energies

Article

Computer Analysis of the Effects of Time and Gas Atmosphere
of the Chemical Activation on the Development of the Porous
Structure of Activated Carbons Derived from Oil Palm Shell

Mirostaw Kwiatkowski

check for

updates
Citation: Kwiatkowski, M.
Computer Analysis of the Effects of
Time and Gas Atmosphere of the
Chemical Activation on the
Development of the Porous Structure
of Activated Carbons Derived from
Oil Palm Shell. Energies 2021, 14, 6067.
https:/ /doi.org/10.3390/
en14196067

Academic Editor: Antonio Zuorro

Received: 18 June 2021
Accepted: 16 September 2021
Published: 23 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Fuel Technology, Faculty of Energy and Fuels, AGH University of Science and Technology, al. A.
Mickiewicza 30, 30-059 Krakow, Poland; kwiatkow@agh.edu.pl; Tel.: +48-12-6174-173

Abstract: The results of the advanced computer analysis of the influence of time and gas atmosphere
of the chemical activation process on the microporous structure formation of activated carbons
prepared from oil palm shell via microwave irradiation and activation, using potassium hydroxide
as an activation agent, are presented in this paper. The quenched solid density functional theory
(QSDFT) and the new numerical clustering-based adsorption analysis (LBET) methods were used
especially in the analysis of the microporous structure of the activated carbons, taking into account
the surface heterogeneity, and the results obtained were confronted with the simple results achieved
earlier using Brunauer-Emmett-Teller (BET) and T-plot methods. On the basis of the computer
analysis carried out and taking into account the results obtained, it has been shown that the material
with the best adsorption properties and suitable for practical industrial applications is activated
carbon obtained in a gaseous nitrogen atmosphere at an activation time of 30 min. Moreover, the
value of the heterogeneity parameter indicates that the surface area of this activated carbon is
homogeneous, which is of particular importance in the practical application. The paper emphasizes
that an erroneous approach to the interpretation of analytical results based on gas adsorption
isotherms, which consists in basing conclusions only on the values of a single parameter such as
specific surface area or micropore volume, should be avoided. Therefore, it is recommended to use in
the analysis of measurement data, several methods of porous structure analysis, including methods
considering the heterogeneity of the surface, and when interpreting the results one should also take
into account the adsorption process for which the analyzed materials are dedicated.

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

1. Introduction

Activated carbons are amorphous carbonaceous materials, characterized, among other
things, by very good adsorption properties, including a developed large specific surface
area. Due to their unique properties, these materials are widely used in many industrial
technologies [1-3]. The activated carbons are usually obtained by physical activation
preceded by carbonization, or by one-step chemical activation. Physical activation consists
in partly gasifying a char with steam or carbon dioxide [4]. The extent to which the
porous structure develops during physical activation is mainly determined by temperature
and duration of the process [5]. The resultant porous structure strongly depends on
the corresponding burn-off but, in general, the use of carbon dioxide as an activator
produces mostly micro- and ultra-microporous structures, whereas steam leads to a broader
distribution of pores and to a higher mesoporosity [6]. The degree to which the porous
structure is developed during physical activation is determined to a large extent by process
temperature and time; the time depends on the reactivity of the carbonaceous material and
the activity of the gasifying agent [4-6].

The main advantage of physical activation is the ability to maintain the shape and
texture of the precursor, provided that the raw material is selected for this purpose. This
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physical activation feature enables the production of low abrasiveness activated carbon
from very hard raw materials such as nut shells or fruit stones. On the other hand,
the physical activation of fibrous materials allows the production of non-wovens and
acticated carbon fabrics and mats with large surfaces and very good adsorption properties.
Moreover, the method is also theoretically ecological due to the absence of the need to use
toxic chemicals, but it is quite time and energy consuming [4-6].

Alternative processes for producing activated carbons are chemical activation meth-
ods [7]. Recently, the use of potassium hydroxide as an activator has attracted more and
more interest, which allows to obtain microporous materials with a high degree of pore
homogeneity, high adsorption capacity and specific surface area [7-9]. The factors that
influence the formation of a microporous structure in the chemical activation are: type of
raw material, process temperature, atmosphere, and the mass ratio of the activator to the
carbonized raw material [10,11].

Chemical activation processes have many advantages over physical activation pro-
cesses. Among the advantages is the fact that the chemical activation process reduces the
formation of tar during pyrolysis, which allows for a more efficient production process. In
addition, unlike physical activation, the chemical activation process can be performed at
lower temperatures and in shorter periods of time, obtaining a more microporous structure,
thus reducing the energy consumption of the production process and, consequently, its
costs. After the activation process, however, the activators must be removed by washing,
which increases the cost of production of activated carbons [7-11].

Apart from the raw material and activator, the method of heating the raw material
also has an important influence on the formation of the microporous structure of activated
carbons. One of the most commonly used technologies for obtaining activated carbons is
conventional heating, in which the heat source is located outside the raw material deposit.
However, this method is characterized by long manufacturing process time and high energy
consumption. Therefore, the use of microwave radiation in the chemical activation process
is gaining more and more interest, which provides not only uniform heating throughout
the charge volume but also lower energy consumption [12-20]. The porous structure and
the adsorption properties of activated carbons depend, however, first of all significantly on
the structure of the original raw material. Hence, the choice of an appropriate precursor is
not less important than the selection of the production technology and the determination of
the optimum process conditions. Therefore, the search for new raw materials that would be
useful in the production of activated carbons has been carried out, and particular attention
has been paid in this regard to biomass waste [21-38].

2. Materials and Methods

Hesas et al. [39] presented the results of a study in which oil palm shell were used as
raw material to produce activated carbons via microwave irradiation and KOH chemical
activation. During the activation process of the hydroxide-impregnated raw material,
nitrogen or carbon dioxide was passed through a gas reactor at a flow rate of 300 cm®/min.
The effects of activation time and gaseous atmosphere in the reactor on the porous structure
formation of the derived activated carbons were analyzed. In the aforementioned studies,
among other activation times ranging from 5 to 45 min were analyzed, and nitrogen and
carbon dioxide were tested as gaseous atmospheres. The resulting activated carbons were
characterized by nitrogen adsorption isotherms determined at —196 °C by volumetric
gas adsorption Micromeritics ASAP 2020 Series (Micromeritics Instrument Corporation,
Norcross, GA, USA).

The BET [40] and T-plot [41] methods were used in the analysis of adsorption isotherms.
These methods have many well-known limitations, including not taking into account,
among other things, surface heterogeneity, which could significantly affect the reliability of
the obtained results.



Energies 2021, 14, 6067

30f10

Therefore, the concept of carrying out a new original series of analyses using more
advanced and reliable methods of porous structure analysis, i.e., QSDFT [42-45] and the
LBET [46-50] methods, taking into account, among other things, surface heterogeneity.

In the present research, the following parameters and indicators were determined: the
specific surface area Sosprr [m? g’l], the volume of micropores Vosprr [cm3g’l], and the
pore size distribution PSD obtained via the QSDFT method [42-45], the value of parameters
of the porous structure. i.e., the volume of the first adsorbed layer V; 4 [cm®g~!], the dimen-
sionless energy parameter for the first adsorbed layer Q4 /RT, the dimensionless energy
parameter for the higher adsorbed layers, B¢, the geometrical parameter of the porous
structure determining the height of the adsorbate molecule clusters «, the geometrical
parameter of the porous structure determining the width of the adsorbate molecule clusters
B calculated via the LBET method [46-50]. Additionally, via the fast numerical multivariate
identification procedure of adsorption systems, the following information were determined:
the value of the surface heterogeneity parameter /, the value of the dispersion of fitting
errors o, the value of the indices of identification reliability w;; and the adsorption energy
distributions AED on the first adsorbed layer, obtained for all analyzed activated carbons.

The values of the parameters determined via QSDFT and LBET method, based on
nitrogen isotherms, are summarized in Tables 1 and 2 for activated carbons obtained under
a flow of carbon dioxide and nitrogen, respectively, at different activation times, where
they are confronted with the previously obtained values of the specific surface areas Sprr
determined for particular samples by BET method as well as micropore volume V,,;;. and
total pore volume V7 obtained via the T-plot method. The analyzed adsorption isotherms
of nitrogen, and the corresponding results of fast multivariate identification of adsorption
systems and adsorption energy distributions AED on the first layer obtained via LBET
method and pore size distributions PSD determined by QSDFT method are presented in
Figures 1 and 2 for activated carbons obtained under a flow of carbon dioxide CO, and
nitrogen Ny, respectively, at different activation times.

Table 1. The results of the analysis of a microporous structure of activated carbons derived from oil palm shell via microwave

irradiation and chemical activation, using potassium hydroxide, activated under a flow of carbon dioxide CO, at different

activation times, based on nitrogen adsorption isotherms, using the QSDFT, LBET, BET, and T-plot methods; the micropore

specific surface area, Sosprr [m? gfl] and the volume of micropores, Vosprr [em3 gfl], calculated via QSDFT method;

the volume of the first adsorbed layer, V4 [cm®g~!]; the dimensionless energy parameter for the first adsorbed layer,

Qa/RT; the dimensionless energy parameter for the higher adsorbed layers, B¢; the geometrical parameter of the porous

structure determining the height of the adsorbate molecule clusters, &, and the geometrical parameter of the porous structure

determining the width of the adsorbate molecule clusters, ; the surface heterogeneity parameter, k; the dispersion of

fitting errors o,; the identifiability index w;y; the specific surface area calculated by the BET method, Sgrr [m?g~!], and the

micropore volume V,,;. [cm3g~1], and the total pore volume V1 [cm3g~!] calculated by the T-plot method.

Parameters ACC/5 ACC/15 ACC/30 ACC/45
Sosprr [m?g 1] 623 1092 970 840
Vosper [em®g 1] 0.255 0.535 0.437 0.350
LBET No. 18 3 3 3
Via [em3g™1] 0.246 0.586 0.469 0.337
Qa/RT —-7.83 —7.14 —8.49 —7.49
Bc 1.00 7.07 5.72 1.00
n 0.08 0.31 0.35 0.04
B 1.16 1.00 1.00 1.69
h 2 2 2 3
o 0.38 0.81 0.36 0.59
Wwig 0.02 0.02 0.08 0.03
Sger [m?2g~1] 575.72 810 951 1195
Viie [em3g™1] 0.23 0.41 0.35 0.33
Vr[em3g™1] 0.28 0.58 0.47 0.38
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Table 2. The results of the analysis of a porous structure of activated carbons derived from oil palm
shell via microwave irradiation and chemical activation, using potassium hydroxide, activated under
a flow of nitrogen N at different activation times, based on nitrogen adsorption isotherms, using the
QSDFT, LBET, BET, and T-plot methods.

ACN/5 ACN/15 ACN/30 ACN/45
Sgsper [m?g 1] 647 725 1107 1019
Vasprr [em3g 1] 0.248 0.285 0.475 0.479
LBET No. 6 1 1 3
Via [em3g—1] 0.247 0.277 0.459 0.538
Qa/RT —8.11 —7.50 -7.33 —9.02
Bc 7.66 1.00 1.34 7.50
h 3 0 0 2
o 0.15 0.03 0.09 0.51
B 1.00 1.00 1.00 1.00
e 0.3 0.43 0.85 0.43
wig 0.03 0.04 0.02 0.07
Sper [m?g~1] 567 660 1069 1023
Vpic [em3g™1] 0.23 0.30 0.42 0.31
Vr [em3g™1] 0.27 0.35 0.52 0.52
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Figure 1. Nitrogen adsorption isotherms for the activated carbons derived from oil palm shell via microwave irradiation
and chemical activation, using potassium hydroxide, activated under a flow of carbon dioxide CO; at different activation
times and the fast multivariate identification procedure results obtained using the LBET method, as well as the adsorption
energy distribution AED in the first adsorption layer and the pore size distribution PSD obtained for all analyzed samples
of activated carbons via the QSDFT method.
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Figure 2. Nitrogen adsorption isotherms for the activated carbons derived from oil palm shell via microwave irradiation
and chemical activation, using potassium hydroxide, activated under a flow of nitrogen N, at different activation times and
the fast multivariate identification procedure results obtained using the LBET method, as well as the adsorption energy
distribution AED in the first adsorption layer and the pore size distribution PSD obtained for all analyzed samples of
activated carbons via the QSDFT method.

3. Discussion of the Obtained Results

On the basis of the results gathered in Table 1, it can be concluded that activated
carbon obtained via microwave irradiation and KOH chemical activation in carbon dioxide
atmosphere at 5 min activation time is characterized by a moderately expanded pore
structure, including micropores, indicated by the values of the structure parameters, i.e.,
Sosprt, Vosprr, Via, SBET, Vimic, and V7. The number of best-fited LBET model No. 18
shows the limitations of adsorbate cluster expansion related to the high adsorption energy
in layers n > 1, which is also confirmed by the value of energy parameter B¢ for adsorbed
layers higher than 1. The value of the surface heterogeneity parameter  (h = 2) point to
that on the surface of the tested material, there is a dominant narrow range of sites that are
homogeneous in terms of energy, and a range of sites with high energy heterogeneity of
the surface. The values of geometrical parameters, i.e., « and B point to the formation of
monolayer branching clusters of adsorbate molecules in the pores of the studied material.
On the other hand, the shape of adsorption energy distribution on the first adsorbed layer
(AED) determined by LBET method indicates that there are adsorption sites with the
same or very similar adsorption energy, i.e., mainly small micropores where only single
molecules can adsorb and sites with wide energy spectrum, i.e., bigger micropores and
small mesopores.

The activated carbon sample marked as ACC/15, i.e., obtained with an activation
time of 15 min, is characterized by significantly higher values of structural parameters:
Sasprt, Vosprt, Via, SBET, Vimie, and Vr, which point to the expansion of the microporous
structure of the material under study with increasing temperature of the activation process.
In the case of activated carbon sample ACC/15, an increase in the value of parameter B¢
(Bc =7.07), i.e., the energy parameter for layers higher than the first one, with a simulta-
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neous decrease in the value of the energy parameter of the first adsorbed layer Q4 /RT
(Qa/RT = —7.14) compared to the ACC/5 sample, and thus, the appearance of preferential
conditions for multilayer adsorption.

This conclusion is also confirmed by the values of geometrical parameters calculated
for the sample of activated carbon ACC/151i.e., « and f indicating the formation of medium-
sized, non-branching clusters of adsorbate particles in the pores of the analyzed material
(x =0.31 and $ = 1.00). The number of the best fitted LBET model, i.e., No. 3, indicates that
there are limitations in the growth of clusters of adsorbate molecules in the active carbon
pores of ACC/15 due to the competitive expansion of neighboring clusters.

Very interesting results were obtained for the sample ACC/30, i.e., activated carbon
prepared with 30 min activation time for parameters Sosprr, Vosprr, Via, Vinic, and Vr,
which, taking into account the simultaneous increase in the value of the parameter Sprr
parameter indicates the wall scorching between the part of micropores. For the sample
obtained at an activation time of 30 min, there was also a significant change in the values of
the energy parameters (Q4/RT = —8.49, and B¢ = 5.72) compared to the ACC/15 sample
obtained at 15 min, indicating a decreased preference for multilayer adsorption and an
increase in adsorption energy for the first adsorbed layer. Values of geometric parameters
obtained for sample ACC/30 as well as « and B values obtained for ACC/30 are practically
identical to those for ACC /15 obtained at the activation time of 15 min and indicate, also
taking into account the values of the structure parameters, that with an increase in the
activation time to 30 min, only the thinnest walls between micropores and micropores
located in the areas with the highest temperature effects, such as the outer surface of grains
or their edges, were burnt.

The next analyzed activated carbon sample obtained from oil palm shell via microwave
irradiation and KOH chemical activation was ACC/45 sample obtained with an activation
time of 45 min. In the case of the aforementioned activated carbon, a significant decrease
in the values of the structure parameters can be observed in Sosprr, Vosprr, Via, Viics
and Vt, with a simultaneous significant increase in the value of the parameter Sgosprr, in
comparison with the activated carbon sample ACC/30 obtained with an activation time
of 30 min. The values of both energy parameters were also changed in Q4/RT and B as
well as geometrical parameters indicating, respectively, preferential energetic conditions
for monolayer adsorption and geometric conditions enabling formation of monolayer and
branching clusters of adsorbate molecules in the micropores of analyzed ACC/45 material.
Note also that the surface of sample ACC/45 is heterogeneous, as indicated by the value of
the heterogeneity parameter i = 3.

Analysis of the pore size distribution PSD, determined by QSDFT method for activated
carbons obtained in carbon dioxide gas atmosphere, shows that the material studied is
dominated by micropores in the range of 0.5 to 1.5 nm, which confirms the results obtained
using the LBET method. It is worth noticing the very similar shapes of PSD for all the
analyzed activated carbons, which indicates the significant influence of the structure of the
primary material on the formation of the porous structure of the obtained activated carbons.
In turn, the value of the dispersion of the fitting error ¢, values indicate a very good fit of
the model to the experimental data, and the values of the identification indicators indicate
a very good identifiability of the adsorption systems, which indicates that the parameters
determined by the LBET method are reliable and credible.

In the course of the study, samples of activated carbons obtained from oil palm shell
were successively analyzed by chemical activation with potassium hydroxide KOH during
which nitrogen was passed through a gas reactor at a flow rate of 300 cm®/min. Based on
the calculation results presented in Table 2, it can be observed that the structural parameters
obtained for sample ACN/5 are very close to those obtained for sample ACC/5, which
allows us to conclude that, at short activation time, the effect of gaseous atmosphere is
negligible. Some differences can already be observed in the case of geometrical parameter
values, namely in the case of a sample obtained in nitrogen atmosphere, i.e., ACN/5 low
and non-branching clusters of adsorbate molecules were formed in contrast to monolayer
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branching clusters formed in the pores of activated carbon ACC/5 obtained in the case of
chemical activation with KOH in carbon dioxide atmosphere.

In the case of the energy parameters determined for activated carbon ACN/5, however,
a significant effect of the gaseous atmosphere can already be observed, namely a higher
value of the energy parameter for the first adsorbed layer Q4 /RT, as well as a significantly
higher value of the energy parameter for adsorbed layers higher than the first one B¢, which
indicates preferential energetic conditions for the development of multilayer adsorption
process, however, blocked by geometrical constraints. Moreover, the surface of the analyzed
ACN/5 activated carbon is heterogeneous, as indicated by the value of the heterogeneity
parameter h = 3.

Another sample obtained via microwave irradiation and KOH chemical activation in
a nitrogen atmosphere was activated carbon ACN/15 prepared with an activation time of
15 min. A significant increase in the values of the structure parameters was observed for
this activated carbon, compared to the ACN/5 sample obtained with an activation time of
5 min, however, these values are significantly lower compared to the sample obtained with
the same activation process time but in a carbon dioxide atmosphere. This observation
highlights the greater influence of the carbon dioxide atmosphere on the formation of
the microporous structure of activated carbon. However, the low value of the parameter
Bc, indicates unfavorable energetic conditions for multilayer adsorption process. Values
of geometrical parameters & = 0.03 and 8 = 1.00 obtained for activated carbon ACN/15
indicate that single adsorbate molecules adsorb in the micropores of the investigated
sample, and the value of the surface inhomogeneity parameter & = 0 indicates that the
surface of the tested material is homogeneous.

On the basis of the adsorption energy distribution determined for the sample ACN/15
by LBET method, it can be concluded that in the material studied, there are only adsorption
sites of equal or very close adsorption energy;, i.e., sites able to adsorb a single adsorbate
molecule, i.e., micropores of size comparable to adsorbate molecules.

The next activated carbon sample analyzed was ACN/30, i.e., one obtained at an activa-
tion time of 30 min. The analysis showed that in comparison with sample ACN/15, the values
of structure parameters increased significantly Sosprr, Vosprr, Via, SBeT) Vimic, and Vr, as
well as to a small extent, the value of the energy parameter for higher layers, Bc. Furthermore,
activated carbon ACN/30 shows practically the same values of geometrical parameters, the
same degree of surface uniformity, and the same shape of adsorption energy distribution on
the first layer as ACN/15 sample obtained with shorter activation time.

In the case of another activated carbon marked as ACN/45 and obtained at the longest
activation time, i.e., 45 min, burning out of the walls of some micropores was observed,
which was indicated by a decrease in the values of structural parameters, Sosprr, Via, Spet,
and V., with a simultaneous increase or unchanged value of the parameters, Vsprr,
Via and V7, in relation to activated carbon ACN/30. Activated carbon ACN/45 was
also characterized by high values of energy parameters Q4 /RT and B¢ (i.e., —9.02 and
7.50, respectively), indicating preferential energy conditions for the multilayer adsorption
process. The values of the geometric parameters (¢ = 0.51 and B = 1.00) indicate the
formation of medium-height non-branching clusters of adsorbate molecules in the pores of
the ACN/45 activated carbon sample.

The value of surface heterogeneity parameter as well as the shape of adsorption
energy distribution on the surface of ACN/45 activated carbon indicate the occurrence of
both sites with equal adsorption energy, i.e., micropores capable of holding only a single
nitrogen molecule, and adsorption sites with a wide energy spectrum, i.e., larger pores
capable of adsorbing more nitrogen molecules. The shape of the pore volume distribution
PSD indicates a dominant contribution of pores in the range of 0.5 to 1.5 nm to the total
pore volume as in the other samples analyzed in the activated carbons study, and some
contribution of pores in the range of 1.5 to 2.5 nm, which confirms the results obtained
with the LBET method.



Energies 2021, 14, 6067

8 of 10

References

On the basis of the performed research, the results of which are presented in this
paper, it has been shown, taking into account all the determined structural, energetic and
geometrical parameters, that the material showing generally the best adsorption properties,
which can find practical industrial application, is activated carbon obtained in a gaseous
nitrogen atmosphere at the activation time equal to 30 min.

The mentioned sample of activated carbon is characterized by high values of specific
surface area and micropore volume determined by QSDFT method, i.e., Sosprr = 1107 m?/ g
and Vgsprr = 0.475 cm?/ g, as well as the volume of the first adsorbed layer determined
by the LBET method (V4 = 0.459 cm®/g). The values of energetic parameters determined
by LBET method indicate preferential energetic conditions for monolayer adsorption, and
geometric parameters for adsorption of single nitrogen molecules in the micropores of the
studied material. The value of the specific surface area determined by the BET method
(Ser = 1069 m?/ g), as well as the volume of micropores determined by the T-plot method
(Ve = 0.42 cm®/g), or total pore volume V = 0.52 cm?/g confirm the above conclusion.

4. Conclusions

The analyses conducted in the present study provided interesting and valuable re-
sults from the point of view of both scientific research and activated carbon production
technology. As shown in the present study, basing only on the results of the analysis using
the BET method, i.e., the values of the specific surface area determined by this method,
and forgetting about the assumptions and limitations of this method, it can be erroneously
concluded that the material with the best adsorption properties is the sample of activated
carbon ACC/45 obtained in a gaseous atmosphere of carbon dioxide and with an acti-
vation time of 45 min, because the value of the specific surface area determined for this
sample is the highest among all the analyzed activated carbons. If other structure, energy,
and geometrical parameters are taken into account, then the earlier conclusion is not so
obvious anymore. The matter becomes even more complicated if the degree of surface
heterogeneity is taken into account. Moreover, as is well known, the homogeneous surface
of adsorption materials is a highly desirable feature in most technologies and practical
applications of activated carbons. Therefore, as shown in the paper, it is a mistake to rely
only on a single parameter such as specific surface area or volume of micropores, as it may
turn out that these parameters in a dedicated industrial technology for the production of
activated carbons are no less important than the parameters that are not taken into account.
Therefore, based on the results of the studies presented in this work, it is recommended
to perform the analysis of the porous structure and adsorption properties using several
analysis methods, and LBET method deserves special attention.
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