
1

Vol.:(0123456789)

Scientific Reports |          (2024) 14:102  | https://doi.org/10.1038/s41598-023-50682-4

www.nature.com/scientificreports

Numerical analysis of the porous 
structure of spherical 
activated carbons obtained 
from ion‑exchange resins
Mirosław Kwiatkowski 1*, Ping He 2 & Valentin Valtchev 2,3

This paper presents the results of an analysis of the porous structure of spherical activated carbons 
obtained from cation-exchange resin beads subjected to ion exchange prior to activation. The study 
investigated the effects of the type of cation exchange resin, the concentration of potassium cations 
in the resin beads and the temperature of the activation process on the adsorption properties of the 
resulting spherical activated carbons. The numerical clustering-based adsorption analysis method and 
the quenched solid density functional theory were used to analyse the porous structure of spherical 
activated carbons. Based on original calculations and unique analyses, complex relationships between 
preparation conditions and the porous structure properties of the obtained spherical activated 
carbons were demonstrated. The results of the study indicated the need for simultaneous analyses 
using advanced methods for the analysis of porous structures, i.e., the numerical clustering-based 
adsorption analysis method and the quenched solid density functional theory. This approach allows a 
reliable and precise determination of the adsorption properties of the materials analysed, including, 
among other things, surface heterogeneities, and thus an appropriate selection of production 
conditions to obtain materials with the expected adsorption properties required for a given industrial 
process.

Porous carbonaceous adsorbents, due to their unique properties such as very high specific surface area, high 
hydrophobicity, extensive pore structure, and accessibility have found widespread use in various industries1–8. 
However, activated carbons in dusty form cause many technical problems, which limits their application. There-
fore, there is a high demand in industry for carbonaceous materials with controlled macroscopic shapes, par-
ticularly with a spherical shape9,10. The properties of the raw material, and the production process methods 
as well as conditions, determine to a significant extent the specific surface area, pore structure, and pore size 
distribution11–13. Therefore, by selecting an appropriate precursor, appropriate production method, and control-
ling the production process conditions, the adsorption properties of activated carbons can be tailored to specific 
industrial applications14–16.

Materials and methods
The paper17 presents the results of a study dedicated to the preparation of spherical microporous activated car-
bons. Cation exchange resin beads with gel-like microporous (GCB) and macroporous (MSC) structures were 
used as the starting material. These resin beads were prepared from DOWEX 50WX2 microporous gel (GCB) 
and DOWEX MSC macroporous resin (MSC).

The structure of the two types of resins used as precursors is similar. Still, their structural organisation is 
different, i.e., the GCB resin does not have pores larger than 3 nm, so the ions can only diffuse through the gel 
network and interact with ion exchange sites. In contrast, the MSC resin has large pores and an easily acces-
sible surface, thereby facilitating ion removal17. However, the structure of both of these cation-exchange resins 
provides the opportunity to distribute the activator evenly, thus ensuring that the activation process is uniform 
throughout the samples17.
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Both microporous gel-type resin beads prepared from microporous DOWEX 50WX2 gel (GCB) and 
macroporous DOWEX MSC resin (MSC) were subjected to ion exchange with KCl solutions of different con-
centrations, i.e., 0.1 M, 0.3 M, 0.5 M and 1.0 M, respectively, and were activated in an inert nitrogen atmosphere 
at different activation process temperatures, i.e., 700, 800, 900 and 1000 °C for an activation process duration of 
2 h, with an activation temperature rise rate of 3 °C/min17.

In the K+ exchanged resin beads, K+ cations play the role of activator, and its activation efficiency is similar to 
that of the conventionally used KOH, which leads to oxidation of carbon and decomposition of the hydrocarbons 
into H2, CO, CO2 and H2O, according to the reaction below:

Spherical activated carbons prepared from DOWEX 50WX2 microporous gel (GCB) and DOWEX MSC 
macroporous resin (MSC) were designated GCB-m-t and MSC-m-t, respectively, where m is the concentration 
of the KCl solution (in mol/dm3) and t is the temperature of the activation process in °C17.

Among other studies, the physicochemical properties of the obtained spherical activated carbons were inves-
tigated to assess the influence of the type of raw material, the potassium chloride concentration, and the tem-
perature of the activation process on the adsorption properties of the obtained adsorbents17. Nitrogen adsorption 
isotherms were determined for the resulting spherical activated carbons using a volumetric method (Micromerit-
ics ASAP 2460) at 77 K. The samples were outgassed at 300 °C for 12 h under vacuum conditions to remove the 
adsorbed water, gas and impurities17.

Based on the adsorption isotherms obtained, the specific surface area of the resulting spherical adsorbents was 
determined using the Brunauer—Emmett—Teller (BET) method in the relative pressure range P/P0 from 0.05 
to 0.2518. In turn, the total pore volume Vtotal was calculated from the amount of nitrogen adsorbed at a relative 
pressure P/P0 of approximately 0.99, and the micropore volume Vmicro was determined using the t-plot method19. 
Pore size distributions were determined using a method based on Barrett-Joyner-Halenda (BJH) theory20.

In the microporous active carbons adsorption process is much more intensive in micropores with highly 
increased adsorption potential than in larger pores. Hence, adsorption capacity and energy distribution are linked 
with the geometrical properties of pores. To successfully synthesize and apply novel carbonaceous adsorbents, 
their surface, and structural properties must be precisely and reliably characterized.

The Brunauer–Emmett–Teller (BET) and t-plot methods, which are commonly used in the analysis of porous 
structures, as well as the Barrett-Joyner-Halenda (BJH) method, which is used less and less frequently to deter-
mine pore size distributions, have been criticised for oversimplifying assumptions that are far removed from 
reality and, among other things, do not take surface heterogeneities into account, as well as underestimating 
pore sizes21.

Due to the increasing demands placed on adsorbents, technologies for their manufacture are being improved, 
which, however, requires a precise assessment of the porous structure taking into account surface heterogenei-
ties, which is not fully provided by the BET, t—plot, and BJH methods used in previous studies17. Therefore, 
a concept was developed to analyse the adsorption process and porous structure of spherical activated carbons 
using advanced analysis methods taking into account, among other things, surface heterogeneity and pore 
geometry, i.e., the numerical clustering-based adsorption analysis method (LBET)22–24 and the quenched solid 
density functional theory method (QSDFT)26,26.

The LBET method, the theoretical foundations for the LBET models and their derivation, and the 
numerical fast multivariate procedure of adsorption system identification, were described in detail in earlier 
publications22–24. The LBET models have five adjusted parameters: VhA [cm3/g], QA [J/mol], α, β and BC, which 
can be adjusted by fitting LBET equation to the adsorption isotherm, with a chosen variant of the surface energy 
distribution function [38–40]. Additionally, a fast multivariate method of fitting the LBET models to the adsorp-
tion isotherms was employed to determine the value of the surface heterogeneity parameter h and the shape 
of adsorption energy distribution on the first layer.

The problems associated with traditional methods used to determine pore size distributions, such as BJH and 
DFT, have been solved by using a method based on non-local density functional theory (NLDFT)25. The NLDFT 
method allows accurate pore size information to be obtained from both the adsorption and desorption branches 
of the hysteresis loop, which is crucial for the pore size characterisation of complex pore networks. However, 
one disadvantage of the NLDFT method is that the surface of the solid is treated as chemically homogeneous 
and molecularly smooth. This leads to different layering steps in the theoretical adsorption isotherms, which 
are not observed experimentally, resulting in artifacts in the pore size distribution of NLDFTs with a pore size 
of around 1 nm21. In order to account for the effect of surface heterogeneities occurring in carbon materials, a 
method (QSDFT) was developed that takes into account surface heterogeneities through a roughness parameter 
representing surface corrugations at the molecular level26.

6K
+
+ 2C+ 2OH

−
→ 2K+ 2K2CO3 +H2

K2CO3 → K2O+ CO2

K2CO3 + 2C → 2K+ 3CO

K2O+ C → 2K+ CO
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Discussion of the obtained results
The results of the analyses carried out using the LBET and QSDFT methods are summarised in Tables 1, 2, 3, 
4 and shown in Figs. 1, 2, 3, 4. In the first part of the study, the structure analysis of spherical activated carbons 
obtained from microporous gel-type resin beads prepared from DOWEX 50WX2 microporous gel (GCB) and 
subjected to ion exchange with 0.1 M KCl solution at different temperatures of the activation process, i.e., 700, 
800, 900 and 1000 °C, was performed on the basis of nitrogen adsorption isotherms. The results of the analyses 
performed via the LBET and QSDFT methods are presented in Table 1 and Fig. 1. Based on the results obtained 
with the LBET method, it can be observed that, in the case of sample GCB-0.1-700 subjected to ion exchange 

Table 1.   Parameters characterizing the porous structure of the activated carbons obtained from microporous 
gel-type resin beads prepared from DOWEX 50WX2 microporous gel (GCB) and subjected to ion exchange 
with 0.1 M KCl solution at different temperatures of the activation process, i.e., 700, 800, 900 and 1000  °C, 
based on the analysis of N2 adsorption isotherms using the LBET and QSDFT methods. Where: VhA: 
the volume of the first adsorbed layer, QA/RT: the dimensionless energy parameter for the first adsorbed layer; 
BC: the dimensionless energy parameter for the higher adsorbed layers; α: the geometrical parameter of the 
porous structure determining the height of the adsorbate molecule clusters; β: the geometrical parameter of 
the porous structure determining the width of the adsorbate molecule clusters; h: the surface heterogeneity 
parameter; SQSDFT: the total surface area, VQSDFT: the volume of micropores.

Material Model No h VhA [cm3/g] α β QA/RT BC σe wid SQSDFT [m2/g] VQSDFT [cm3/g]

GCB-0.1–700 28 9 0.303 0.55 1.00  − 15.43 34.56 0.18 0.62 1011 0.333

GCB-0.1–800 10 7 0.332 0.62 1.00  − 14.65 17.97 0.14 0.25 1073 0.365

GCB-0.1–900 28 9 0.396 0.68 1.00  − 15.79 35.10 0.22 0.26 1246 0.425

GCB-0.1–1000 4 3 0.360 0.67 1.00  − 13.11 38.09 0.087 0.46 1050 0.386

Table 2.   Parameters characterizing the porous structure of the activated carbons obtained from 
microporous gel-type resin beads prepared from DOWEX 50WX2 microporous gel (GCB) at different 
solution concentration, i.e., 0.1, 0.3, 0.5 and 1.0 M KCl used for ion exchange, of GCB samples subjected to 
carbonisation at 900 °C, based on the analysis of N2 adsorption isotherms using the LBET and DFT methods.

Material Model No h VhA [cm3/g] α β QA/RT BC ZA σe wid SQSDFT [m2/g] VQSDFT [cm3/g]

GCB-0.1–900 28 9 0.396 0.68 1.00 15.79 35.10 0.633 0.22 0.16 1246 0.425

GCB-0.3–900 7 5 0.404 0.63 1.00 13.90 34.70 0.582 0.25 0.21 1285 0.455

GCB-0.5–900 10 7 0.374 0.62 1.00 14.40 29.15 0.595 0.2 0.27 1162 0.401

GCB-1.0–900 10 7 0.319 0.65 1.00 14.82 29.72 0.607 0.14 0.19 1023 0.355

Table 3.   Parameters characterizing the porous structure of the activated carbons obtained from DOWEX 
MSC macroporous resin (MSC) ion-exchanged with 0.1 M KCl solution at different activation process 
temperatures, i.e., 700, 800, 900 and 1000 °C, based on the analysis of N2 adsorption isotherms using the LBET 
and DFT methods.

Material Model No h VhA [cm3/g] α β QA/RT BC σe wid SQSDFT [m2/g] VQSDFT [cm3/g]

MSC-0.1–700 4 3 0.354 0.47 1.00  − 12.98 22.91 0.28 0.18 1235 0.369

MSC-0.1–800 30 9 0.382 0.63 1.00  − 15.99 34.50 1.3 0.22 1272 0.447

MSC-0.1–900 7 5 0.404 0.56 1.00  − 13.67 28.70 0.25 0.32 1311 0.417

MSC-0.1–1000 28 9 0.407 0.60 1.00  − 15.40 35.10 0.29 0.59 1346 0.529

Table 4.   Parameters characterizing the porous structure of the activated carbons from DOWEX MSC 
macroporous resin (MSC) at different solution concentrations, i.e., 0.1, 0.3, 0.5 and 1.0 M KCl used for ion 
exchange, subjected to carbonisation at 900 °C, based on the analysis of N2 adsorption isotherms using the 
LBET and DFT methods.

Material Model No h VhA [cm3/g] α β QA/RT BC σe wid SQSDFT [m2/g] VQSDFT [cm3/g]

MSC-0.1–900 7 5 0.404 0.56 1.00  − 13.67 28.70 0.25 0.32 1311 0.417

MSC-0.3–900 19 3 0.580 0.75 1.00  − 12.80 8.14 0.33 0.54 1592 0.642

MSC-0.5–900 25 7 0.520 0.71 1.00  − 14.30 7.93 0.36 0.47 1560 0.580

MSC-1.0–900 22 5 0.526 0.74 1.00  − 13.98 7.78 0.3 0.41 1502 0.569
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with a 0.1 M KCl solution and an activation process at 700 °C, the type of the best-fitted LBET model indicates 
the presence of geometric growth limitations of clusters, related to the presence of narrow micropores.

The aforementioned sample GCB-0.1-700 is characterised by a strongly heterogeneous surface, as indicated 
by the value of the surface heterogeneity parameter h (h = 9). This sample is also characterised by a large value for 
the volume of the first adsorbed layer (VhA = 0.303 cm3/g) and a significant total surface area (SQSDFT = 1011 m2/g) 
and micropores volume (VQSDFT = 0.333 cm3/g), clearly indicating a significantly developed micropore structure. 
The LBET analysis also showed that in the pores of spherical activated carbon GCB-0.1–700 medium-height, non-
branching clusters of adsorbate molecules are formed, as indicated by the values of the geometrical parameters α, 
and β, i.e., the height and width of the clusters of adsorbate molecules, respectively (α = 0.55, and β = 1.00). The 
values of the energy parameters successively for the first adsorbed layer QA/RT and the subsequent layers BC (QA/
RT = −15.43, and BC = 34.56) indicate the existence of preferential conditions for the occurrence of single-layer 
and multilayer adsorption processes with a small number of adsorbed layers. Note that the pore volume value 
calculated by the QSDFT method is close to the volume value of the first adsorbed layer VhA calculated by the 
LBET method, indicating the dominant contribution of micropores to the total pore volume.

The fit of the model isotherm to the empirical data N2-GCB-0.1-700, as indicated by the dispersion of the fit 
error σe is very good (σe = 0.18), as is the identifiability of the adsorption system (wid = 0.62), which guarantees 
the high reliability and validity of the results obtained.

The shape of the AED adsorption energy distribution on the surface of sample GCB-0.1–700 determined 
by the LBET method indicates a predominant contribution of high-energy sites with a narrow energy range 
and a significant contribution of adsorption sites with a wide range of sites and lower adsorption energy (see 
Fig. 1). The shape of the pore size distribution of the PSD indicates a significant development of the structure of 
the smallest micropores below 1 nm, especially micropores with sizes smaller than 0.5 nm. Also of note is the 
small peak in the range of smaller mesopores indicating the presence of small mesopores in the pore structure 
of sample GCB-0.1-700. The next spherical activated carbon sample analysed was the one labelled GCB-0.1-
800, i.e., obtained from GCB cation-exchange resin subjected to ion exchange with a 0.1 M KCl solution and a 
carbonisation process at 800 °C.

The number of the best-fit LBET model indicates, in contrast, to sample GCB-0.1-700, limitations in the 
expansion of clusters of adsorbate molecules related to the competitive expansion of neighbouring clusters of 
nitrogen molecules. The surface of sample GCB-0.1-800 is characterised by a lower degree of heterogeneity, 
i.e., h = 7, compared to sample GCB-0.1-700 and a slightly higher value for the parameters: volume of the first 
adsorbed layer VhA, total surface area SQSDFT and micropores volume VQSDFT, as well as the parameter α, indicating 

Figure 1.   The nitrogen adsorption isotherms and the results of the identification of the adsorption systems 
via the LBET method and adsorption energy distributions (AED) obtained for the spherical activated carbons 
prepared at different temperatures of the activation process, i.e., 700, 800, 900 and 1000 °C.
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a slightly higher development of its porous structure. However, sample GCB-0.1-800 is characterised by a practi-
cally two times lower value of the dimensionless energy parameter for the higher layers (BC = 17.97) compared to 
sample GCB-0.1-700 for which BC = 34.56, indicating significantly worse energy conditions for the occurrence 
of the multilayer adsorption process.

The fit of the model isotherm to the empirical isotherm N2-GCB-0.1-800 is very good, but the significantly 
lower value of the identifiability coefficient of the wid adsorption system (wid = 0.25), compared to the previously 
analysed sample GCB-0.1-700, is noteworthy. This may indicate that there is some deviation of the actual pore 
structure from the model structure implemented in the LBET method. The values of total surface area SQSDFT 
and micropores volume VQSDFT calculated by the QSDFT method for sample GCB-0.1-800 are noticeably larger 
compared to those determined for sample GCB-0.1-700, obtained at a lower carbonisation temperature. The 
shape of the distribution of AED adsorption energy values on the surface of spherical activated carbon GCB-0.1-
800 indicates a higher adsorption energy in the smallest pores and a narrower range of values, while the shape of 
the pore size distribution indicates a minimally higher proportion of micropores in the range of approximately 
0.5 nm to 1.2 nm in the total porosity in the analysed sample compared to the sample obtained at a lower activa-
tion temperature (see Fig. 1).

The next adsorbent analysed was spherical activated carbon designated GCB-0.1-900, i.e., obtained at an 
activation temperature of 900 °C. This material was characterised by the greatest development of the microporous 
structure among all analysed samples obtained from GCB cation exchange resin subjected to ion exchange with 
0.1 M KCl solution, as indicated by the values of the parameters VhA, α, SQSDFT, VQSDFT, i.e., VhA = 0.396 cm3/g, 
α = 0.68, SQSDFT = 1246 m2/g, VQSDFT = 0.425 cm3/g, respectively.

The shape of the adsorption energy distribution determined for sample GCB-0.1-900 is very similar to the 
analogous distribution obtained for sample GCB-0.1-700. In contrast, the shape of the PSD pore size distribution 
indicates a higher proportion of larger micropores in the total porosity of spherical activated carbon GCB-0.1-
900. However, the next spherical activated carbon sample analysed, obtained at a carbonisation temperature of 
1000 °C designated GCB-0.1-1000, was already characterised by lower values of the parameters VhA, α, SQSDFT, 
VQSDFT (VhA = 0.360 cm3/g, α = 0.67, SQSDFT = 1050 m2/g, VQSDFT = 0.386 cm3/g) compared to the values of these 
parameters determined for sample GCB-0.1-900. However, in contrast to the previously analysed samples, the 
surface of this GCB-0.1-1000 sample was characterised by the smallest degree of surface heterogeneity, i.e., h = 3, 
which may be of great practical importance. The shape of the adsorption energy distribution on the surface of 

Figure 2.   The nitrogen adsorption isotherms and the results of the identification of the adsorption systems 
via the LBET method, and adsorption energy distributions (AED) obtained for the spherical activated carbons 
prepared from DOWEX 50WX2 microporous gel (GCB) at different solution concentration, i.e., 0.1, 0.3, 0.5 and 
1.0 M KCl used for ion exchange.
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spherical activated carbon GCB-0.1-1000, indicates the presence of a predominant proportion of sites of equal 
energy, indicating the significant presence of micropores comparable in size to a nitrogen molecule.

Based on studies and analyses devoted to assessing the influence of the activation process temperature, it 
can be concluded that in the case of spherical activated carbons obtained from cation-exchange resin subjected 
to ion exchange with 0.1 M KCl solution, the optimum temperature for the activation process is 900 °C, which 
ensures the best adsorption properties of the material. However, if the priority is to obtain a material with as little 
surface heterogeneity as possible and a significant proportion of micropores comparable in size to the nitrogen 
molecule, then an activation temperature of 1000 °C provides the right conditions for this.

The study also analysed the effect of solution concentration, i.e., 0.1, 0.3, 0.5, and 1.0 M KCl used for ion 
exchange, of GCB samples subjected to carbonisation at 900 °C and the results of calculations and analyses 
performed using LBET and QSDFT methods are presented in Table 2 and Fig. 2. Of the analysed spherical GCB 
activated carbons obtained at 900 °C, the samples obtained at KCl solution concentrations of 0.1 and 0.3 M were 
characterised by the greatest development of the porous structure as indicated by the values of the parameters 
VhA, α, SQSDFT and VQSDFT (see Table 2). Sample GCB-0.1-900 exhibits the highest degree of surface heterogeneity, 
i.e., h = 9, and sample GCB-0.3-900 having the lowest, i.e., h = 7.

The energy distribution shapes shown in Fig. 2 for spherical GCB activated carbon samples obtained at dif-
ferent KCl solution concentrations and at a carbonisation temperature of 900 °C, indicate a wide energy range 
of primary adsorption sites, with a significant proportion of high-energy sites on the surface of said samples. On 
the other hand, the shapes of the pore size distributions PSD obtained for spherical activated carbons obtained 
at an activation temperature of 900 °C indicate a significant development of the structure of micropores with 
sizes below 0.5 nm and a significant proportion of larger micropores in the range from about 0.5 nm to 1.0 nm, 
as well as a proportion of larger micropores with sizes greater than 1.0 nm. Also noticeable on the determined 
pore size distributions is the contribution of small mesopores to the total porosity.

In the second part of the study, spherical activated carbons obtained from DOWEX MSC macroporous 
resin (MSC) were analysed. As in the first part of the study, the influence of KCl solution concentration and car-
bonisation temperature on the porous structure parameters and adsorption properties of the obtained spherical 
activated carbons was considered.

The results of the analysis of the effect of the carbonisation temperature on the adsorption properties of 
spherical activated carbons obtained from DOWEX MSC macroporous resin (MSC) ion-exchanged with 0.1 M 

Figure 3.   The nitrogen adsorption isotherms and the results of the identification of the adsorption systems 
via the LBET method, and adsorption energy distributions (AED) obtained for the spherical activated carbons 
prepared from DOWEX MSC macroporous resin (MSC) ion-exchanged with 0.1 M KCl solution at different 
activation process temperatures, i.e. 700, 800, 900 and 1000 °C.
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KCl solution at different activation process temperatures, i.e., 700, 800, 900 and 1000 °C, are summarised in 
Table 3 and Fig. 3.

From the results collected in the aforementioned Table 3, it can be observed that the sample designated MSC-
0.1-700, i.e., obtained from the macroporous DOWEX MSC resin, subjected to ion exchange with a KCl solution 
of 0.1 M, at a carbonisation temperature of 700 °C, is characterised by the lowest degree of surface heterogeneity 
(h = 3) of all analysed MSC samples obtained from DOWEX MSC macroporous resin, subjected to ion exchange 
with KCl solution of 0.1 M.

The MSC-0.1-700 sample is also characterised by the smallest development of the porous structure, as indi-
cated by the values of the parameters of the volume of the first adsorbed layer VhA (VhA = 0.354 cm3/g), the 
height of clusters of adsorbate particles α (α = 0.47) and the total surface area SQSDFT (SQSDFT = 1235 m2/g) and 
micropores volume VQSDFT (VQSDFT = 0.369 cm3/g). Also notable are the lowest values of the energy parameters 
for the first adsorbed layer (QA/RT) as well as the higher layers, respectively, of all the samples analysed (QA/
RT = −12.98, BC = 22.91).

As the carbonisation temperature increases, there is a successive development of the porous structure of 
spherical activated carbons obtained from the macroporous DOWEX MSC resin, subjected to ion exchange with 
a KCl solution of 0.1 M. For the sample labelled MSC-0.1-1000, and therefore obtained from a temperature of 
1000 °C, the highest values of the parameters VhA, α, SQSDFT, VQSDFT were obtained i.e. VhA = 0.407 cm3/g, α = 0.60, 
SQSDFT = 1346 m2/g, VQSDFT = 0.529 m2/g, indicating the greatest development of the porous structure.

The shapes of the adsorption energy distributions on the surface of the analysed samples shown in Fig. 3 
confirm the previous observations. Namely for the sample MSC-0.1-700, a distribution with a dominant share 
of high-energy adsorption sites and a share of sites with varying energy was obtained, while for the other MSC 
samples there is already a larger energy spectrum of adsorption sites. On the other hand, the shapes of the PSD 
pore size distributions determined for spherical MSC activated carbons, indicate the predominant contribution 
of micropores to the structure of these materials; however, the shape of the PSD determined for the MSC-0.1-
800 sample, which differs from the other samples analysed, is noteworthy, indicating a wider energy range of 
primary adsorption sites and thus greater surface energy heterogeneity.

Another aspect considered as part of the ongoing research was the effect of the concentration of the KCl 
solution used for cation exchange (i.e., 0.1, 0.3, 0.5, 1.0 M), on the formation of the porous structure of spherical 
activated carbons obtained from macroporous DOWEX MSC resin at a carbonisation temperature of 900 °C, 
and the results of the analyses are presented in Table 4. These results show that the material with the smallest 

Figure 4.   The nitrogen adsorption isotherms and the results of the identification of the adsorption systems 
via the LBET method and adsorption energy distributions (AED) obtained for the spherical activated carbons 
prepared from DOWEX MSC macroporous resin (MSC) at different solution concentration, i.e., 0.1, 0.3, 0.5 and 
1.0 M KCl used for ion exchange, subjected to carbonisation at 900 °C.



8

Vol:.(1234567890)

Scientific Reports |          (2024) 14:102  | https://doi.org/10.1038/s41598-023-50682-4

www.nature.com/scientificreports/

structure development was obtained at a KCl solution concentration of 0.1 M, i.e., spherical activated carbon 
designated MSC-0.1-900.

On the other hand, the sample obtained at a KCl solution concentration of 0.3 M, i.e., MSC-0.3-900 was 
characterised by the most developed microporous structure as indicated by the highest values of the parameters 
VhA, α, SQSDFT, VQSDFT, i.e., VhA = 0.580 cm3/g, α = 0.75, SQSDFT = 1311 m2/g, VQSDFT = 0.417 cm3/g and the lowest 
degree of surface heterogeneity as indicated by the value of the parameter h (h = 3).

Further increasing the concentration of the KCl solution resulted in minimal destruction of the porous 
structure, as indicated by a decrease in the values of the parameters VhA, α, SQSDFT, VQSDFT, observed successively 
for the samples MSC-0.5-900 and MSC-1.0-900, respectively.

Analysis of the adsorption energy distributions on the first layer, shown in Fig. 4, indicates that there is a wide 
energy spectrum of primary adsorption sites in the samples studied, with the sample obtained at a KCl solution 
concentration of 0.3 M being characterised by a predominant proportion of adsorption sites with equal adsorp-
tion energy, i.e., pores that are most likely to contain one adsorbed nitrogen molecule.

Analysis of PSD plots determined for samples obtained from the macroporous DOWEX MSC resin at a 
carbonisation temperature of 900 °C, at different KCl concentrations, generally indicates a significant propor-
tion of micropores with sizes smaller than approximately 0.6 nm and the presence of larger micropores in the 
structure of the adsorbents analysed.

Conclusions
This article presents the results of a study devoted to the analysis of the porous structure of spherical micropo-
rous activated carbons obtained from cation exchange resin beads with gel-like microporous structures 
(DOWEX 50WX2) and macroporous resin (DOWEX MSC). The analyses carried out showed a significant 
influence of the preparation conditions, i.e., the concentration of the KCl solution used for cation exchange, on 
the structure of the obtained spherical activated carbons and the temperature of the activation process. With 
the increase in the activation temperature, the oxidation of carbon and decomposition of the hydrocarbons into 
H2, CO, CO2 and H2O gradually intense. The generated gases diffuse within the carbon matrix and contribute 
to porosity development. Besides, chemical and thermal activation happen simultaneously, maximizing the 
efficiency of the reaction and the development of porosity. Therefore, the increase in the activation temperature 
causes the increase in the specific surface area and pore volume of the prepared materials. In turn increase 
of the concentration of the KCl solution results in an increased K+ content in resin precursor. Then, the exchanged 
K+ cations within resin play the role of activator in carbonization step, and too high the K+ content in resin 
precursor results in the violence of the reaction occurring in the volume of resin beads, which can caused as 
a consequence the destruction of the porous structure of the materials. In the case of the GCB resin, it has no 
discrete pores, only solute ions could diffuse through the gel network. Different to GCB resin beads, MSC resin 
exhibits large pores and a highly accessible surface. So, different structural organizations will lead to different 
diffusion paths during the carbonization process and thus carbon beads with different pore structures will be 
obtained. The presence of large well-defined pores in MSC resin can ensure the efficient release of generated 
gases during the carbonization process, which retained morphology of the carbon beads and achieved larger 
surface areas and pore volumes.

As demonstrated in the study, the relationships between the preparation conditions and the porous structure 
properties of the obtained spherical activated carbons are complex. Therefore, only the simultaneous applica-
tion of advanced methods of porous structure analysis, such as LBET and QSDFT methods, allows a reliable 
determination of the adsorption properties of these materials and, thus, the optimal selection of preparation 
conditions to obtain an adsorbent with the specific physicochemical properties expected in a given adsorption 
industrial process.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 27 September 2023; Accepted: 22 December 2023

References
	 1.	 Fito, J. et al. Adsorption of methylene blue from textile industrial wastewater using activated carbon developed from Rumex abys-

sinicus plant. Sci. Rep. 13, 5427. https://​doi.​org/​10.​1038/​s41598-​023-​32341-w (2023).
	 2.	 Yokoyama, J. T. C. et al. Stevia residue as new precursor of CO2-activated carbon: Optimization of preparation condition and 

adsorption study of triclosan. Ecotoxicol. Environ. Safety 172, 403–410. https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​01.​096 (2019).
	 3.	 Condezo Castro, T. A. et al. Possible alternatives for using kraft lignin as activated carbon in pulp mills–a review. Nordic Pulp Paper 

Res. J. 38, 209–228. https://​doi.​org/​10.​1515/​npprj-​2022-​0099 (2023).
	 4.	 Francis, J. C., Nighojkar, A. & Kandasubramanian, B. Relevance of wood biochar on CO2 adsorption: A review. Hybrid Adv. 3, 

100056. https://​doi.​org/​10.​1016/j.​hybadv.​2023.​100056 (2023).
	 5.	 Nandi, R., Jha, M. K., Guchhait, S. K., Sutradhar, D. & Yadav, S. Impact of KOH activation on rice husk derived porous activated 

carbon for carbon capture at flue gas alike temperatures with high CO2/N2 selectivity. ACS Omega 8, 4802–4812. https://​doi.​org/​
10.​1021/​acsom​ega.​2c069​55 (2023).

	 6.	 Shui, L., Wang, L. & Lin, Y. A peach-kernel-derived ultramicroporous carbon with extremely high CO2–capture ability. Chem. 
Select 8, e202204287. https://​doi.​org/​10.​1002/​slct.​20220​4287 (2023).

	 7.	 da Silva, M. C. F. et al. Activated carbon prepared from Brazil nut shells towards phenol removal from aqueous solutions. Environ. 
Sci. Pollut. Res. 30, 82795–82806. https://​doi.​org/​10.​1007/​s11356-​023-​28268-4 (2023).

	 8.	 Jäntschi, L. Nanoporous carbon, its pharmaceutical applications and metal organic frameworks. J. Incl. Phenom. Macrocycl. Chem. 
103, 245–261. https://​doi.​org/​10.​1007/​s10847-​023-​01194-1 (2023).

https://doi.org/10.1038/s41598-023-32341-w
https://doi.org/10.1016/j.ecoenv.2019.01.096
https://doi.org/10.1515/npprj-2022-0099
https://doi.org/10.1016/j.hybadv.2023.100056
https://doi.org/10.1021/acsomega.2c06955
https://doi.org/10.1021/acsomega.2c06955
https://doi.org/10.1002/slct.202204287
https://doi.org/10.1007/s11356-023-28268-4
https://doi.org/10.1007/s10847-023-01194-1


9

Vol.:(0123456789)

Scientific Reports |          (2024) 14:102  | https://doi.org/10.1038/s41598-023-50682-4

www.nature.com/scientificreports/

	 9.	 Konnola, R. & Anirudhan, T. S. Efficient carbon dioxide capture by nitrogen and sulfur dual-doped mesoporous carbon spheres 
from polybenzoxazines synthesized by a simple strategy. J. Environ. Chem. Eng. 8, 103614. https://​doi.​org/​10.​1016/j.​jece.​2019.​
103614 (2020).

	10.	 Lan, J., Wang, B., Bo, C., Gong, B. & Ou, J. Progress on fabrication and application of activated carbon sphere in recent decade. J. 
Indust. Eng. Chem. 120, 47–72. https://​doi.​org/​10.​1016/j.​jiec.​2022.​12.​045 (2023).

	11.	 Mopoung, S. & Dejang, N. Activated carbon preparation from eucalyptus wood chips using continuous carbonization–steam 
activation process in a batch intermittent rotary kiln. Sci. Rep. 11, 13948. https://​doi.​org/​10.​1038/​s41598-​021-​93249-x (2021).

	12.	 Mai, N. T., Nguyen, M. N., Tsubota, T., Nguyen, P. L. T. & Nguyen, N. H. Evolution of physico-chemical properties of Dicranopt-
eris linearis-derived activated carbon under various physical activation atmospheres. Sci. Rep. 11, 14430. https://​doi.​org/​10.​1038/​
s41598-​021-​93934-x (2021).

	13.	 Panwar, N. L. & Pawar, A. Influence of activation conditions on the physicochemical properties of activated biochar: A review. 
Biomass Conv. Bioref. 12, 925–947. https://​doi.​org/​10.​1007/​s13399-​020-​00870-3 (2022).

	14.	 Alfattani, R., Shah, M. A., Siddiqui, M. I. H., Ali, M. A. & Alnaser, I. A. Bio-char characterization produced from walnut shell 
biomass through slow pyrolysis: Sustainable for soil amendment and an alternate bio-fuel. Energies 15, 1. https://​doi.​org/​10.​3390/​
en150​10001 (2022).

	15.	 Mokrzycki, J., Magdziarz, A. & Rutkowski, P. The influence of the Miscanthus giganteus pyrolysis temperature on the application of 
obtained biochars as solid biofuels and precursors of high surface area activated carbons. Biomass Bioenergy 164, 106550. https://​
doi.​org/​10.​1016/j.​biomb​ioe.​2022.​106550 (2022).

	16.	 Li, C. et al. Biomass-derived volatiles for activation of the biochar of same origin. Fuel 332, 126034. https://​doi.​org/​10.​1016/j.​fuel.​
2022.​126034 (2023).

	17.	 He, P. et al. Carbon beads with a well-defined pore structure derived from ion-exchange resin beads. J. Mater. Chem. A 7, 18285–
18294. https://​doi.​org/​10.​1039/​C9TA0​4069B (2019).

	18.	 Brunauer, S., Emmett, P. H. & Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 60, 309–319. https://​doi.​
org/​10.​1021/​ja012​69a023 (1938).

	19.	 Galarneau, A., Villemot, F., Rodriguez, J., Fajula, F. & Coasne, B. Validity of the t-plot method to assess microporosity in hierarchi-
cal micro/mesoporous materials. Langmuir 30, 13266–13274. https://​doi.​org/​10.​1021/​la502​6679 (2014).

	20.	 He, Y. et al. Estimation of shale pore-size-distribution from N2 adsorption characteristics employing modified BJH algorithm. 
Petrol. Sci. Technol. 39, 19–20. https://​doi.​org/​10.​1080/​10916​466.​2021.​19717​16 (2021).

	21.	 Zelenka, T., Horikawa, T. & Do, D. D. Artifacts and misinterpretations in gas physisorption measurements and characterization 
of porous solids. Adv. Colloid Interf. Sci. 311, 102831. https://​doi.​org/​10.​1016/j.​cis.​2022.​102831 (2023).

	22.	 Kwiatkowski, M., Fierro, V. & Celzard, A. Confrontation of various adsorption models for assessing the porous structure of activated 
carbons. Adsorption 25, 1673–1682. https://​doi.​org/​10.​1007/​s10450-​019-​00129-y (2019).

	23.	 Kwiatkowski, M., Gómez-Delgado, E., Nunell, G. V., Bonelli, P. R. & Cukierman, A. L. Mathematical analysis of the effect of process 
conditions on the porous structure development of activated carbons derived from Pine cones. Sci. Rep. 12, 15301. https://​doi.​org/​
10.​1038/​s41598-​022-​19383-2 (2022).

	24.	 Kwiatkowski, M., Kalderis, D., Tono, W. & Tsubota, T. Numerical analysis of the micropore structure of activated carbons focusing 
on optimum CO2 adsorption. J. CO2 Utiliz. 60, 101996. https://​doi.​org/​10.​1016/j.​jcou.​2022.​101996 (2022).

	25.	 Ustinov, E. A., Do, D. D. & Fenelonov, V. B. Pore size distribution analysis of activated carbons: Application of density functional 
theory using nongraphitized carbon black as a reference system. Carbon 44, 653–663. https://​doi.​org/​10.​1016/j.​carbon.​2005.​09.​
023 (2006).

	26.	 Neimark, A. V., Lin, Y., Ravikovitch, P. I. & Thommes, M. Quenched solid density functional theory and pore size analysis of 
micromesoporous carbons. Carbon 47, 1617–1628. https://​doi.​org/​10.​1016/j.​carbon.​2009.​01.​050 (2009).

Author contributions
M.K. co-developed the concept of the work, wrote the manuscript text, performed calculations using cluster 
adsorption models and the QSDFT method, prepared all the tables and figures, interpreted the calculation results, 
co-edited the article, corresponded with the editor, co-replying to reviews; V.V. co-developed the concept of the 
work, verified the calculation results, coordinated the authors’ work, co-edited the article, co-replying to reviews; 
PH. co-development of the concept of the work, prepared for calculations and stored measurement results, veri-
fied the calculation results, co-edited the article, co-replying to reviews. All authors reviewed the manuscript.

Funding
This research was funded by a research subvention from the Polish Ministry of Education and Science for the 
AGH University of Krakow (No. 16.16.210.476).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1016/j.jece.2019.103614
https://doi.org/10.1016/j.jece.2019.103614
https://doi.org/10.1016/j.jiec.2022.12.045
https://doi.org/10.1038/s41598-021-93249-x
https://doi.org/10.1038/s41598-021-93934-x
https://doi.org/10.1038/s41598-021-93934-x
https://doi.org/10.1007/s13399-020-00870-3
https://doi.org/10.3390/en15010001
https://doi.org/10.3390/en15010001
https://doi.org/10.1016/j.biombioe.2022.106550
https://doi.org/10.1016/j.biombioe.2022.106550
https://doi.org/10.1016/j.fuel.2022.126034
https://doi.org/10.1016/j.fuel.2022.126034
https://doi.org/10.1039/C9TA04069B
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/la5026679
https://doi.org/10.1080/10916466.2021.1971716
https://doi.org/10.1016/j.cis.2022.102831
https://doi.org/10.1007/s10450-019-00129-y
https://doi.org/10.1038/s41598-022-19383-2
https://doi.org/10.1038/s41598-022-19383-2
https://doi.org/10.1016/j.jcou.2022.101996
https://doi.org/10.1016/j.carbon.2005.09.023
https://doi.org/10.1016/j.carbon.2005.09.023
https://doi.org/10.1016/j.carbon.2009.01.050
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Numerical analysis of the porous structure of spherical activated carbons obtained from ion-exchange resins
	Materials and methods
	Discussion of the obtained results
	Conclusions
	References


