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Abstract: This paper presents the results of an evaluation of the impact of the amount of potassium
hydroxide on the obtained porous structure of the activated carbons derived from the shells of pista-
chios, hazelnuts, and pecans by carbonization and subsequent chemical activation with potassium
hydroxide by different adsorption methods: Brunauer–Emmett–Teller, Dubinin–Raduskevich, the
new numerical clustering-based adsorption analysis, Quenched Solid Density Functional Theory,
and 2D-Non-linear Density Functional Theory for Heterogeneous Surfaces, applied to nitrogen
adsorption isotherms at −196 ◦C. Based on the conducted research, a significant potential for the
production of activated carbons from waste materials, such as nut shells, has been demonstrated. All
the activated carbons obtained in the present study at the activator/char mass ratio R = 4 exhibited
the most developed porous structure, and thus very good adsorption properties. However, activated
carbons obtained from pecan shells deserve special attention, as they were characterized by the
most homogeneous surface among all the samples analyzed, i.e., by a very desirable feature in most
adsorption processes. The paper demonstrates the necessity of using different methods to analyze
the porous structure of activated carbons in order to obtain a complete picture of the studied texture.
This is because only a full spectrum of information allows for correctly selecting the appropriate
technology and conditions for the production of activated carbons dedicated to specific industrial
applications. As shown in this work, relying only on the simplest methods of adsorption isotherm
analysis can lead to erroneous conclusions due to lack of complete information on the analyzed
porous structure. This work thus also explains how and why the usual characterizations of the
porous structure of activated carbons derived from lignocellulosic biomass should not be taken at
face value. On the contrary, it is advisable to cross reference several models to get a precise idea of
the adsorbent properties of these materials, and therefore to propose the most suitable production
technology, as well as the conditions of the preparation process.

Keywords: activated carbons; adsorption; porous structure; biomass-based materials

1. Introduction

Activated carbons are materials whose adsorption properties make them indispens-
able for a large number of applications related to the environment. Indeed, thanks to their
highly developed specific surface areas and large micro/mesoporous volumes, they can
trap significant quantities of pollutants. Common applications are therefore air purifica-
tion [1] and water treatment [2–6], but they can also be used in catalysis [7–11], as well
as in energy-related applications, e.g., gas storage [12–17], solar refrigeration by adsorp-
tion [18,19], storage, and the conversion of electrochemical energy [20–23]. However, not
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all activated carbons are necessarily efficient in a given application, and it is necessary that
their porous texture be optimized for the intended purpose. This raises the very necessary
question of their characterization and preparation conditions [24]. Indeed, the final porous
texture of activated carbons is dependent not only on the starting precursor, which can be
any organic matter—especially biomass [25–29], but also, and above all, on its conditions
of transformation into activated carbon [30–35]. This process can be carried out in different
ways, but always leads to an enrichment of the starting organic matter into carbon (the
carbonization stage), and to the opening and development of porosity in the final material
(the activation stage). For a long time now, it has been known how to produce activated
carbons and how to optimize them for one application or another. However, the new
adsorption technologies and their need to compete with other technologies require increas-
ingly efficient adsorbents, and simple physical adsorption methods do not make it possible
to obtain them. Therefore, new methods of obtaining them are being sought, and there is
great scope for developing chemical activation methods, including the search for new raw
materials that could be used in the production of highly effective activated carbons.

Knowledge of activated carbons’ porous textures, which should be directly related
to the expected adsorption performance, necessarily involves physicochemical character-
izations with which models are associated. Routine characterization includes nitrogen
adsorption at the temperature of −196 ◦C, and the treatment of isotherms is then usually
entrusted to models whose limitations are generally—but not always—known by the
researchers using them. However, for lack of better models, they continue to be widely
used throughout the world. In this work, we aimed to insist on the need for not being
satisfied with one or two models, in particular the most usual ones, to characterize activated
carbons. Although such common models continue to be extremely useful, particularly for
comparative purposes with other data from the literature, we show that the comparison
of different and more advanced models allows us to go much further in understanding
the porous structure. Thus, we have produced activated carbons derived from food waste,
in this case, the shells of various edible nuts, by chemical activation and applied these
different models to them. We then show that the usual models do not allow us to clearly
distinguish certain activated carbons, but that other models reveal some clear differences.
These results should therefore allow for better control of the preparation of carbonaceous
adsorbents for given applications, thanks to the very fine characterization made possible
by the comparison of different adsorption models.

2. Materials and Methods
2.1. Preparation of Activated Carbon Samples

Activated carbons (AC) were produced from pistachio nut shells (marked as POAC),
hazelnut shells (HTAC), and pecan nut shells (PNAC). For that purpose, a grain fraction
of 1–3.15 mm was first separated and then subjected to carbonization at 500 ◦C under
a nitrogen flow of 30 dm3/h. The chars thus obtained from each of the raw materials
were then mixed with solid potassium hydroxide powder (Sigma-Aldrich Chemie GmbH,
Munich, Germany) and crushed in a mortar to homogenize the mixtures. For the purposes
of the study, samples of activated carbons were obtained according to different ratios of the
mass of the activator to that of the char, i.e., R = 1, 2, 3, and 4. In preliminary studies, higher
amounts of KOH were also considered; however, rapid degradation of the porous structure
occurred for mass ratios above R = 4. After mixing with potassium hydroxide, the samples
were heated in a vertical tubular furnace under nitrogen flow (30 dm3/h) at a rate of
5 ◦C/min until the final activation temperature of 800 ◦C. The materials were subsequently
held at the final activation temperature for 1 h and then cooled to room temperature under
nitrogen flow. The obtained activated carbons were next treated with 0.5 mol/dm3 HCl
(Sigma-Aldrich Chemie GmbH, Munich, Germany) solution and washed with hot distilled
water to wash out the chloride ions. The final stage of preparation of the samples consisted
of drying the activated carbons at a temperature of 100 ◦C to constant weight.
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2.2. Adsorption Models Considered in This Study

It is well known that activated carbons are characterized by a very complex structural
and chemical structure, and therefore their description is problematic despite the devel-
opment of many analytical methods. These methods take into account different structure
models, as well as other aspects relating to the physicochemistry of these materials.

The Brunauer–Emmett–Teller (BET) method [36] is widely adopted for the determina-
tion of the specific area of porous materials based on the isothermal adsorption of nitrogen
vapor at −196 ◦C, and its great popularity is mainly due to the simple form of the BET
equation. Unfortunately, the assumptions of this method differ significantly from reality,
and in particular, the method does not take into account the heterogeneity of surfaces
as well as the not taking into account the interactions between the adsorbed molecules.
However, and despite many limitations, this method ensures the comparability of results
for different materials.

Another very popular method used in the analysis of the porous structure of activated
carbons is the Dubinin–Raduskevich (DR) method [37], which is used to determine the
volume of micropores. However, this method also has many limitations and, in partic-
ular, does not take into account the heterogeneity of the surface of the material under
analysis. Therefore, given the limitations of the BET and DR methods, research has pro-
posed methods that are more sophisticated for pore structure analysis. Here, the new
numerical clustering based adsorption analysis (LBET) method, together with the imple-
mented unique numerical procedure for the fast multivariant identification of adsorption
systems [38–41], as well as Quenched Solid Density Functional Theory (QSDFT) [42,43]
and 2D-Non-linear Density Functional Theory for Heterogeneous Surfaces (2D-NLDFT-
HS) [44–46] methods were chosen to determine pore size distributions, taking into account,
among other things, the heterogeneity of the surface.

Thus, the LBET method described in detail in the authors’ previous works is based on
unique mathematical models that take into account, in addition to surface heterogeneity,
the possibility of molecule clusters branching and the geometric and energy limitations of
adsorbate cluster formation [38–41].

The LBET models have five parameters: the volume of the first adsorbed layer, VhA
[cm3/g]; the dimensionless energy parameter for the first layer, QA/RT; the dimensionless
energy parameter for the higher layers, BC; the geometrical parameter of the porous
structure determining the height of the adsorbate molecule clusters, α; and the geometrical
parameter of the porous structure determining the width of the adsorbate molecule clusters,
β, which can be adjusted by fitting the LBET equation to the adsorption isotherm [38–41]. In
addition, the LBET method implements a fast multivariate procedure of adsorption system
identification, which allows for the determination of the surface heterogeneity parameter
h and the shape of the adsorption energy distribution on the first layer. The procedure
mentioned above consists of fitting a set of theoretical isotherms corresponding to thirty
LBET class models to the experimental adsorption isotherm, covering all possible cases of
adsorption energy distributions on the surface of carbon adsorbents, as well as the degree
of surface heterogeneity [38–41]. This approach avoids inadvisable overparameterization
of the mathematical models of the adsorption process; simplifies the numerical procedure
itself; and, consequently, increases the reliability of the determined parameters of the
porous structure.

It should be emphasized that each of the information types obtained by the LBET
method, i.e., the values of the model parameters VhA, QA/RT, BC, α, and β; the value of
the surface heterogeneity parameter h; as well as the distribution of adsorption energy
on the adsorbent surface, provide valuable information for technologists involved in the
production of activated carbons, as well as for scientists studying, among other things, the
mechanisms occurring during the preparation of activated carbons [38–41].

To determine pore size distributions, two methods have been selected that differ in the
approach to take into account the heterogeneity of the activated carbon surface. The QSDFT
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method [42,43] takes into account the heterogeneity of the surface in one dimension, while
the 2D-NLDFT-HS method considers it in two dimensions [44–46].

These methods are an important development of the basic NLDFT method [47],
which adopted a geometrically and energetically ideal homogeneous surface and split-like
structure of the pores, ignoring the heterogeneity of the surface and deviations from the
ideal split structure of the pores of real microporous materials. Consequently, the theoretical
isotherms of NLDFT adsorption have shown numerous steps related to the formation of
successive layers of adsorbate. The problem occurred particularly in microporous carbon
materials, manifested by artificial breaks in the calculated pore size distributions at about 1
and 2 nm [48].

2.3. Textural Characterization of Activated Carbon Samples

For all activated carbons from this study, nitrogen adsorption isotherms were deter-
mined at −196 ◦C using an automatic equipment ASAP 2020 (Micromeritics, Norcross,
GA, USA) after outgassing the samples at 110 ◦C under secondary vacuum for at least
48 h. Based on the adsorption isotherms, the following information was obtained: the
values of classical parameters related to the porous structure of activated carbons, i.e.,
the specific area ABET calculated from the BET equation [36]; the volume of micropores,
VDR, calculated from the DR equation [37]; the total pores volume, VT, calculated from
the maximum amount of nitrogen adsorbed at P/P0 = 0.98; and the volume of mesopores,
Vmeso, calculated as VT − VDR; the values of parameters of the porous structure from
the LBET method, i.e., VhA, QA/RT, BC, α, β, and the value of the surface heterogeneity
parameter, h [38–41]; the adsorption energy distributions on the first layer, obtained by
the LBET method; and the pore size distributions obtained for activated carbons analyzed
using the QSDFT [42,43] and 2D-NLDFT-HS methods [44–46].

3. Results and Discussion

The textural parameters obtained from the application of the BET and DR methods
are presented in Table 1, whereas those derived from the LBET method are given in Table 2.
The corresponding adsorption energy distributions of all activated carbons are shown
in Figure 1, and their pore size distributions obtained by application of the QSDFT and
2D-NLDFT-HS methods are presented in Figure 2.

Table 1. Basic parameters of the porous structure of activated carbons calculated from nitrogen
isotherms obtained at the temperature of −196 ◦C.

R ABET
m2/g

VDR
cm3/g

VT
cm3/g

Vmeso
cm3/g

POAC/R

1 1109 0.478 0.508 0.030
2 2004 0.801 0.893 0.092
3 2911 0.964 1.337 0.373
4 3240 0.990 1.568 0.578

HTAC/R

1 1063 0.461 0.476 0.015
2 1804 0.747 0.810 0.063
3 2687 0.903 1.233 0.330
4 3163 0.984 1.529 0.545

PNAC/R

1 1017 0.438 0.451 0.013
2 1845 0.762 0.827 0.065
3 2493 0.884 1.184 0.300
4 3183 1.048 1.630 0.582



Materials 2021, 14, 2045 5 of 11

Table 2. Parameters from the analysis of the microporous structure of activated carbons, based on
the LBET method applied to nitrogen adsorption isotherms at −196 ◦C.

R LBET No. VhA
cm3/g QA/RT BC h α β

POAC/R

1 22 0.426 −10.43 7.98 5 0.25 1.00
2 15 0.731 −13.10 7.51 9 0.27 1.00
3 22 1.329 −8.62 6.92 5 0.61 1.00
4 19 1.434 −8.02 7.23 3 0.75 1.00

HTAC/R

1 22 0.443 −11.62 7.96 5 0.35 1.00
2 15 0.811 −12.62 7.23 9 0.30 1.00
3 22 1.225 −8.65 6.26 5 0.64 1.00
4 22 1.489 −8.56 5.66 5 0.79 1.00

PNAC/R

1 22 0.407 −10.40 7.66 5 0.28 1.00
2 22 0.743 −9.54 7.66 5 0.35 1.00
3 2 1.350 −12.41 6.04 1 0.00 1.00
4 2 2.131 −10.12 7.66 1 0.33 1.00

As expected, the results of the analysis from nitrogen adsorption isotherms presented
in Table 1 confirm the very high potential of biomass waste for the production of activated
carbons using potassium hydroxide. These activated carbons are indeed characterized by
very high specific areas and large micropores volume. It is also confirmed that an increase
in the mass ratio of activator to char leads to an increase of the specific area ABET of the
activated carbons obtained, their micropores volume VDR, and their total pores volume VT.
However, with the increase in R value, the contribution of the mesopores volume Vmeso
to the total porosity of all analyzed samples increased. The highest values of ABET, as
well as VDR, Vmeso, and VT parameters were thus obtained for activated carbons produced
with an activator to char mass ratio R = 4. In particular, the highest micropores volume
was obtained for activated carbon produced from pecan nut shells and designated as
PNAC/4 (VDR = 1.048 cm3/g), and the highest specific area was obtained for activated
carbon produced from pistachio shells, designated as POAC/4 (ABET = 3240 m2/g).

The results obtained from the BET and DR methods showed that the values of ABET,
VT, Vmicro, and Vmeso are very similar for individual activated carbons prepared at the same
mass ratios, which may mistakenly suggest that these materials have similar adsorption
properties. This is why the conducted research used the LBET method to analyze the
adsorption isotherms. It turned out that only such kind of analysis gives a much broader
spectrum of information on the porous structures investigated, and thus about the real
effect of the mass ratio of activator to char R on the development of the porous structure.

Regarding the activated carbons derived from pistachio shells (POAC/R), in the case of
the sample POAC/1 obtained at R = 1, a large value of the parameter VhA, 0.426 cm3/g, was
found, and the corresponding LBET model number indicates cluster growth restrictions
due to pore geometry limitations and high adsorption energy in layers n > 1. This is
confirmed by the values of the dimensionless energy parameters QA/RT = −10.43 and
BC = 7.98, as well as by the values of the dimensionless geometric parameters α = 0.25 and
β = 1.00, indicating that low and unbranched clusters of adsorbate molecules are formed
in the pores. The value of the parameter h also indicates that the surface of the activated
carbon under study is strongly heterogeneous. The shape of the surface adsorption energy
distribution determined for the sample POAC/1 also suggests a relatively narrow spectrum
of high-energy adsorption sites and a large fraction of low-energy sites.

The next sample of activated carbon analyzed marked as POAC/2, obtained with the
ratio R = 2, had a significantly higher volume of the first absorbed layer (VhA = 0.731 cm3/g).
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The number of the best performing LBET model indicates the restrictions on the growth
of adsorbate molecule clusters related to competitive adsorption, and the higher value of
the QA/RT energy parameter (QA/RT = −13.10) suggests high adsorption interactions in
the first adsorbed layer. The values of the geometric parameters α and β did not change
significantly from those of the sample POAC/1 obtained at R = 1. However, there was
an increase in the value of the parameter h, and thus a significant increase in the surface
heterogeneity. The shape of the adsorption energy distribution on the first layer also
indicates the occurrence of a wide energy spectrum of the adsorption sites on the surface
of the adsorbent under study, and thus a significant energy heterogeneity of the surface.

Figure 1. Adsorption energy distributions obtained for all analyzed activated carbons, using the LBET method applied to
their nitrogen adsorption isotherms at −196 ◦C.
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Figure 2. Pore size distributions obtained for all analyzed activated carbons, using the QSDFT and 2D-NLDFT-HS method
applied to their nitrogen adsorption isotherms at −196 ◦C.

The values of the parameters VhA and α were almost doubled in the sample POAC/3
prepared with R = 3 compared to the previously analyzed material. This sample also had
a lower value of the parameter h compared to the activated carbon POAC/2 obtained at
R = 2. The shape of the adsorption energy distribution for the first absorbed layer indicates
the predominant contribution of primary high-energy adsorption sites.

The sample POAC/4 was characterized by the largest volume of the first adsorbed
layer (VhA = 1.434 cm3/g) and the greatest height of the adsorbed clusters (α = 0.75), with
the lowest degree of surface heterogeneity (h = 3). The distribution pattern of adsorption
energies for the first adsorbed layer indicates the dominant contribution of a narrow
spectrum of sites with high adsorption energy.
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For activated carbons obtained from hazelnut shells (HTAC/R), for individual acti-
vated carbon samples obtained at the same mass ratios R, almost identical results were
obtained to those of the above-mentioned activated carbons obtained from pistachio shells
(POAC/R) therefore, they will not be analyzed or discussed in greater detail. Different
results were obtained for activated carbons from pecan nut shells (PNAC/R). While for
the ratio R = 1, similar results to those of POAC/R and HTAC/R activated carbons were
obtained, at R = 2, a lower degree of surface heterogeneity was observed, and the largest
differences were observed for R = 3 and R = 4. Significant differences can be observed
in the case of PNAC/3, namely that the surface of this material was found to have the
lowest degree of heterogeneity (h = 1), and its surface is uniformly heterogeneous, as also
indicated by the shape of the adsorption energy distribution. The values of the geometric
parameters α and β indicate that only single nitrogen molecules are adsorbed in the pores
of this material. It should be stressed that this is a desirable feature in many technological
processes, as such a material exhibits molecular sieve properties, adsorbing only molecules
of a certain size. In turn, the activated carbon sample PNAC/4 was characterized by the
largest volume of the first adsorbed layer among all the activated carbons investigated
here (VhA = 2.131 cm3/g), and small non-branching clusters of adsorbate particles were
formed in its pores. The PNAC/4 sample was also characterized by a very low degree of
heterogeneity (h = 1), a feature desired in most advanced adsorption processes.

The values of VDR and VT showed that activated carbons obtained at mass ratios
of activator to product of the carbonization process R = 3 and 4 are characterized by a
significant share of mesopores in the total porosity. However, based on the information
obtained by BET, DR, and LBET methods, it is not possible to deduce which pore size
ranges are present in the analyzed activated carbons. Therefore, the pore size distributions
were determined for all activated carbons using the QSDFT and 2D-NLDFT-HS methods,
i.e., taking into account the heterogeneity of the adsorbent surface.

Based on the results of the QSDFT and 2D-NLDFT-HS calculations presented in
Figure 2, very similar pore size distributions can be seen for the activated carbons obtained
from different materials under identical preparation conditions. These distributions are
essentially bimodal, i.e., there are two peaks on the distributions corresponding to the
dominant micropores’ contributions in the range of about 0.5 nm to 1 nm and in the second
from about 1 to about 2 nm. Moreover, it can be observed that the fraction of micropores in
the range of 1 to 2 nm increases with the ratio of activator to char.

The analysis performed by the QSDFT and 2D-NLDFT-HS methods, in particular the
detection of the bimodal pore structure, provided new information impossible to obtain
by the BET, DR, or LBET methods. Especially when the activator to char mass ratio R
increases, the porous structure of the samples develops, mainly in the pore range of about
1 to 3 nm, with small changes in the range of about 0.5 to 1 nm. Therefore, as R increases,
larger micropores and mesopores correspond to an increasing fraction of the porosity and,
at R = 4, this proportion is dominant.

The 2D-NLDFT-HS method, however, as can be seen in Figure 2, does not cover the
full range of narrow micropores in the same way as the classical NLDFT method, therefore
the QSDFT method is more useful, despite the adoption of the model of one-dimensional
surface heterogeneity.

4. Conclusions

The results of the research presented in this article have highlighted the significant
potential of the shells of pistachio, hazelnut, and particularly pecan nuts for the production
of activated carbons by preliminary carbonization followed by activation with potassium
hydroxide. The most developed and homogeneous porous structures were obtained from
pecan nut shells. As this paper has shown, food industry waste is a cheap source of raw
material for the production of high-quality activated carbons, which can be used in many
industrial applications and in everyday life.
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Based on the analysis of nitrogen adsorption isotherms, the differences in the ad-
sorption properties of these materials, significant from the point of view of their practical
application, were demonstrated using the LBET method. The latter made it possible to
determine not only the adsorption energy on the adsorbent surface, but also on the subse-
quent adsorbed layers. It was thus possible to calculate with which energy the adsorbate
molecules are adsorbed and for which type of adsorption there are preferential energy
conditions, i.e., monolayer or multilayer adsorption. In addition, the shape and size of the
clusters of adsorbate molecules formed in the pores were inferred from the shape and size
of the micropores, as well as small mesopores. Significant information about the texture of
the adsorbents was also obtained from the surface heterogeneity index values.

The conducted research also indicates that the results obtained using the BET and DR
methods correlate very well with those obtained by the LBET, QSDFT, and 2D-NLDFT-HS
methods. Bearing in mind the important limitations of these methods, they can be consid-
ered useful in the analysis of the influence of preparation conditions on the formation of the
structure of porous carbon adsorbents. However, in order to obtain reliable information on
the porous structures and the influence of the preparation conditions, it is recommended
to use the LBET and QSDFT or 2D-NLDFT-HS methods simultaneously and, in addition,
BET and DR. Only such an approach provides a full spectrum of reliable information on
the materials analyzed and allows for the optimum selection of preparation conditions
to obtain activated carbons with strictly defined adsorption properties from a specific
raw material.

Author Contributions: Conceptualization, M.K. and A.C.; methodology, M.K.; software, M.K.;
validation, M.K.; formal analysis, M.K., E.B., and V.F.; investigation, E.B.; resources, M.K. and E.B.;
data curation, M.K., E.B., and V.F.; writing—original draft preparation, M.K.; writing—review and
editing, M.K., A.C., and V.F.; visualization, M.K.; supervision, M.K.; funding acquisition, M.K. and
E.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Subvention from the Polish Ministry of Sci-
ence and Higher Education for the AGH University of Science and Technology in Krakow No.
16.16.210.476, as well as by a statutory activity subsidy from the Polish Ministry of Science and
Higher Education for the Faculty of Chemistry of Wrocław University of Technology. The APC was
funded by the AGH University of Science and Technology in Krakow.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this work can be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Babich, F.; Demanega, I.; Avella, F.; Belleri, A. Low polluting building materials and ventilation for good air quality in residential

buildings: A cost–benefit study. Atmosphere 2020, 11, 102. [CrossRef]
2. Vunain, E.; Houndedjihou, D.; Monjerezi, M.; Muleja, A.A.; Kodom, B.T. Adsorption, kinetics and equilibrium studies on removal

of catechol and resorcinol from aqueous solution using low-cost activated carbon prepared from sunflower (helianthus annuus)
seed hull residues. Water Air Soil Pollut. 2018, 229, 366. [CrossRef]

3. Wu, H.; Chen, R.; Du, H.; Zhang, J.; Shi, L.; Qin, Y.; Yue, L.; Wang, J. Synthesis of activated carbon from peanut shell as dye
adsorbents for wastewater treatment. Ads. Sci. Technol. 2018, 37, 34–48. [CrossRef]

4. Guo, J.; Song, Y.; Ji, X.; Ji, L.; Cai, L.; Wang, Y.; Zhang, H.; Song, W. Preparation and characterization of nanoporous activated
carbon derived from prawn shell and its application for removal of heavy metal ions. Materials 2019, 12, 241. [CrossRef] [PubMed]

5. Baby, R.; Hussein, M.Z. Ecofriendly approach for treatment of heavy-metal-contaminated water using activated carbon of kernel
shell of oil palm. Materials 2020, 13, 2627. [CrossRef] [PubMed]

6. Mariana, M.; Mulana, F.; Juniar, L.; Fathira, D.; Safitri, R.; Muchtar, S.; Bilad, M.R.; Shariff, A.H.M.; Huda, N. Development of
biosorbent derived from the endocarp waste of Gayo coffee for lead removal in liquid wastewater—effects of chemical activators.
Sustainability 2021, 13, 3050. [CrossRef]

7. Zhao, W.; Zhu, M.; Dai, B. Cobalt-nitrogen-activated carbon as catalyst in acetylene hydrochlorination. Cat. Commun. 2017, 98,
22–25. [CrossRef]

http://doi.org/10.3390/atmos11010102
http://doi.org/10.1007/s11270-018-3993-9
http://doi.org/10.1177/0263617418807856
http://doi.org/10.3390/ma12020241
http://www.ncbi.nlm.nih.gov/pubmed/30642039
http://doi.org/10.3390/ma13112627
http://www.ncbi.nlm.nih.gov/pubmed/32526876
http://doi.org/10.3390/su13063050
http://doi.org/10.1016/j.catcom.2017.04.049


Materials 2021, 14, 2045 10 of 11

8. Bermejo, B.; Fraga, A.; Sousa-Aguiar, E. The role of sulfonated activated carbons as catalysts for the hydrolysis of cellobiose. Braz.
J. Chem. Eng. 2019, 36, 309–315. [CrossRef]

9. Mostazo-López, M.J.; Salinas-Torres, D.; Ruiz-Rosas, R.; Morallón, E.; Cazorla-Amorós, D. Nitrogen-doped superporous activated
carbons as electrocatalysts for the oxygen reduction reaction. Materials 2019, 12, 1346. [CrossRef]

10. Kurniawansyah, F.; Pertiwi, R.; Perdana, M.; Al Muttaqii, M.; Roesyadi, A. Development of bamboo—derived activated carbon as
catalyst support for glucose hydrogenation. Mater. Sci. Forum 2020, 988, 108–113. [CrossRef]

11. Shrestha, P.; Jha, M.K.; Ghimire, J.; Koirala, A.R.; Shrestha, R.M.; Sharma, R.K.; Pant, B.; Park, M.; Pant, H.R. Decoration of zinc
oxide nanorods into the surface of activated carbon obtained from agricultural waste for effective removal of methylene blue dye.
Materials 2020, 13, 5667. [CrossRef] [PubMed]

12. Rash, T.; Gillespie, A.; Holbrook, B.P.; Hiltzik, L.H.; Romanos, J.; Soo, Y.C.; Sweany, S.; Pfeifer, P. Microporous carbon monolith
synthesis and production for methane storage. Fuel 2017, 200, 371–379. [CrossRef]

13. Men’shchikov, I.E.; Shkolin, A.V.; Strizhenov, E.M.; Khozina, E.V.; Chugaev, S.S.; Shiryaev, A.A.; Fomkin, A.A.; Zherdev, A.A.
Thermodynamic behaviors of adsorbed methane storage systems based on nanoporous carbon adsorbents prepared from coconut
shells. Nanomaterials 2020, 10, 2243. [CrossRef] [PubMed]

14. Sdanghi, G.; Nicolas, V.; Mozet, K.; Schaefer, S.; Maranzana, G.; Celzard, A.; Fierro, V. A 70 MPa hydrogen thermally driven
compressor based on cyclic adsorption-desorption on activated carbon. Carbon 2020, 161, 466–478. [CrossRef]

15. Romanos, J.; Abou Dargham, S.; Roukos, R.; Pfeifer, P. Local Pressure of supercritical adsorbed hydrogen in nanopores. Materials
2018, 11, 2235. [CrossRef] [PubMed]

16. Murillo-Acevedo, Y.; Rodríguez-Estupiñan, P.; Giraldo Gutiérrez, L.; Moreno-Piraján, J.C. Activated carbon for hydrogen storage
obtained from agro-industrial waste. In Hydrogen Storage Technologies; Sankir, M., Demirci Sankir, N., Eds.; Scrivener Publishing
LLC: Beverly, MA, USA, 2018; pp. 177–196. [CrossRef]

17. Sdanghi, G.; Schaefer, S.; Maranzana, G.; Celzard, A.; Fierro, V. Application of the modified Dubinin-Astakhov equation for
a better understanding of high-pressure hydrogen storage on activated carbons. Int. J. Hydrog. Energy 2020, 45, 25912–25926.
[CrossRef]

18. Fernandes, M.S.; Brites, G.; Costa, J.; Gaspar, A.; Costa, V.A.F. Review and future trends of solar adsorption refrigeration systems.
Ren. Sust. Energy Rev. 2014, 39, 102–123. [CrossRef]

19. Khalil, W.; Khalifa, A.H.; Abdulazeez, H. Performance study of solar adsorption refrigeration system using activated carbon—
Methanol. Al-Nahrain J. Eng. Sci. 2018, 21, 523–531. [CrossRef]

20. Yang, W.; Li, Y.; Feng, Y. High electrochemical performance from oxygen functional groups containing porous activated carbon
electrode of supercapacitors. Materials 2018, 11, 2455. [CrossRef]

21. Castro-Gutierrez, J.; Diez, N.; Sevilla, M.; Izquierdo, M.T.; Ghanbaja, J.; Celzard, A.; Fierro, V. High-rate capability of supercapaci-
tors based on tannin-derived ordered mesoporous carbons. ACS Sustain. Chem. Eng. 2019, 7, 17627–17635. [CrossRef]

22. Shrestha, R.L.; Shrestha, T.; Tamrakar, B.M.; Shrestha, R.G.; Maji, S.; Ariga, K.; Shrestha, L.K. Nanoporous carbon materials
derived from washnut seed with enhanced supercapacitance. Materials 2020, 13, 2371. [CrossRef]

23. Yuan, Y.; Sun, Y.; Feng, Z.; Li, X.; Yi, R.; Sun, W.; Zhao, C.; Yang, L. Nitrogen-doped hierarchical porous activated carbon derived
from paddy for high-performance supercapacitors. Materials 2021, 14, 318. [CrossRef]

24. Ania, C.O.; Armstrong, P.A.; Bandosz, T.J.; Béguin, F.; Carvalho, A.P.; Celzard, A.; Frackowiak, E.; Gilarranz, M.A.; László, K.;
Matos, J.; et al. Engaging nanoporous carbons in "beyond adsorption" applications: Characterization; challenges and performance.
Carbon 2020, 164, 69–84. [CrossRef]

25. Saleem, J.; Shahid, U.B.; Hijab, M.; Mackey, H.; McKay, G. Production and applications of activated carbons as adsorbents from
olive stones. Biom. Conv. Bioref. 2019, 9, 75–802. [CrossRef]

26. Machrouhi, A.; Alilou, H.; Farnane, M.; El Hamidi, S.; Sadiq, M.; Abdennouri, M.; Tounsadi, H.; Barka, N. Statistical optimization
of activated carbon from Thapsia transtagana stems and dyes removal efficiency using central composite design. J. Sci. Adv.
Mater. Dev. 2019, 4, 544–553. [CrossRef]

27. Sun, S.; Qiongfen, Y.; Ming, L.; Hong, Z.; Wu, C. Preparation of coffee-shell activated carbon and its application for water vapor
adsorption. Renew. Energy 2019, 142, 11–19. [CrossRef]

28. Kosheleva, R.I.; Mitropoulos, A.C.; Kyzas, G.Z. Synthesis of activated carbon from food waste. Environ. Chem. Lett. 2019, 17,
429–438. [CrossRef]

29. Yokoyama, J.T.C.; Cazetta, A.L.; Bedin, K.C.; Spessato, L.; Fonseca, J.M.; Carraro, P.S.; Ronix, A.; Silva, M.C.; Silva, T.L.; Almeida,
V.C. Stevia residue as new precursor of CO2-activated carbon: Optimization of preparation condition and adsorption study of
triclosan. Ecotox. Environ. Safe. 2019, 172, 403–410. [CrossRef]

30. Yang, P.; Rao, L.; Zhu, W.; Wang, L.; Ma, R.; Chen, F.; Lin, G.; Hu, X. Porous carbons derived from sustainable biomass via a facile
one-step synthesis strategy as efficient CO2 adsorbents. Ind. Eng. Chem. Res. 2020, 59, 6194–6201. [CrossRef]

31. Zhang, D.; Wang, T.; Zhi, J.; Zheng, Q.; Chen, Q.; Zhang, C.; Li, Y. Utilization of Jujube biomass to prepare biochar by pyrolysis
and activation: Characterization, adsorption characteristics, and mechanisms for nitrogen. Materials 2020, 13, 5594. [CrossRef]

32. Perdana, Y.A.; Joni, R.; Aziz, E.H. Effect of KOH activator on the performance of activated carbon from oil palm kernel shell as
supercapacitor electrode material. J. Aceh Phys. Soc. 2020, 9, 13–19. [CrossRef]

33. Zhou, X.-L.; Zhang, H.; Shao, L.-M.; Lü, F.; He, P.-J. Preparation and application of hierarchical porous carbon materials from
waste and biomass: A review. Waste Biomass Valor. 2021, 12, 1699–1724. [CrossRef]

http://doi.org/10.1590/0104-6632.20190361s20170412
http://doi.org/10.3390/ma12081346
http://doi.org/10.4028/www.scientific.net/MSF.988.108
http://doi.org/10.3390/ma13245667
http://www.ncbi.nlm.nih.gov/pubmed/33322491
http://doi.org/10.1016/j.fuel.2017.03.037
http://doi.org/10.3390/nano10112243
http://www.ncbi.nlm.nih.gov/pubmed/33198162
http://doi.org/10.1016/j.carbon.2020.01.099
http://doi.org/10.3390/ma11112235
http://www.ncbi.nlm.nih.gov/pubmed/30423817
http://doi.org/10.1002/9781119460572.ch6
http://doi.org/10.1016/j.ijhydene.2019.09.240
http://doi.org/10.1016/j.rser.2014.07.081
http://doi.org/10.29194/NJES.21040523
http://doi.org/10.3390/ma11122455
http://doi.org/10.1021/acssuschemeng.9b03407
http://doi.org/10.3390/ma13102371
http://doi.org/10.3390/ma14020318
http://doi.org/10.1016/j.carbon.2020.03.056
http://doi.org/10.1007/s13399-019-00473-7
http://doi.org/10.1016/j.jsamd.2019.09.002
http://doi.org/10.1016/j.renene.2019.04.097
http://doi.org/10.1007/s10311-018-0817-5
http://doi.org/10.1016/j.ecoenv.2019.01.096
http://doi.org/10.1021/acs.iecr.0c00073
http://doi.org/10.3390/ma13245594
http://doi.org/10.24815/jacps.v9i1.15195
http://doi.org/10.1007/s12649-020-01109-y


Materials 2021, 14, 2045 11 of 11

34. Kaewtrakulchai, N.; Faungnawakij, K.; Eiad-Ua, A. Parametric study on microwave-assisted pyrolysis combined KOH activation
of oil palm male flowers derived nanoporous carbons. Materials 2020, 13, 2876. [CrossRef]

35. Li, Q.; Liu, S.; Wang, L.; Chen, F.; Shao, J.; Hu, X. Efficient nitrogen doped porous carbonaceous CO2 adsorbents based on lotus
leaf. J. Environ. Sci. 2021, 103, 268–278. [CrossRef]

36. Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 1938, 60, 309–319. [CrossRef]
37. Dubinin, M.M. The potential theory of adsorption of gases and vapors for adsorbents with energetically nonuniform surfaces.

Chem. Rev. 1960, 60, 235–241. [CrossRef]
38. Kwiatkowski, M. Computer analysis of microporous structure by employing the LBET class models with various variants of the

adsorption energy distribution in comparison to the classical equations. Langmuir 2007, 23, 2569–2581. [CrossRef] [PubMed]
39. Kwiatkowski, M.; Fierro, V.; Celzard, A. Numerical studies of the effects of process conditions on the development of the porous

structure of adsorbents prepared by chemical activation of lignin with alkali hydroxides. J. Colloid Interface Sci. 2017, 486, 277–286.
[CrossRef] [PubMed]

40. Kwiatkowski, M.; Fierro, V.; Celzard, A. Confrontation of various adsorption models for assessing the porous structure of
activated carbons. Adsorption 2019, 25, 1673–1682. [CrossRef]

41. Kwiatkowski, M.; Vargas Delgadillo, D.P. Computer analysis of the effect of the type of activating agent on the formation of the
porous structure of activated carbon monoliths. J. Mater. Res. Technol. 2019, 8, 4457–4463. [CrossRef]

42. Neimark, A.V.; Lin, Y.; Ravikovitch, P.I.; Thommes, M. Quenched solid density functional theory and pore size analysis of
micromesoporous carbons. Carbon 2009, 47, 1617–1628. [CrossRef]

43. Gor, G.Y.; Thommes, M.; Cychosz, K.A.; Neimark, A.V. Quenched solid density functional theory method for characterization of
mesoporous carbons by nitrogen adsorption. Carbon 2012, 50, 1583–1590. [CrossRef]

44. Jagiello, J.; Olivier, J. 2D-NLDFT adsorption models for carbon slit-shaped pores with surface energetical heterogeneity and
geometrical corrugation. Carbon 2013, 55, 70–80. [CrossRef]

45. Jagiello, J.; Kenvin, J.; Celzard, A.; Fierro, V. Enhanced resolution of ultra micropore size determination of biochars and activated
carbons by dual gas analysis using N2 and CO2 with 2D-NLDFT adsorption models. Carbon 2019, 144, 206–215. [CrossRef]

46. Jagiello, J.; Kenvin, J.; Ania, C.; Parra, J.; Celzard, A.; Fierro, V. Exploiting the adsorption of simple gases O2 and H2 with minimal
quadrupole moments for the dual gas characterization of nanoporous carbons using 2D-NLDFT models. Carbon 2020, 160,
164–175. [CrossRef]

47. Lastoskie, C.; Gubbins, K.E.; Quirke, N. Pore size distribution analysis of microporous carbons: A density functional theory
approach. J. Phys. Chem. 1993, 97, 4786–4796. [CrossRef]

48. Caguiat, J.; Kirk, D.; Jia, C. Uncertainties in characterization of nanoporous carbons using density functional theory-based gas
physisorption. Carbon 2014, 72, 47–56. [CrossRef]

http://doi.org/10.3390/ma13122876
http://doi.org/10.1016/j.jes.2020.11.008
http://doi.org/10.1021/ja01269a023
http://doi.org/10.1021/cr60204a006
http://doi.org/10.1021/la062835e
http://www.ncbi.nlm.nih.gov/pubmed/17309210
http://doi.org/10.1016/j.jcis.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27721076
http://doi.org/10.1007/s10450-019-00129-y
http://doi.org/10.1016/j.jmrt.2019.07.058
http://doi.org/10.1016/j.carbon.2009.01.050
http://doi.org/10.1016/j.carbon.2011.11.037
http://doi.org/10.1016/j.carbon.2012.12.011
http://doi.org/10.1016/j.carbon.2018.12.028
http://doi.org/10.1016/j.carbon.2020.01.013
http://doi.org/10.1021/j100120a035
http://doi.org/10.1016/j.carbon.2014.01.036

	Introduction 
	Materials and Methods 
	Preparation of Activated Carbon Samples 
	Adsorption Models Considered in This Study 
	Textural Characterization of Activated Carbon Samples 

	Results and Discussion 
	Conclusions 
	References

