heat capacity of any bulk phase, the heat capacity of the adsorption system depends both
on P,T-conditions and the amount of adsorbed substance. Therefore, a full thermodynamic
description of an adsorption system requires us to explore the differential molar isosteric
heat capacity Ca as a function of P,T-conditions and the amount of adsorbed substance.
According to the Kirchhoff equation [80]
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the value of Ca can be evaluated using the data on the isosteric differential heat of adsorption
and the molar enthalpy of the equilibrium gas phase hg.

Figure 11 shows the temperature dependence of the differential molar isosteric heat
capacity of the WNS-AC-2–CO2 adsorption system for various amounts of adsorbed car-
bon dioxide.
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Figure 11. The differential molar heat capacity, Ca, of the WNS-AC-2–CO2 adsorption system as
a function of temperature for various CO2 uptakes: 11 mmol/g (1), 10 mmol/g (2), 9 mmol/g (3),
8 mmol/g (4), 7 mmol/g (5), 6 mmol/g (6), 5 mmol/g (7), 4 mmol/g (8), and 3 mmol/g (9).

As follows from Figure 11, the increase in the CO2 uptake leads to the enhance-
ment of the temperature dependence of Ca for the WNS-AC-2–CO2 adsorption system: at
a = 3 mmol/g, the heat capacity increases from 0.027 to 0.35 kJ/mol/K when the tempera-
ture rises within a range of 216.4–330 K, and when the CO2 uptake achieves a = 11 mmol/g,
the value of Ca increases by a factor of 8 with a rise in temperature of 100 ◦C.

The results obtained can be interpreted by considering the temperature dependencies
of the terms of Equation (16). Due to the temperature invariance in the heat of adsorption
observed at the early stages of adsorption (see Figure 7), i.e., qst 6= f (T)a, the initial growth
in Ca with temperature is a result of the temperature dependence of the enthalpy of the
carbon dioxide gaseous phase. However, as the number of adsorbed molecules increase,
the function qst becomes more temperature-sensitive (see Figure 8a), and it is this effect that
makes a dominant contribution to the behaviors of the Ca(T) function.

4. Conclusions

In summary, we showed that walnut and hazelnut shells can be used as precursors for
preparing efficient carbon adsorbents for carbon dioxide capture and storage. By conduct-
ing comparative structural investigations of the chars, we found the optimal carbonization
temperature for both precursors. After performing the KOH thermochemical activation
of the char with the highest porosity, we determined the optimal KOH/carbon ratios for
fabricating ACs with an optimal porous structure for CO2 adsorption via analysis of the
porosity characteristics. The data of the CO2 adsorption over the sub- and supercritical ther-
modynamic conditions obtained from the direct measurements and the calculations based
on TVFM showed that the carbon adsorbents prepared from walnut and hazelnut shells
under relatively mild carbonization at 600 to 900 ◦C and activation conditions KOH/carbon
= 2 and 3, respectively, exhibited efficient CO2 capture capacities. It was concluded that
the presence of narrow micropores with a size of 0.6–0.7 nm in both adsorbents ensured a
high adsorption energy of ~25 kJ/mol and initial heats of CO2 adsorption of ~32 kJ/mol.
Comparison of the CO2 adsorption capacity exhibited by both, taking into account the
microporosity and the elemental composition (the presence of heteroatoms), revealed the
decisive contribution of the micropore volume to the adsorption value.

The thermodynamic functions of the CO2–AC adsorption system (heat of adsorption,
enthalpy, and entropy) evaluated as functions of CO2 uptake and temperature were shown
to be governed by the changes in the molecular adsorbent–adsorbate and adsorbate–
adsorbate interactions during the transitions of CO2 molecules from a bound state at the
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high-energy adsorption sites (heteroatoms and narrow micropores with a size ≤0.6–0.7 nm)
to the molecular clusters and their rearrangement.

The results obtained are essential for designing a route for the synthesis of carbon
adsorbents from abundant agricultural waste and designing the thermal management of
the corresponding capture, storage, and delivery facilities with improved performance.
The large-scale production of these carbon adsorbents can solve the problem of capture
and sequestration from point source emissions and stabilize CO2 in the atmosphere.
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