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Abstract. We present a study on the effects of activation on a saccharose-based carbon using molecular simulation.
A constrained Reverse Monte Carlo method is used to build molecular models that match the experimental structure
factors of both activated and unactivated carbon, using appropriate constraints for bond angle and coordination
number to describe the three body correlation. The semi-coke sample, that is named CS1000, is obtained by
pyrolyzing pure saccharose at 1000°C under nitrogen flow. An activated form of this carbon, CS1000a, was obtained
by heating CS1000 in an atmosphere of CO, for 20 hours. We built molecular models for CS1000 and CS1000a
and also simulated the TEM images of the model. We perform GCMC simulation of a Lennard-Jones model of
Argon on the resulting models to obtain the adsorption isotherms. We then study the difference in the morphology
of CS1000 and CS1000a that lead to different adsorption properties in carbon upon activation.
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1. Introduction

Porous carbons are disordered materials with heteroge-
neous pore structures. They are widely used in industry
for separation and purification of gases and liquid mix-
tures (Sircar et al., 1996) because of their excellent
adsorbent properties. The underlying mechanism that
leads to adsorption in these materials has been exten-
sively studied. The Surface chemistry of these materi-
als, due to the presence of heteroatoms such as oxygen

*To whom correspondence should be addressed.
TPresent address: Department of Biochemistry, University of Oxford,
South Parks Road, Oxford, UK.

and hydrogen, plays a major role in adsorption. The
adsorption properties of these materials can be greatly
enhanced by physical or chemical activation (Marsh
et al., 1997). The porous structure of an activated car-
bon is a strong function of the precursor used in the
preparation, and also of the method as well as the ex-
tent of activation. During activation certain volatile ma-
terials are released which leads to widening of pores,
formation of new pores and also an increase in the in-
ternal surface area. If chemical activation is used, then
certain heteroatoms may also be introduced into the
porous material. The efficiency of the activated car-
bon for polar molecule adsorption depends on the ac-
cessible internal volume as well as certain active sites
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(heteroatoms). Adsorption of nonpolar adsorbates is
mostly sensitive to the internal porous structure. In
this paper, we concentrate on the structural changes
in porous carbons brought about by activation. We also
explore the activation effects on argon adsorption.

The texture and micro-structure of porous carbons
cannot be determined from experiment at the present
time. Thus, a suitable model for the internal structure
of carbon is required to predict adsorption and diffu-
sion properties. To that purpose, models that describe
the pore structure in the porous carbons in a realistic
way have to be developed. Many models have been
proposed in the last few years and have been recently
reviewed (Bandosz et al., 2003). In previous works
(Pikunic et al., 2002, 2003), a reconstruction procedure
based on constrained Reverse Monte Carlo (RMC) was
used to generate atomistic models that quantitatively
match experimental (diffraction and small angle) prop-
erties of two real porous saccharose cokes, CS400 (den-
sity ~1 g/cm?) and CS1000 (density ~1.5 g/cm?®), heat
treated at 400° and 1000°, respectively. In this work,
we apply the same procedure to develop a molecu-
lar model for an activated CS1000 sample, which we
call CS1000a. We also simulate TEM images of the
resultant model. Finally, we discuss the structural dif-
ferences between CS1000 and CS1000a by comparing
the result we obtained in this work to that obtained for
CS1000 in a previous work (Pikunic et al., 2003). We
also compare the adsorption properties of both models
using GCMC simulations.

2. Simulation Methods
2.1. Reverse Monte Carlo

The Reverse Monte Carlo (RMC) method was initially
proposed by McGreevy and Pustzai (1988). The idea
is to generate an atomic configuration of a system that
matches the structural properties of the real system ob-
tained by experiment. Throughout the simulation the
differences between the simulation and experimental
structural properties are minimized. The most com-
monly used structural property in RMC methods is the
structural factor, S(Q) and the quantity to be minimized
is

Nexp
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where Sgn is the simulated structure factor and Seyp
is the experimental structure factor. The probability of

acceptance of a new atomic configuration is given by

P,.c = min |:1, exp{—%(xfew — Xfld) ” 2)
X
where T, is a weighting parameter.

The uniqueness of structures determined by the
RMC method has been questioned in the literature
(Evans, 1990). If many body forces are important
in a system then we need to include some con-
straints, representative of these forces, in the RMC
method to completely specify the system. We have
developed appropriate constraints for the porous car-
bons in a previous work (Pikunic et al., 2002).
We use the same constraints in this work to build
a molecular model for CS1000a. These constraints

are:
nexp
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2.2.  Reverse Monte Carlo in the Simulated
Annealing Framework

1//2

Simulated annealing is a minimization technique
(Kilpatrick, 1983) based on the analogy between min-
imizing a cost function in a combinatorial optimiza-
tion problem and the slow cooling of a solid. The
simulated annealing method consists of first melting
the solid to be optimized at a higher temperature and
then slowly lowering the temperature. The system is
allowed to equilibrate at each temperature. The tem-
perature is lowered until no further change in the struc-
ture is observed. In the simulation we simultaneously
minimize the cost functions x2, ¥ and 2. More de-
tails can be found in Pikunic et al. (2002). The simula-
tion is carried out in a cubic box with periodic bound-
ary conditions. The number of carbon atoms in the
box remains constant during the simulation and cor-
responds to the experimental density. Starting from
a random initial configuration and at a high temper-
ature, we randomly select an atom and displace it
randomly to a new position. The system runs at this
temperature for a number of moves and is allowed
to come to equilibrium. The temperature is then low-
ered by multiplying 7, with a constant between 0 and
1. The simulation is completed when no significant
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Figure 1.
The box size is 5 nm.
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Snapshot of the resultant model of CS1000 (left, Pikunic et al., 2003) and CS1000a (right, this work). The rods represent C-C bonds.
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Figure 2. Comparison of pair correlation functions obtained from MCGR method (solid line) and the RMC method (dashed line) for CS1000

(left, Pikunic et al., 2003) and CS1000a (right, this work).

changes in the three cost functions to be minimized are
observed.

3. Results and Discussion

The initial semi coke sample was obtained by pyroliz-
ing pure saccharose at 1000°C under nitrogen flow.
This was named CS1000. Another sample, CS1000a,
was obtained by the activation of CS1000. The activa-
tion was carried out by heating CS1000 in a CO, atmo-
sphere for 20 hours. From experiments, the density of
carbon atoms in CS1000 was obtained as 1.584 gm/ml
and that of CS1000a as 0.722 gm/ml. We built a molec-
ular model for CS1000a using our simulation protocol
in a 5 nm box. The number of atoms to be placed in the
simulation box was calculated from the measured den-
sity. We monitored the three cost functions throughout

the simulation. The three cost functions do not change
initially, but as we quench the system, the three cost
functions start decreasing. The simulation was com-
pleted when no further changes in the three cost func-
tions was observed. A snapshot of the final configura-
tion of CS1000a along with CS1000 is shown in Fig. 1.

As can be seen from Fig. 1, both models repre-
sent very disordered structures. CS1000a, the acti-
vated carbon, has comparatively low density and large
pores. The simulated and experimental radial distribu-
tion functions, shown in Fig. 2, are in good agreement.
The comparison between the pair correlation functions
of CS1000 and CS1000a reveal that CS1000a is more
ordered than CS1000 which is evident from the fact that
the peaks of CS1000a are more pronounced. This is not
surprising since activation is known to produce more
ordered structures by removing the volatile gaseous
materials. The residue elementary carbon atoms are
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Figure 3. Simulated TEM images of CS1000 (left, Pikunic et al., 2003) and CS1000a (right, this work).

then grouped into stacks of flat aromatic sheets cross
linked in a random manner (Marsh et al., 1997). Inte-
gration over the first peak of the pair correlation func-
tion gives the first coordination number for the carbon
atoms. The coordination number for CS1000a is found
to be 2.89 and that for CS1000is 2.77. Thus, we believe
CS1000a has a more graphite-like structure. To further
compare the structural difference of the two models, we
simulated the TEM images for the model CS1000a and
compared it with that of CS1000, which we reported in
a previous work. The details of TEM simulation can be
found elsewhere (Pikunic et al., 2003). We assume that
the diffraction contrast is negligible compared to mass-
thickness contrast. We present the simulated TEM im-
ages of CS1000a and CS1000 in Fig. 3.

The density of the darker regions, which is related to
the amount of matter that appears in the simulated TEM
images, is large for CS1000 as compared to CS1000a.
Moreover, the white regions in the simulated TEM im-
ages, which represent the pores, are large in dimen-
sion for CS1000a as compared to CS1000. This in-
dicates that CS1000a has a higher porosity and that
the pores are larger than those in CS1000.We calcu-
lated the pore size distribution (PSD) using a method
similar to that suggested by Gelb and Gubbins (1998).
The PSD, p(H), is defined by p(H) dH, the fraction
of pore volume that is occupied by pores in the range
H and H + dH. Figure 4 shows the pore size dis-
tribution for both models. From the above figure we
can see that CS1000a has a broad distribution with
a maximum pore size of nearly 12 A. The distribu-
tion for CS1000 is comparatively narrow and a large
fraction of pores are in the small micropore range
(3.5-5.0 A). This is consistent with the observation
from TEM images that CS1000a has wide microp-
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Figure 4. Pore size distribution of CS1000 (Pikunic et al., 2003)
and CS1000a (this work).

ores. We also calculated the porosity of CS1000 and
CS1000a using argon as a test particle. The porosity of
CS1000 and CS1000a was found at 0.068 and 0.568
respectively.

In a recent work we calculated the adsorption
isotherm of argon in CS1000 at 77.4 K (Pikunic et al.,
2004). Here we calculated the adsorption isotherm of
argon at 77.4 K in the model CS1000a using GCMC
simulations. The details of the GCMC simulations can
be found elsewhere (Frenkel and Smit, 2002). Argon
is modeled as a simple Lennard Jones fluid. The in-
teraction parameters used in the simulation are given
in Table 1 (Pikunic et al., 2004). Type I reversible
isotherms were obtained for both the models. The ad-
sorption isotherms are shown in Fig. 5. The adsorption

Table 1. LJpotential parameters for Carbon-Argon and
Argon-Argon interactions.

Interaction pair o (in Angstrom)  &/Kp (in Kelvin)

Carbon-Argon 3.38 58.0
Argon-Argon 3.405 120.0
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Figure 5. Argon adsorption isotherms at 77.4 in the models of CS1000 (Pikunic et al., 2004) (left) and CS1000a (right).

Figure 6. Snapshot of Argon adsorption in CS1000 (left) and CS1000a (right) at P/ Py = 0.001.

isotherm for activated carbons are typically of Type I,
IV or V (Gregg and Sing, 1982).

Figure 5 (the x-axis has been plotted in log scale
for clarity) shows that both CS1000 and CS1000a
has a Type I isotherm, which is characteristic of mi-
croporous carbons. In microporous solids, adsorbate
molecules experience a strong attractive force due
to the overlap of the interaction potentials from the
opposing pore walls and this force is a strong func-
tion of the pore width. This results in an initial steep
slope in the adsorption isotherm at low pressures. Ad-
sorption in CS1000a starts at relatively large pressures
as seen from Fig. 5. This can be attributed to the rel-
atively large pores in CS1000a, where the fluid-wall
interaction is not as strong as that in CS1000. There is
asignificantrise in the adsorption isotherm of CS1000a
from P/ Py = 0.001 to 0.01 as can be seen from Fig. 5.
We show a snapshot of argon adsorption in CS1000
and CS1000a Fig. 6 at P/Py = 0.001. We can see
that the pores of CS1000 are almost saturated whereas
CS1000a has some large pores which are only partially
filled. The loading capacity of CS1000a is nearly 10
times that of CS1000 which is mainly due to the dif-
ferent pore size distributions in the two models as well
as due to the low density of CS1000a sample.

The large porosity of CS1000a can be due to pore
opening (opening of blocked pores) and pore widening,

or due to the formation of more micropores (Kennedy
et al., 2004). The analysis of TEM, PSD and adsorp-
tion data provides ample evidence that activation of
CS1000 results in wide micropores in CS1000a. This
might be a result of widening of the already existing
pores in CS1000 or creation of new pores in the wide
micropore range. We have calculated the isosteric heat
of adsorption for CS1000 (Pikunic et al., 2004); quanti-
tative agreement with experiment was obtained. We are
currently carrying out simulations to calculate the isos-
teric heat for argon in CS1000a. Comparing the fluid-
fluid and fluid-wall interaction at different loadings for
CS1000 and CS1000a will give us further insight into
the structural heterogeneity of the two models, and
will also help us to better understand the adsorption
behavior.
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