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Abstract
A systematic study of carbon dioxide in wedge pores under subcritical conditions were conducted with Grand Canonical 
Monte Carlo simulation. The effects of various factors: temperature, pore geometry (i.e., pore width, length, tilt angle and 
corrugation), on the formation of stepwise isotherms, were particularly investigated. The occurrence of this step-wise adsorp-
tion behaviour is correlated to the alternate packing between the commensurate and incommensurate along the pore axis 
direction. The steps faded with temperature, due to the adsorbates are less structured and gradually receded mainly from the 
wide end where the weakest potential exerted to the fluids. The number of steps on desorption branch depends on the number 
of junctions and domains formed. The particles accumulating at the narrow end in open wedge pore play a role analogy to 
the closed end. Moreover, having corrugation on the interior solid surface also results different mechanisms illustrated in the 
stepwise behaviour due to the change in the actual pore size distribution and the interference to the force field inside the pore.
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1 Introduction

Carbon dioxide  (CO2) is widely known for its enormous 
effect on global warming and therefore its capture and 
removal have been extensively studied [1–3]. Compared 
to other porous materials such as zeolites [4, 5], molecular 
sieve [6, 7], silica [8, 9] and metal–organic frameworks [10, 
11], carbonaceous materials are relatively easy to regenerate 
and inexpensive to prepare, have moderate heats of sorption, 
and are insensitive to water vapour as compared to the other 
materials [2].

Porous activated carbons (AC) having large pore volumes 
and surface areas are widely adopted [2, 12, 13]. Adsorption 
of  CO2 on AC near critical point or under supercritical con-
ditions has been extensively studied experimentally [13–15] 
and by modelling [16–18]. In comparison with experimental 

technologies, the molecular simulation method is more time- 
and cost-efficient [12, 16, 17]. Among various molecular 
simulation methods, Grand Canonical Monte Carlo (GCMC) 
simulation is capable to mimic the volumetric adsorption 
that is widely used in practice [12, 17, 19].

In GCMC simulation, the AC is commonly simulated as a 
combination of uniform slit pores with varied sizes [12, 20, 
21]. However, according to the X-ray analysis, the geometric 
structures of AC are rather complex and composed of crys-
tallites that are stacked randomly and the confined spaces 
between the carbon stacks tend to be wedge shaped [22]. 
Thus, wedge pore is considered as a more realistic pore rep-
resentation for the AC, which has non-uniform cross section 
[23–26]. The typical isotherm for a wedge pore possesses a 
Type C (in the de Boer classification) hysteresis loop, where 
its detailed shape depends on specific geometric configura-
tions, including the range of pore widths, pore length and 
tilt angle. This Type C hysteresis is not commonly observed 
experimentally because the wedge configuration tends to be 
masked by other effects, such as closed ends and ink-bottle 
structures. A stepwise character of desorption branch can be 
realized on the isotherm of argon in a wedge pore at 70 K or 
77 K [24, 25]. The hysteresis loop is stepped at the desorp-
tion boundary due to a transition between commensurate 
and incommensurate packing [25]. However, this feature is 
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not exhibited at higher temperatures, e.g., 87 K (i.e., experi-
mental boiling point of argon).

CO2 adsorption in carbonaceous pore is not only impor-
tant information for designing carbon adsorbents for car-
bon capture, but also a fundamental insight as  CO2 adsorp-
tion is intermediate between noble gases and molecules 
such as water and ammonia, with strong leading dipoles. 
Besides being the anthropogenic greenhouse gas,  CO2 is 
commonly used in characterizing the small pores of carbo-
naceous materials at 273 K as it has faster diffusion rates 
than other commonly used probe molecule at cryogenic 
temperatures [27, 28]. However, as most of the studies 
have been mainly focused on the  CO2 adsorption charac-
ters at or close to supercritical conditions [14, 29], limited 
attention was paid to  CO2 adsorption at low temperatures 
below the bulk triple point [30] and above the bulk triple 
point [1]. There has been no systematic study on the  CO2 
adsorptive behavior using the more realistic pore model 
at temperatures below and above the bulk triple point. 
Also, the role of adsorbate intermolecular interactions, 
the adsorbate–adsorbent interactions and the temperature 
on  CO2 adsorptive behavior in carbonaceous wedge pore 
has not been quantified. Therefore, the main objective of 
this work is to evaluate systematically the behaviors of 
 CO2 adsorption in a wedge shaped pore in the temperature 
range from below the triple point to above it, considering 
the effects of geometric properties (pore length, angle). 
Moreover, pores in real porous materials do not always 
have homogeneous surfaces, but possess geometrical cor-
rugations, which are either as a result of impurities or 
defects acquired during synthesis or arise naturally as a 
consequence of discrete atomic structure. We consider the 
presence of geometrical corrugations on pore walls, which 
possess different affinities from pure carbon. The occur-
rence and characters of hysteresis loop for  CO2 adsorption 
in both the smoothed wall and corrugated wedge pores are 
investigated by the GCMC simulation, to gain the insight 
of the mechanism of  CO2 adsorption in wedge pore at low 
temperatures and at molecular level. These insights can be 
useful information for carbon capture and removal process 

under subcritical conditions hence facilitate the designing 
and optimizing suitable carbon adsorbents.

2  Theory and simulation

2.1  Wedge pore model

Figure 1 depicts a wedge pore with detailed structural 
parameters including pore size at small (SH) and large 
(BH) ends, pore length (L) and tilt angle (α). The pore 
walls consist of three homogeneous layers with a con-
stant surface density ρs of 38.2   nm−2 and a spacing 
∆ = 0.3354 nm for representing a graphite surface. As 
shown in Fig. 1a, the wedge pore of SH = 2 nm, L = 10 nm 
and α = 5° with smooth walls was taken as the reference 
wedge pore for comparison purpose. The length of the 
simulation box in the x-direction is ten times the collision 
diameter of  CO2, σff (Table 1) and a periodic boundary 
condition is applied in this direction. The dashed lines rep-
resent the boundaries of the simulation box in the y- and 
z-directions. The gas surrounding connected to each end 
of the pore has a length of 3 nm along the y-axis, and the 
dimensions in the x-direction and z-direction are the same 
as the pore walls in that direction. A corrugated wedge 
pore is constructed by grafting humps that composed of 
graphene-like layers in the same manner as the pore walls 
on the innermost graphene layers (see Fig. 1b). The con-
figuration of the humps is included in the Sect. 3.5.

Fig. 1  Schematic diagrams of a a homogeneous and b corrugated wedge pore

Table 1  The molecular parameters of  CO2 and carbon atom

*k is the Boltzmann constant

σ (Å) ε/k* (K) References

CO2 3.648 246.15 Vishnyakov et al. [31]
C 3.400 28.00 Steele [32]
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2.2  Potential models

The intermolecular potential energy of  CO2 is described by 
the 12-6 Lennard-Jones (LJ) equation and the solid (includ-
ing the pore walls and the humps)–fluid interaction energy 
is calculated with the Bojan–Steele equation [33, 34]. The 
cross molecular parameters are calculated from the Lor-
entz–Berthelot combining rules. The molecular parameters 
of the selected  CO2 and carbon atom potential models uti-
lized in this work are listed in Table 1.

2.3  Monte Carlo simulation details

The GCMC simulation was applied to determine adsorp-
tion and desorption isotherms, with at least 5 ×  105 cycles 
in both the equilibration and sampling stages. Each cycle 
consists of 1000 displacement moves and exchanges, which 
include insertion and deletion with equal probability. In the 
equilibration stage, the maximum displacement length is 
initially set as half of the largest dimension of the box and 
adjusted at the end of each cycle to give an acceptance ratio 
for displacement of 20% [35]. In the calculation of interac-
tion energies, the cut-off radius is five times the collision 
diameter of the carbon atom of  CO2. The values of satu-
rated vapour pressures at different temperatures, as tabulated 
in Table 2, are determined from vapour–solid equilibrium 
(VSE) or vapour–liquid equilibrium (VLE) simulations with 

Bin-Canonical Monte Carlo (Bin-CMC) scheme, details of 
which are given in Appendix 1.

The absolute density of adsorbate in the pore is defined 
as below:

where ⟨N⟩ is the ensemble average of the number of mol-
ecules inside the pore, and  Vacc is accessible volume. The 
total isosteric heat of adsorption, and the contributions from 
the fluid–solid (FS) and fluid–fluid (FF) interactions can be 
calculated with the equation that derived from fluctuation 
theory, details can be found in the work of Zeng et al. [36].

3  Results and discussion

3.1  CO2 adsorption in the reference wedge pore 
at 150 K

The isotherm of  CO2 adsorption at 150 K in the reference 
wedge pore is presented in Fig. 2. A Type C (de Boer Clas-
sification) or Type H2(b) (IUPAC classification) hysteresis 
is observed with three distinct steps (i.e., sharp evaporation) 
occurring on the desorption branch. To shed further light 
on the underlying mechanisms, the snapshots tracking the 
evolution of adsorption and desorption processes are shown 

(1)�
ad

=

⟨N⟩

V
acc

Table 2  Saturated vapour pressures of  CO2 at various temperatures calculated with VLE/VSE simulations (simulated triple point = 172 K)

T (K) 150.0 155.0 160.0 173.0 194.7 216.6
P0 (kPa) 17.6 25.6 37.6 85.7 275.0 681.5

Fig. 2  a Isotherm and b isosteric heat of  CO2 adsorption at 150 K in the reference wedge pore of SH = 2 nm, L = 10 nm and α = 5°, with the lines 
as guide to the eye
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in Fig. 3, with A–J points as labelled in Fig. 2. All snapshots 
in this work are dimensionless units in the scale of collision 
diameter of  CO2, σff (see Table 1).

From the points A to C in Fig. 3a, the mass starts building 
on the pore walls via layering until the critical conditions 
are reached which triggered the condensation and the pore 
is filled at the point D with two menisci formed. The pore is 
then further filled through the proceeding of the menisci to 
the pore mouths. This adsorption process is also evidenced 
by the isosteric heat of adsorption presented in Fig. 2b; the 
main characters are summarized as below.

(a) The linear monotonic increment of heats released dur-
ing the formation of the first adsorption layer, with the 
feature of constant solid–fluid contribution.

(b) After reaching the maximum, the heat drops which 
indicates molecules start to adsorb on the second layer, 
which is further from the pore walls compared to the 
first adsorption layer, therefore solid–fluid interaction 
decreased.

(c) Constant heat is observed when condensation occurs, 
corresponding to the sharp step in the isotherm.

At the point E, the snapshot in Fig. 3a shows that five 
domains (labelled as I–V) are formed inside the pore. Each 
domain contains an integer number of layers (commensu-
rate packing) with an increment of one layer between the 
two adjacent domains, bifurcated via the sections termed as 
junction (incommensurate packing) [37].

As the pressure is decreased from point E to F, the 
menisci of both pore ends recede gradually into the pore, 
dominated by the one from the wider end. When the menis-
cus of the wider end approaches the junction between the 
domains IV and V (at Point G), where the adsorbate is less 
cohesive, a sharp evaporation is triggered due to the instant 
evaporation of molecules in domain IV, illustrated as the 1st 
step in the isotherm. Followed the sharp step is the gradual 
evaporation of the junction between domain III and IV. This 
evaporation process is repeated as the menisci are continued 
to recede, dominated by the meniscus at the wider end which 

Fig. 3  Snapshots of evolution of  CO2 adsorption at 150 K in the reference wedge pore of SH = 2 nm, L = 10 nm and α = 5°: a adsorption and b 
desorption. The points from A to J are as labelled in Fig. 2
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proceeded through the domain III following by the domain 
II. This can be referred to the second and third steps in the 
isotherm (see Fig. 2). It should be noted that the commen-
surate packing in the domain I is retrograded with the reduc-
ing pressure. Consequently, the remaining mass evaporates 
simultaneously with domain II at point J.

From Fig. 3, the pore sizes corresponding to the junc-
tions can be obtained, which are 6.14σff, 7.12σff, 8.07σff and 
9.03σff, respectively. The interval of the pore size of junc-
tions is approximately 0.96σff and consistent with the results 
in Liu et al. [23]. The homogeneous slit pores with these 
pore sizes demonstrate incommensurate packing while those 
having pore sizes in between demonstrate commensurate 
packing [23].

3.2  Effects of temperature

The adsorption isotherms of  CO2 in the homogeneous wedge 
pore within a temperature range of 150–216.6 K are illus-
trated in Fig. 4. The following features are observed,

(a) As the temperature increases, the hysteresis loop gradu-
ally transits from Type C (de Boer Classification) or 
Type H2(b) (in IUPAC) into Type A (or Type H1 in 
IUPAC) and then shrinks until it is completely disap-
peared at 216.6 K.

(b) The distinct sharp steps formed in the desorption 
branch at 150 K are gradually smoothed out at higher 
temperatures (160 K in this case), indicating a critical 
temperature of this “stepwise” behaviour is between 

155 and 160 K for the reference homogeneous wedge 
pore.

(c) The stepwise desorption is originated from the alter-
nation of commensurate and incommensurate pack-
ing along the pore axis direction. The higher thermal 
motion of particles at higher temperatures is adverse 
for packing, as further illustrated by the snapshots at 
various temperatures in Fig. 5.

(d) The positions of the junctions (i.e., where incommen-
surate packing occurs) in a specific system are not 
affected by the temperature. However, with the increase 
of temperature, the adsorbate at the large open end 
become less structured and eventually propagate into 
the whole pore.

3.3  Effects of pore length

Figure 6 shows the isotherms at 150 K for wedge pores of 
lengths 10 and 15 nm with SH = 2 nm and α = 5°. Figure 7 
illustrates the comparison of the respective snapshots just 
after the condensation and at pressure of 15 kPa. The fol-
lowing observations can be made.

(a) The condensation pressures are found almost identical 
for both pore lengths and the fraction of the adsorp-
tive capacity associated with condensation is decreased 
with pore length. However, the sections occupied by 
the condensed fluid are identical for both pore lengths 
(as shown in Fig. 7a).

Fig. 4  Isotherms of  CO2 
adsorption at various tem-
peratures in the reference wedge 
pore of SH = 2 nm, L = 10 nm 
and α = 5° with a absolute 
pressure in log scale and b 
reduced pressure. Isotherms 
in b for 155 K, 160 K, 173 K, 
194.7 K and 216.6 K have been 
shifted up by n × 25 kmol/m3, 
respectively
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(b) After initial condensation, two extra steps are observed 
for the longer pore on its adsorption branch. These 
steps are correlated to the formation of the two domains 
VI and VII in Fig. 7b. These distinct steps are synchro-

nized with the extra steps on desorption branch, which 
is in accordance with the result reported in Klomkliang 
et al. [37], where this phenomenon also occurs in a 
wedge pore with a closed narrow end for argon at 77 K 
[37]. The reason is due to that similar scenario as a 
closed end as the particles accumulating to a certain 
quantity at the narrow end in the open wedge pore.

3.4  Effects of angle

The effects of angle on the isotherms of wedge pores with a 
constant SH of 2 nm and the pore lengths of 10 and 15 nm, 
are illustrated in Fig. 8. When the angle is decreased from 5° 
to 1°, the adsorption and desorption branches shift to lower 
pressures due to the greater solid–fluid interaction exerted by 
the narrower average pore width. This enhanced solid–fluid 
interaction is also accounted for a higher saturation adsorp-
tion capacity. Moreover, the number of steps on desorption 
branch decreases along with a reduction in pore angle, indi-
cating less domains are formed as shown in Fig. 9.

Fig. 5  Snapshots of saturated pressures at various temperatures in the 
reference wedge pore of SH = 2 nm, L = 10 nm and α = 5°

Fig. 6  Isotherm for  CO2 at 150 K in the wedge pores of lengths 10 
and 15 nm, SH = 2 nm and α = 5°

Fig. 7  Snapshots a just after condensation; b at 15  kPa for  CO2 at 
150 K in wedge pore of lengths 10 and 15 nm, SH = 2 nm and α = 5°
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Furthermore, the pore sizes corresponding to the junc-
tions in these wedge pores are found to be consistent 
despite the variation of tilt angles. It is evident that the 
pore sizes of the junctions are specific and independent of 
the wedge angles. This feature could be potentially utilized 
to improve the characterization of porous materials. These 
observations are made in pores with smooth pore walls. 
The following section is to understand the effects of cor-
rugated solid surface and the effects of non-uniformity of 
pore, both geometrically and energetically, along the pore 
axis on the adsorption behaviour and hysteresis.

3.5  Effects of corrugation

The effects of corrugation are examined by grafting small 
humps of 0.5 nm width along the pore axis onto the refer-
ence wedge pore at 150 K. The spacing between the humps 
and the homogeneous pore walls is kept as ∆ in graphite 
and the same affinity of pore was employed or otherwise 
stated. The configurations and properties of the humps are 
then elucidated for each case as follows.

Fig. 8  Isotherm for  CO2 at 150 K in wedge pore of angles α = 1°, 2.5° and 5°, SH = 2 nm, a L = 10 nm; b L = 15 nm

Fig. 9  Snapshots at 10 kPa 
and 150 K in wedge pore of 
α = 5°, 2.5° and 1°, SH = 2 nm, 
L = 10 nm
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3.5.1  Effects of the positions of humps

Two pairs of double-layers humps (i.e., amplitude equals 
2∆) are grafted symmetrically on each side of the wall, with 
the center of the humps are aligned either with the junctions 
(y = 17.6σff and 23σff, i.e., J-II and J-III in Fig. 7b) or located 
within the domains (y = 19σff and 25σff, i.e., III and IV in 
Fig. 7b). The isotherms are presented in Fig. 10 with that 
of the reference homogeneous wedge pore for comparison 
purposes.

In the reference homogeneous wedge pore, the evapo-
ration of the domains IV and III are corresponding to the 
first and second steps (see Fig. 3), respectively, while the 
junctions J-II and J-III is accounted for the plateaus before 
reaching the second and third steps, respectively. By adding 
the humps at these positions, we can make the following 
observations:

(a) The condensation occurs at a lower pressure when 
there are humps grafted to the pore walls, due to the 
enhanced solid–fluid interaction compared to the refer-
ence wedge pore.

(b) In the corrugated pores, a new hysteresis is observed 
after the condensation, the one obtained with humps 
grafted at J-II and J-III is more pronounced.

(c) When the humps are located within the domains III and 
IV, a same number of steps is observed in the major 
hysteresis as the reference wedge pore. However, the 
first step shifts to a higher pressure and the contrary 
was seen for the second and third steps. As learnt from 
the snapshots in Appendix 2, the first step is caused 
by the partial evaporation of the domain IV. The frac-
tion between the two humps is retained and evaporated 
gradually as the plateau in the isotherm. The same 
mechanism is applicable for the second and third steps.

(d) By changing the positions of the humps to the junctions 
J-II and J-III, the step numbers of the major hysteresis 
were reduced from three to two. The first step shifts to 
a lower pressure due to the enhanced junctions with 
the presence of humps. Subsequently, the second and 
third steps are merged into one and evaporated at the 
pressure of the third step as of the reference case. This 
is due to the packing of the domain III was reinforced 
by the presence of humps.

The results of adding one extra pair of humps are dis-
cussed in Appendix 3.

3.5.2  Effects of the affinity of the humps

Given the same affinity of the humps and the pore walls, 
the average pore size of the corrugated pore was smaller 
than the corresponding homogeneous wedge pore, hence 
stronger forces exerted to the adsorbate, as illustrated in 
the previous sections. Very often in practical applications, 
the impurities embedded in the solid have weaker affinity 
than carbon. For an extreme case, there is no interaction 
between the humps and the fluids, and this is realized by set-
ting the well depth of the solids used to construct the humps 
as εss/k = 0 K in this work. This humps therefore have no 
adsorptivity towards the fluids, and weaken the interaction 
between the corrugated pore and  CO2. Figure 11 presents the 
comparison of the adsorption isotherms between the strong 
humps (εss/k = 28 K) and weak humps (εss/k = 0 K), where 
two pairs of humps are grafted within the reference wedge 
pore in the domains III and IV. The snapshots of the points 
A–J as labelled in Fig. 11 are shown in Fig. 12 to facilitate 
the understanding of the underlying mechanism.

Fig. 10  Isotherms of adsorption in pores with two pairs of double-
layers humps grafted on the pore walls at domains and junctions

Fig. 11  Isotherms for  CO2 at 150 K in reference wedge pore having 
two double-layers humps (εss/k = 0 K or 28 K) at the domains III and 
IV
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The snapshots for the strong affinity humps can be 
referred to Fig. 13a in Appendix 2. The snapshots of the 
weak affinity humps with A–J labels are shown in Fig. 12 
to facilitate the understanding of the underlying mecha-
nism. Some key features are described as follows:

(a) The condensation pressure shifts to a higher pressure 
as the total affinity of the pore walls is decreased due 
to the lower solid–fluid interactions.

(b) With the presence of weak humps, multiple steps are 
formed in the adsorption branch. Interestingly, as illus-
trated in Fig. 12, the sharp condensation is correspond-
ing to the formation of domains, while the development 
of the junctions is demonstrated as plateaus in the iso-
therm.

(c) In the desorption branch, the domain V was not affected 
by the grafted weak humps. Therefore, the evaporation 
process from the saturated pore follows the compara-
ble path as that of the reference homogeneous wedge 
pore. The sharp step of point H to I corresponds to the 
simultaneous evaporation of two domains III and IV, 
different from the sequential evaporation as in the refer-
ence wedge pore, due to the weakened packing within 
the two domains.

4  Conclusions

We investigated  CO2 adsorption and its stepwise behav-
iour under subcritical conditions in mesoporous wedge 
pores using the GCMC simulation. We found that the 
stepwise desorption behaviour in wedge pores can be a 
unique characteristic of any adsorbate using a single-site 
molecular model. For a given wedge pore, there exists a 
critical temperature for the occurrence of stepwise desorp-
tion. Low temperature facilitates the formation of ordered 
structures in the wedge pore and hence steps of desorption 
branch. As temperature increases, disordered structures 
are likely to occur at the wide end and then proceed at the 
narrow end, until propagated to the entire pore. For a given 
adsorbate, the pore sizes for junctions are fixed, specific 
and independent of temperature or pore tilt angle. The 
number of steps occurred during desorption is depend-
ent on the number of alternating packing of junctions and 
domains inside the pore. Grafting humps that have strong 
affinity on the interior surface of wedge pore at differ-
ent positions, i.e., at junctions or domains, not only can 
retain the stepwise desorption as more ordered structure 
is formed, but also facilitate the formation of steps in the 

Fig. 12  Snapshots of  CO2 adsorption at 150 K in the wedge pore containing two double-layers humps with weak affinity (εss/k = 0 K) corre-
sponding to the points A–J in Fig. 11. The dashed lines are labelled at the same positions as in Fig. 2, i.e., the positions of the junctions
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adsorption branch. However, interference to the structured 
packing by the weak humps causes the diminish of the 
steps in the desorption branch. With more humps grafted 
on the pore walls, the wedge pore resembles the character-
istics of ink-bottle pore and evaporate via cavitation-like 
pore blocking mechanisms.

Appendix 1

VSE/VLE data for  CO2

We employed the Bin-Canonical Monte Carlo (Bin-CMC) 
scheme to determine the VSE and VLE data for  CO2 at vari-
ous temperatures. The system for VSE simulation is initial-
ized by placing a solid slab of 7 × 12 × 7 unit cells (i.e., 2352 
 CO2 molecules) arranged in the fcc structure in the middle 
of an elongated simulation box with vacuum spaces on both 
sides of the slab. The main difference for VLE simulation 

is that the solid slab is replaced with a lattice having an 
initial density equals to the bulk liquid density at the boil-
ing point of  CO2 (i.e., 3.55 ×  104 mol/m3). The simulation 
box is divided into 25 bins and the bin size is smaller in 
the interfacial and condensed phase regions and larger in 
the gas phase region. We used 6 ×  105 cycles, with 1000 
displacement moves in each cycle, in both equilibration and 
sampling stages to ensure the accuracy of the outputted data. 
Details of the Bin-CMC scheme can be found in Fan et al. 
[38].

Appendix 2

Two layers two humps

See Fig. 13.
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Fig. 13  Snapshots for  CO2 
adsorption at 150 K in wedge 
pore having two humps located 
a in domains; b at junctions; 
SH = 2 nm, L = 10 nm and 
α = 5°



242 Adsorption (2022) 28:231–247

1 3

Appendix 3

Two layers three humps

To illustrate the effects of number of humps, an extra pair of 
humps is grafted to the pore walls based on the configura-
tions presented in Fig. 7b, the centres of the humps are allo-
cated at y = 12 σff and 13 σff, respectively, for the scenarios 
of located at junctions and within domains. The adsorp-
tion isotherms are shown in Fig. 14 and exhibit a stepwise 
behaviour in both adsorption and desorption branches, and 
formed multiple (fused) loops. Similar mechanisms can be 
seen from the experimental isotherms of noble gases in the 
nanoporous material [39].

With the increasing number of humps at domains and 
junctions, we can see from Fig. 15 that the wedge pore turns Fig. 14  Isotherms of adsorption in pores with three pairs of double-

layers humps grafted on the pore walls at different locations
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Fig. 15  Snapshots for  CO2 
adsorption at 150 K in wedge 
pore having three humps located 
a in domains; b at junctions; 
SH = 2 nm, L = 10 nm and 
α = 5°
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Fig. 15  (continued)
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into a pore structure similar to an ink-bottle pore comprised 
of necks and cavities. The condensation occurs sequentially 
in the cavities, advancing from the small to the large end, 
and exhibited as the sharp steps in the adsorption branch. 
The necks between two adjacent domains filled gradually by 
pore filling and correspond to the plateaus in the isotherm. 
This adsorption process is identical as the case of weak 
humps that presented in Fig. 11. The evaporation mecha-
nism is cavitation-like pore blocking [40], with two menisci 
recede into the pore interior, again the sharp steps in the 
desorption branch reflect the evaporation of the domains.

Appendix 4

Adsorption isosteric heat

As shown in Fig. 16a, the isosteric heat of the wedge pore 
with tilt angle of 2.5° is similar as that of the reference pore, 
i.e. α = 5°, except the peak shifts to higher loading. This is 
because larger tilt angle creates larger pore volume, with 
the same amount of adsorbate on the completion of the first 
adsorption layers, results in smaller pore density. For the 
case of corrugated wedge pore, the most interesting feature 
is for each step observed in the isotherm, the constant heat 
is found as seen in Fig. 16b.

Fig. 16  Isosteric heat curves for  CO2 adsorption at 150 K a in the reference wedge pore (α = 5°) of SH = 2 nm and L = 10 nm, b in the corru-
gated pore with two double-layers humps grafted at the domains III and IV (see isotherm in Fig. 11)



246 Adsorption (2022) 28:231–247

1 3

Acknowledgements This work was supported by resources provided 
by the Pawsey Supercomputing Centre with funding from the Austral-
ian Government and the Government of Western Australia.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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/.

References

 1. Dantas, S., Struckhoff, K.C., Thommes, M., Neimark, A.V.: Phase 
behavior and capillary condensation hysteresis of carbon dioxide 
in mesopores. Langmuir 35(35), 11291–11298 (2019). https:// doi. 
org/ 10. 1021/ acs. langm uir. 9b017 48

 2. Siegelman, R.L., Kim, E.J., Long, J.R.: Porous materials for 
carbon dioxide separations. Nat. Mater. 20, 1060–1072 (2021). 
https:// doi. org/ 10. 1038/ s41563- 021- 01054-8

 3. Vorokhta, M., Morávková, J., Dopita, M., Zhigunov, A., Šlouf, 
M., Pilař, R., Sazama, P.: Effect of micropores on  CO2 capture 
in ordered mesoporous CMK-3 carbon at atmospheric pressure. 
Adsorption 27, 1221–1236 (2021). https:// doi. org/ 10. 1007/ 
s10450- 021- 00322-y

 4. Cheng, S., Du, T., Long, Y., Liu, L., Li, G.: Value added utiliza-
tion of ferronickel slags as raw materials of 4A zeolite for  CO2 
reduction. Adsorption 26, 1113–1126 (2020). https:// doi. org/ 10. 
1007/ s10450- 020- 00246-z

 5. Morales-Ospino, R., Goltzman, Y., Torres, A.E., Vilarrasa-García, 
E., Bastos-Neto, M., Cavalcante, C.L., Jr., Azevedo, D., Marques, 
C.R., de Aquino, T.F., de Oliveira, V.R.: Assessment of the poten-
tial use of zeolites synthesized from power plant fly ash to capture 
 CO2 under post-combustion scenario. Adsorption 26, 1153–1164 
(2020). https:// doi. org/ 10. 1007/ s10450- 020- 00245-0

 6. Hou, M., Qi, W., Li, L., Xu, R., Xue, J., Zhang, Y., Song, C., 
Wang, T.: Carbon molecular sieve membrane with tunable micro-
structure for  CO2 separation: effect of multiscale structures of 
polyimide precursors. J. Membr. Sci. 635, 119541 (2021). https:// 
doi. org/ 10. 1016/j. memsci. 2021. 119541

 7. Morali, U., Demiral, H., Sensoz, S.: Synthesis of carbon molecular 
sieve for carbon dioxide adsorption: chemical vapor deposition 
combined with Taguchi design of experiment method. Powder 
Technol. 355, 716–726 (2019). https:// doi. org/ 10. 1016/j. powtec. 
2019. 07. 101

 8. Sánchez-Zambrano, K.S., Vilarrasa-García, E., Maia, D.A.S., 
Bastos-Neto, M., Rodríguez-Castellon, E., Azevedo, D.C.S.: 
Adsorption microcalorimetry as a tool in the characterization of 

amine-grafted mesoporous silicas for  CO2 capture. Adsorption 26, 
165–175 (2020). https:// doi. org/ 10. 1007/ s10450- 019- 00064-y

 9. Santiago, R.G., Siqueira, R.M., Alves, C.A., Vilarrasa-García, E., 
Maia, D.A.S., Bastos-Neto, M., de Azevedo, D.C.S.: Evaluation 
of the thermal regeneration of an amine-grafted mesoporous sil-
ica used for  CO2/N2 separation. Adsorption 26, 203–215 (2020). 
https:// doi. org/ 10. 1007/ s10450- 019- 00112-7

 10. Madden, D.G., Babu, R., Ceren Camur, J.S.A.T.C., Rampal, N., 
Fairen-Jimenez, D.: Monolithic metal–organic frameworks for 
carbon dioxide separation. Faraday Discuss 231, 51–65 (2021). 
https:// doi. org/ 10. 1039/ D1FD0 0017A

 11. Mohamedali, M., Henni, A., Ibrahim, H.: Investigation of  CO2 
capture using acetate-based ionic liquids incorporated into excep-
tionally porous metal–organic frameworks. Adsorption 25, 675–
692 (2019). https:// doi. org/ 10. 1007/ s10450- 019- 00073-x

 12. Dilokekunakul, W., Teerachawanwong, P., Klomkliang, N., Supa-
sitmongkol, S., Chaemchuen, S.: Effects of nitrogen and oxygen 
functional groups and pore width of activated carbon on carbon 
dioxide capture: temperature dependence. Chem. Eng. J. 389, 
124413 (2020). https:// doi. org/ 10. 1016/j. cej. 2020. 124413

 13. Hao, P., Shi, Y., Li, S., Cai, N.: Hydrophobic activated carbon for 
elevated-temperature pressure swing adsorption. Adsorption 26, 
1093–1100 (2020). https:// doi. org/ 10. 1007/ s10450- 020- 00223-6

 14. Bell, J.G., Benham, M.J., Thomas, K.M.: Adsorption of carbon 
dioxide, water vapor, nitrogen, and sulfur dioxide on activated 
carbon for capture from flue gases: competitive adsorption and 
selectivity aspects. Energy Fuels 35(9), 8102–8116 (2021). https:// 
doi. org/ 10. 1021/ acs. energ yfuels. 1c003 39

 15. Han, S., Sang, S., Liang, J., Zhang, J.: Supercritical  CO2 adsorp-
tion in a simulated deep coal reservoir environment, implica-
tions for geological storage of  CO2 in deep coals in the southern 
Qinshui Basin, China. Energy Sci. Eng. 7(2), 488–503 (2019). 
https:// doi. org/ 10. 1002/ ese3. 296

 16. El Oufir, Z., Ramézani, H., Mathieu, N., Delpeux, S.: Impact of 
adsorbent carbons and carbon surface conductivity on adsorp-
tion capacity of  CO2,  CH4,  N2 and gas separation. Comput. 
Mater. Sci. 199, 110572 (2021). https:// doi. org/ 10. 1016/j. 
comma tsci. 2021. 110572

 17. Kouetcha, D.N., Ramézani, H., Mathieu-Cohaut, N., Bhatia, 
S.K.: Carbon dioxide adsorption through carbon adsorbent 
structures: effect of the porosity size, chemical potential and 
temperature. Comput. Mater. Sci. 151, 255–272 (2018). https:// 
doi. org/ 10. 1016/j. comma tsci. 2018. 04. 029

 18. Wang, G., Jiang, J., Sun, K., Wu, J.: An improved theoretical 
procedure for the pore-size analysis of activated carbon by gas 
adsorption. Chin. J. Chem. Eng. 26(3), 551–559 (2018). https:// 
doi. org/ 10. 1016/j. cjche. 2017. 09. 021

 19. Do, D., Do, H.: Pore characterization of carbonaceous materi-
als by DFT and GCMC simulations: a review. Adsorption Sci. 
Technol. 21(5), 389–424 (2003). https:// doi. org/ 10. 1260/ 02636 
17037 69645 753

 20. Gu, S., Gao, B., Teng, L., Yuxing, L., Fan, C., Iglauer, S., 
Zhang, D., Ye, X.: Monte Carlo simulation of supercritical car-
bon dioxide adsorption in carbon slit pores. Energy Fuels 31, 
9717–9724 (2017)

 21. Phadungbut, P., Herrera, L., Do, D., Tangsathitkulchai, C., 
Nicholson, D., Junpirom, S.: Computational methodology for 
determining textural properties of simulated porous carbons. 
J. Colloid Interface Sci. 503, 28–38 (2017). https:// doi. org/ 10. 
1016/j. jcis. 2017. 05. 004

 22. Rosalind, E.F.: Crystallite growth in graphitizing and non-
graphitizing carbons. Proc. R. Soc. Lond. Ser. A 209, 196–218 
(1951). https:// doi. org/ 10. 1098/ rspa. 1951. 0197

 23. Liu, X., Fan, C., Do, D.: Microscopic characterization of xenon 
adsorption in wedge pores. Adsorption 25, 1043–1055 (2019). 
https:// doi. org/ 10. 1007/ s10450- 019- 00058-w

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acs.langmuir.9b01748
https://doi.org/10.1021/acs.langmuir.9b01748
https://doi.org/10.1038/s41563-021-01054-8
https://doi.org/10.1007/s10450-021-00322-y
https://doi.org/10.1007/s10450-021-00322-y
https://doi.org/10.1007/s10450-020-00246-z
https://doi.org/10.1007/s10450-020-00246-z
https://doi.org/10.1007/s10450-020-00245-0
https://doi.org/10.1016/j.memsci.2021.119541
https://doi.org/10.1016/j.memsci.2021.119541
https://doi.org/10.1016/j.powtec.2019.07.101
https://doi.org/10.1016/j.powtec.2019.07.101
https://doi.org/10.1007/s10450-019-00064-y
https://doi.org/10.1007/s10450-019-00112-7
https://doi.org/10.1039/D1FD00017A
https://doi.org/10.1007/s10450-019-00073-x
https://doi.org/10.1016/j.cej.2020.124413
https://doi.org/10.1007/s10450-020-00223-6
https://doi.org/10.1021/acs.energyfuels.1c00339
https://doi.org/10.1021/acs.energyfuels.1c00339
https://doi.org/10.1002/ese3.296
https://doi.org/10.1016/j.commatsci.2021.110572
https://doi.org/10.1016/j.commatsci.2021.110572
https://doi.org/10.1016/j.commatsci.2018.04.029
https://doi.org/10.1016/j.commatsci.2018.04.029
https://doi.org/10.1016/j.cjche.2017.09.021
https://doi.org/10.1016/j.cjche.2017.09.021
https://doi.org/10.1260/026361703769645753
https://doi.org/10.1260/026361703769645753
https://doi.org/10.1016/j.jcis.2017.05.004
https://doi.org/10.1016/j.jcis.2017.05.004
https://doi.org/10.1098/rspa.1951.0197
https://doi.org/10.1007/s10450-019-00058-w


247Adsorption (2022) 28:231–247 

1 3

 24. Loi, Q., Prasetyo, L., Tan, J., Do, D., Nicholson, D.: Wedge pore 
modelling of gas adsorption in activated carbon: consistent pore 
size distributions. Carbon 166, 414–426 (2020). https:// doi. org/ 
10. 1016/j. carbon. 2020. 05. 035

 25. Loi, Q.K., Prasetyo, L., Tan, S., Do, D., Nicholson, D.: Order–
disorder transition of an argon adsorbate in graphitic wedge 
pores. Chem. Eng. J. 384, 123286 (2020). https:// doi. org/ 10. 
1016/j. cej. 2019. 123286

 26. Zeng, Y., Liu, L., Zhang, H., Do, D., Nicholson, D.: A Monte 
Carlo study of adsorption-induced deformation in wedge-shaped 
graphitic micropores. Chem. Eng. J. 346, 672–681 (2018). 
https:// doi. org/ 10. 1016/j. cej. 2018. 04. 076

 27. Dantas, S., Struckhoff, K.C., Thommes, M., Neimark, A.V.: 
Pore size characterization of micro-mesoporous carbons using 
 CO2 adsorption. Carbon 173, 842–848 (2021). https:// doi. org/ 
10. 1016/j. carbon. 2020. 11. 059

 28. Lozano-Castelló, D., Cazorla-Amorós, D., Linares-Solano, A.: 
Usefulness of  CO2 adsorption at 273 K for the characterization 
of porous carbons. Carbon 42(7), 1233–1242 (2004). https:// 
doi. org/ 10. 1016/j. carbon. 2004. 01. 037

 29. Ansari, H., Joss, L., Hwang, J., Trusler, J.M., Maitland, G., Pini, 
R.: Supercritical adsorption in micro- and meso-porous car-
bons and its utilisation for textural characterisation. Micropo-
rous Mesoporous Mater. 308, 110537 (2020). https:// doi. org/ 10. 
1016/j. micro meso. 2020. 110537

 30. Xu, H., Zeng, Y., Do, D.D., Nicholson, D.: On the nonwetting/
wetting behavior of carbon dioxide on graphite. J. Phys. Chem. 
C 123(14), 9112–9120 (2019). https:// doi. org/ 10. 1021/ acs. jpcc. 
9b006 35

 31. Vishnyakov, A., Ravikovitch, P.I., Neimark, A.V.: Molecular 
level models for  CO2 sorption in nanopores. Langmuir 15(25), 
8736–8742 (1999). https:// doi. org/ 10. 1021/ la990 726c

 32. Steele, W.A.: The physical interaction of gases with crystalline 
solids: I. Gas–solid energies and properties of isolated adsorbed 
atoms. Surf. Sci. 36(1), 317–352 (1973). https:// doi. org/ 10. 1016/ 
0039- 6028(73) 90264-1

 33. Bojan, M., Steele, W.: Computer simulation of physical adsorption 
on stepped surfaces. Langmuir 9(10), 2569–2575 (1993). https:// 
doi. org/ 10. 1021/ la000 34a015

 34. Bojan, M.J., Steele, W.A.: Computer simulation of physisorption 
on a heterogeneous surface. Surf Sci 199(3), L395–L402 (1988). 
https:// doi. org/ 10. 1016/ 0039- 6028(88) 90904-1

 35. Mountain, R., Thirumalai, D.: Quantative measure of efficiency 
of Monte Carlo simulations. Phys. A 210(3–4), 453–460 (1994). 
https:// doi. org/ 10. 1016/ 0378- 4371(94) 90092-2

 36. Zeng, Y., Horio, K., Horikawa, T., Nakai, K., Do, D., Nicholson, 
D.: On the evolution of the heat spike in the isosteric heat versus 
loading for argon adsorption on graphite—a new molecular model 
for graphite reconciliation between experiment and computer sim-
ulation. Carbon 122, 622–634 (2017). https:// doi. org/ 10. 1016/j. 
carbon. 2017. 07. 010

 37. Klomkliang, N., Do, D., Nicholson, D.: Hysteresis loop and scan-
ning curves of argon adsorption in closed-end wedge pores. Lang-
muir 30(43), 12879–12887 (2014). https:// doi. org/ 10. 1021/ la503 
5992

 38. Fan, C., Do, D., Nicholson, D.: A new and effective Bin-Monte 
Carlo scheme to study vapour–liquid equilibria and vapour–solid 
equilibria. Fluid Phase Equilib. 325, 53–65 (2012). https:// doi. org/ 
10. 1016/j. fluid. 2012. 04. 006

 39. Ravikovitch, P.I., Neimark, A.V.: Experimental confirmation of 
different mechanisms of evaporation from ink-bottle type pores: 
equilibrium, pore blocking, and cavitation. Langmuir 18(25), 
9830–9837 (2002). https:// doi. org/ 10. 1021/ la026 140z

 40. Nguyen, P.T.M., Fan, C., Do, D.D., Nicholson, D.: On the cavita-
tion-like pore blocking in ink-bottle pore: evolution of hysteresis 
loop with neck size. J. Phys. Chem. C 117(10), 5475–5484 (2013). 
https:// doi. org/ 10. 1021/ jp400 2912

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

https://doi.org/10.1016/j.carbon.2020.05.035
https://doi.org/10.1016/j.carbon.2020.05.035
https://doi.org/10.1016/j.cej.2019.123286
https://doi.org/10.1016/j.cej.2019.123286
https://doi.org/10.1016/j.cej.2018.04.076
https://doi.org/10.1016/j.carbon.2020.11.059
https://doi.org/10.1016/j.carbon.2020.11.059
https://doi.org/10.1016/j.carbon.2004.01.037
https://doi.org/10.1016/j.carbon.2004.01.037
https://doi.org/10.1016/j.micromeso.2020.110537
https://doi.org/10.1016/j.micromeso.2020.110537
https://doi.org/10.1021/acs.jpcc.9b00635
https://doi.org/10.1021/acs.jpcc.9b00635
https://doi.org/10.1021/la990726c
https://doi.org/10.1016/0039-6028(73)90264-1
https://doi.org/10.1016/0039-6028(73)90264-1
https://doi.org/10.1021/la00034a015
https://doi.org/10.1021/la00034a015
https://doi.org/10.1016/0039-6028(88)90904-1
https://doi.org/10.1016/0378-4371(94)90092-2
https://doi.org/10.1016/j.carbon.2017.07.010
https://doi.org/10.1016/j.carbon.2017.07.010
https://doi.org/10.1021/la5035992
https://doi.org/10.1021/la5035992
https://doi.org/10.1016/j.fluid.2012.04.006
https://doi.org/10.1016/j.fluid.2012.04.006
https://doi.org/10.1021/la026140z
https://doi.org/10.1021/jp4002912

	Low temperature adsorption of CO2 in carbonaceous wedge pores: a Monte Carlo simulation study
	Abstract
	1 Introduction
	2 Theory and simulation
	2.1 Wedge pore model
	2.2 Potential models
	2.3 Monte Carlo simulation details

	3 Results and discussion
	3.1 CO2 adsorption in the reference wedge pore at 150 K
	3.2 Effects of temperature
	3.3 Effects of pore length
	3.4 Effects of angle
	3.5 Effects of corrugation
	3.5.1 Effects of the positions of humps
	3.5.2 Effects of the affinity of the humps


	4 Conclusions
	Acknowledgements 
	References




