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determining adsorption isotherms and determining textural 
properties [2]. Recently, the pore model obtained by reac-
tive molecular dynamics (rMD model) was developed [3, 
4], which allows a more detailed study related to structural 
heterogeneities in carbon materials. By applying the rMD 
model to obtain the PSD of activated carbons, we demon-
strated that the agreement with the QSDFT method (Neimark 
et al. 2009) was excellent and that this model effectively 
condenses the average characteristics of the irregularities 
existing in these materials. Extending this study, we intend 
to verify the performance of the rMD model compared to 
the homogeneous model using CO2 at 298 K as probe gas.

Usually, the characterization uses adsorption isotherms 
from N2 at 77 K, being a reference to provide basic infor-
mation about the structure of activated carbon. However 
due to the diffusivity limitations of N2 at 77 K [5], it is rec-
ommended to use CO2 at 273 K for better analysis of micro-
porosity. The use of CO2 at 273 K also has its experimental 
limitations due the difficulties of performing isotherms up 
to saturation pressure (34.85  bar), the usual experimental 
technique is limited to 1 bar, imposing a reliability window 
[6] to a maximum size of 15Å [1]. For this reason, this study 

1  Introduction

Activated carbon remains an important nanoporous mate-
rial whether in industry or science, being used in numerous 
technological applications. Its engineering properties are 
mainly determined by its ability to specifically adsorption 
certain fluids. The practical problem of predicting adsorp-
tion properties in activated carbons has given rise to several 
theoretical models capable of constructing adsorption iso-
therms in pore models [1]. Most studies on adsorption in the 
literature are limited to well-defined surfaces, such as totally 
homogeneous surfaces. Unfortunately, real surfaces are far 
from such an ideal situation, and assuming a perfect sur-
face to study adsorption in pores can lead to discrepancies in 
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We investigated the pore size distribution obtained from adsorption isotherms kernels of CO2 at 298 K on homogeneous 
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used to simultaneously measure the interval between ultramicropores and mesopores. Moreover, the differences between 
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kernel.
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will be carried out at 298 K since this isotherm is easier to 
obtain experimentally. The use of CO2 in the characteriza-
tion also has the advantages of reducing the experimental 
time of obtaining the isotherm, in addition to being able to 
test the sample under the same conditions of application, as 
for example for CO2 capture.

In addition to the comparison with the homogeneous 
model, we will also investigate how heterogeneities impact 
the CO2 molecule model. Do and collaborators [7] found 
that the packaging of molecular probes represented by 
atomic spherical model (united atom - UA) were very dif-
ferent from the packaging of atom-atom (AA) molecules in 
homogeneous slit pore models. In our previous study [4] 
we found that, for N2 as probe gas, the heterogeneous rMD 
model did not present these differences identified by the Do 
et al. [7] study in the homogeneous model. If these differ-
ences were also negligible for CO2, it would open the possi-
bility of adapting the QSDFT technique using the CO2 unit 
atom model, because, due to the DFT method limitation, it 
is not possible to implement AA models of probe gases.

2  Computational methods and models

2.1  Reactive molecular dynamics – rMD model

Heterogeneous surfaces were used to build slit-like pores of 
activated carbon with different sizes. These surfaces were 
previously generated by simulating the oxidative etching 
using reactive Molecular Dynamics (rMD). Details about 
this procedure can be seen in our previous study [3]. In our 
pore model, each pore wall is composed by three layers of 
dimensions of 38.3 Å x 39.3 Å and interlayer space of 3.35 
Å. Internal layers are heterogeneous and present 25% of 
carbon atoms removed while external layers are basically 
homogenous (Fig. 1).

2.2  Simulation details

Dioxide carbon adsorption isotherms at 298 K were calcu-
lated in the grand canonical ensemble using Monte Carlo 
method (GCMC) as implemented by the RASPA 2.0 code 
[8]. Biased GCMC as used in the small pores [9]. A trun-
cated Lennard-Jones 12 − 6 potential without tail correction 
was applied. Coulomb interactions were computed using 
Ewald summation method. Periodic boundary conditions 
and a cutoff of 17 Å were utilized. For the minimum image 
convention to be satisfied, all simulation cells were repli-
cated to at least 34 Å along z-axis. The pore size H used 
through the study, is defined as distance between the centers 
of carbon atoms. The effective internal pore size (Heff) used 
in the IUPAC Technical Report [10] is Heff = H − σss.

CO2 molecules were modeled by single-site particles 
(AA model) with forcefield parameters taken from [7] and 
all-atom (3-site) TraPPE model [11] was also employed 
to investigate the influence of the model in the adsorption 
properties. The models accurately reproduce the vapor − liq-
uid equilibrium data of CO2 and were used in the Monte 
Carlo simulations (GCMC) to calculate adsorption on acti-
vated carbon [12–14]. Point charges for the all-atom model 
and fluid-fluid forcefield parameters for both models are 
presented in Table 1. The molecular parameters of carbon 
atom are σss = 3.21 A and εss/kB = 33.77 K. The Forcefield 
parameters for solid-fluid interactions was applied Lorentz-
Berthelot rules [15].

2.3  Pore size distribution

The theoretical adsorption isotherm θtheor, can be expressed 
as an overlap of isotherms corresponding to each pore size 
(Hj), pressure P and Temperature T, which are called local 
isotherms, θL, each with a weight corresponding to the dis-
tribution of pore size, f(Hj):

Table 1  Fluid-fluid forcefield parameters and point charges for CO2 molecules
Molecule Model Atom σ, Å ε/kB, K q, e− Distance atom-c.o.m. (Å)

United Atom 3.6485 246.15 - -
CO2 Atom-Atom C 2.8 27 + 0.7 0

O 3.05 79 -0.35 1.16

Fig. 1  (a) Homogenous slit-pore 
model, (b) rMD slit-pore model 
and (c) front view of the inner-
most rMD pore walls. Carbon 
atoms in gray
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θtheor =

∫
θL(H, P, T )f (H) dH � (1)

Equation 1 cannot be solved directly because it is an ill-pos-
sed equation, to minimize the problem of poor condition-
ing, the regularization method is used. The most commonly 
used method for stabilizing the result is by incorporating 
additional constraints that are based on smoothing the PSD 
[16, 17]. The pore size distribution is then derived solving 
(Eq.  1) numerically via a fast non-negative least square 
algorithm in combination with a method to stabilize the 
result [18, 19]. The L-curve [20] method was used to choose 
a regularization parameter alpha. Pore size distributions for 
slit pores were calculated from a kernel containing 22 pore 
sizes between 7Å and 53Å for CO2 to 298 K.

3  Results and discussion

3.1  Kernels of CO2 adsorption isotherms with 
homogeneous and rMD models

In Fig. 2, simulated adsorption isotherms for CO2 at 298 K 
are shown for some selected sizes, for homogenous and het-
erogeneous (rMD) model in slit pores. The complete kernels 
are also shown in the Fig. 2. Three groups of behavior that 
were observed in methane collections of isotherms (Last-
oskie et al., 1993; Lucena et al., 2010) are also present in 
the CO2 kernel. The first group includes isotherms of pores 
that can accommodate only one layer of molecules. In these 
pores, the adsorption occurs at low pressures and the iso-
therm becomes flat due to the overlap of the wall potential, 

Fig. 2  Selected simulated isotherms of CO2 at 298 K with linear (a) 
and log (b) plot. The solid line corresponds to the homogenous model 
and the dotted line corresponds to the rMD model. Complete homoge-

neous (c) and rMD (d) kernels of CO2 at 298 K. Pore sizes are defined 
as the distance between the centers of carbon atoms
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observed varied results. The BPL and A10 activated carbons 
show excellent agreement with the rMD model while the 
Norit R1 and AC-A activated carbons show less favorable 
agreements. In common to all analyzed activated carbons, 
we always observed a better agreement for the rMD model, 
this best agreement is systematically higher in the high-
pressure intervals (> 1000 kPa).

Another common feature in the comparison with the PSD 
generated by the two models is the considerably greater 
volume attributed to ultramicropores by the rMD model 
(Table  2). For example, for the WV1050 the rMD model 
predicts twice the volume of ultramicropores (0.16 cm3/g) 
when compared to the homogeneous model (0.08 cm3/g). 
This particular fact is interesting for obtaining a PSD that 
covers a wide range of pores from ultramicropores that are 
not identified with N2 at 77 K due to diffusional limitations. 
Currently, the identification of ultramicropores is being 
done with CO2 at 270 K, up to 1 bar, limiting its reliability 
window.

We draw attention to the experimental limitations that 
still exist for obtaining CO2 isotherms up to saturation pres-
sures at 298 K. Due to the wide pressure range, special care 
must be taken in obtaining the isotherm at low pressure 
points up to 100 kPa. The use of specific pressure sensors 
for this pressure range are essential for detailing this region 
of the isotherm.

3.3  Retrieving isotherms of other gases

Another method to measure the accuracy of models is to 
analyze the PSD’s ability to predict the adsorption of other 
gases. As we performed detailed experimental isotherms 
with light hydrocarbon (C1 to C4) for the WV1050 acti-
vated carbon, we calculated their simulated isotherms based 
on the CO2 PSDs of the homogenous and rMD models using 
the representative pore methodology (Oliveira et al. 2021). 
This same calculation was done previously using a kernel 
of pores representative of N2 at 77 K [21]. The result can 
be seen in Fig. 4. The experimental isotherms are recovered 
with both PSDs, with the rMD model always showing better 
fitting than the homogeneous model. This result is important 
because one of the advantages of using molecular simula-
tion methods is to obtain detailed isotherms of mixtures that 
are difficult to perform experimentally.

3.4  Impact of the probe-gas model

As previously commented, Do et al. [7] showed that the 
unit atom model cannot adequately describe CO2 adsorp-
tion in slit pores. For the 6.5 Å (center to center) pore at 
193 K this discrepancy is visible as shown in Fig. 5a and 
b. These figures were obtained from the simulation of AA 

with the maximum adsorption occurring at about 7 Å. The 
second group go approximately from 10 up to 18 Å. These 
are pores that accommodate two layers of molecules. When 
two layers are formed, the tendency of adsorption, that was 
decreasing as the pore dimensions increased, is reversed and 
causes a slight increase in adsorption at the high-pressure 
range. In the third group, the isotherms behavior is practi-
cally the same as the largest simulated pore (53 Å), the wall 
potential is weak and the cooperative effect of fluid–fluid 
interaction is small.

Adsorption isotherms pore filling in Fig.  2b are more 
abrupt when the pore is homogeneous and assumes a 
smooth behavior in the presence of heterogeneity. This is 
due to irregular packaging in the case of heterogeneous 
pores, compared to a much more orderly stratification in the 
case of homogeneous pores. The extra volume created by 
the cavities in the rMD model, results in greater adsorption 
at saturation across the micropore range. The cavities are 
also responsible for the delay in filling the ultramicropores 
that occurs in the rMD model, resulting in isotherms very 
different from those obtained with the homogeneous model 
for this size range. These differences will impact the respec-
tive pore size distributions.

3.2  Pore size distribution

Adsorption isotherms with CO2 at high pressure are 
relatively rare in the literature, here, we selected a set of 
isotherms in order to contemplate carbons made with dif-
ferent raw materials and degrees of activation (Himeno 
et al., 2005). The simulated isothems recovered from the 
pore distribution coincide very well with the experimen-
tal isotherms for the two models (homogeneous and rMD) 
(Fig. 3). To enable the measurement of the error, because 
visually, the agreement with the experimental isotherm is 
similar for the two models, we present the error in the form 
of graphs where the deviation of the theoretical adsorbed 
value is compared with the real value in the pressure range 
of the isotherm.

The WV1050 activated carbon is taken as a base case 
because detailed isotherms were obtained in our labora-
tory. This activated carbon has a surface area of ​​1600 m2/g, 
the largest among the tested activated carbons. The error 
graph for the WV1050 shows a better agreement for the 
rMD model (rMD with error of 0.068 against 0.214 for the 
homogenous one). The WV1050 activated carbon is also the 
most heterogeneous activated carbon as can be seen from 
the wide pore distribution proposed by the two models. For 
this reason, the rMD kernel better represents this activated 
carbon. For the other activated carbons with a narrower 
distribution, and therefore probably more homogeneous, 
with areas comprising the range of 1400 to 1150 m2/g, we 
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Table 2  Pore volume of ultramicropore, supermicropore, mesopore and total volume attributed for the activated carbons investigated
rMD Homog. rMD Homog. rMD Homog. rMD Homog. rMD Homog.

Ultramicropore 0.1674 0.0803 0.1691 0.0657 0.087 0.0081 0.1702 0.0919 0.1672 0.0642
Supermicropore 0.4079 0.5353 0.1961 0.3136 0.3225 0.3965 0.2607 0.4035 0.2366 0.3593
Mesopore 0.159 0.2265 0.0055 0.0001 0.011 0.0143 0.1047 0.0141 0.0134 0.0003
Vtotal 0.7313 0.8421 0.3707 0.3795 0.4103 0.4185 0.5355 0.5095 0.4172 0.4238

Fig. 3  PSDs for activated carbons 
(a) WV1050 (b) BPL (c) A10 (d) 
Norit R1 and (e) AC-A calculated 
using kernels based in rMD and 
homogeneous model. The inset 
graphs present the fitting of 
experimental and simulated CO2 
adsorption isotherms at 298 K. 
In the right column the absolute 
error of fitting of experimental 
adsorption isotherms. Blue bars 
and lines: rMD model. Red bars 
and lines: Homogeneous model. 
Pore sizes are defined as the 
distance between the centers of 
carbon atoms
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4  Conclusion

We examined the performance of a heterogeneous kernel 
of CO2 at 298 K, obtained by reactive molecular dynamics 
(rMD model), in predicting the pore distribution of a series 
of activated carbons compared to a homogeneous kernel. 
As the agreement of the two kernels are visually good, we 
measure the errors from the deviation of the absolute values ​​
in the pressure range of the isotherms. From the error analy-
sis, it is evident that the rMD model is more accurate in the 
recovery of experimental isotherms, systematically present-
ing a greater volume of ultramicropores than the homoge-
neous model. The pore distributions of the two kernels were 
also able to predict the adsorption of light hydrocarbons (C1 
to C4), where again, the rMD model presents better results 
than the homogeneous one. Finally, we tested the impact of 
the heterogeneous surface for AA and UA molecular models 
of CO2. Unlike the homogeneous model, the discrepancies 
between the molecular models of the gas are considerably 
reduced for the rMD model.

We believe that this set of results may enable the use of 
CO2 to analyze, in a single experimental run, from ultrami-
cropores to mesopores with a maximum value of 50 Å. The 
fact that the CO2 PSD is capable of predicting adsorption 
of other gases is of significant importance in the design of 
materials in industrial processes because the prediction of 
multicomponent adsorption on activated carbons becomes 
feasible. Finally, the discrepancy between the gas models 
(AA and UA), when using a heterogeneous surface, are still 
significant for the case of CO2 as adsorbent in the ultra-
micropore range. This limitation imposes a restriction on 
the use of DFT-based methods in the elaboration of kernels 
using CO2 as a probe gas.

and UA models in homogeneous pores. Figure 5a shows the 
results obtained by Do while Fig. 5b shows the results of our 
simulation with our homogeneous pore model. The greatest 
discrepancy between UA and AA models in the 6.5 Å homo-
geneous pore is related to the one-layer limit for the gas 
adsorption in the pore. While the CO2 UA molecules do not 
show any particular orientation, the AA molecules assume 
a preferential orientation, positioning parallel to the surface 
compromise the packaging and the fluid-fluid interaction. 
Unlike N2, in the case of CO2, this difference is greater and 
more persistent.

In our previous study [4], we showed that when using the 
rMD model, this difference between the gas models practi-
cally disappears for N2 molecules. To test the behavior of 
CO2, we performed a similar test with the AA and UA mod-
els of CO2. Due to the heterogeneity present in the inner-
most pore wall of the rMD model, the effect of the molecule 
geometry is attenuated (Fig. 5c), the volume accessible to the 
molecule is irregular allowing a greater degree of freedom 
for the organization within the pore, establishing multiples 
adsorption zones and preventing preferential orientation.

This result points to the possibility of using implicit het-
erogeneous models such as QSDFT or 2D NLDFT (Jagi-
ello and Jaroniec 2018) in the elaboration of kernels based 
on CO2 isotherms up to saturation pressure. We know that 
due to limitations of DFT-based methods, heterogeneous 
gas models cannot be implemented. However, as the differ-
ence is reduced on heterogeneous surfaces, the model can 
be used as a good approximation.

Fig. 4  Experimental (symbol) and simulated (lines) adsorption iso-
therms at 298 K of C1, C2, C3 and C4, on WV-1050 using rMD and 
homogeneous PSDs. Full line – rMD model. Dotted line – homoge-
neous model
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