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Objective: The purpose of this program is to use computer-aided molecular design (CAMD)
techniques to increase our understanding of coal structure and its relationship to coal liquefaction.

1. Introduction

The macromolecular structure of coal is essential to understand the mechanisms occuring
during coal liquefaetion. Many attempts to model coal structure can be found in the literature.
More specifically for high volatile bituminous coal, our subject of interest, the most commonly
quoted models are the models of Given,! Wiser,2 Solomon,3 and Shinn.4 In past work, we have
used CAMD to develop three-dimensional representations for the above coal models.5 The
three-dimensional structures were energy minimized using molecular mechanics and molecular
dynamics. True density and micopore volume were evaluated for each model. With the
exception of Given's model, the computed density values were found to be in agreement with the
corresponding experimental results.

. The above coal models were constructed by a trial and error technique consisting of a
manual fitting of the analytical data. It is obvious that for each model the amount of data is small
compared to the-actual complexity of coal, and for all of the models more than one structure can
be built. Hence, the process by which one structure is chosen instead of another is not clear. In
fact, all the authors agree that the structure they derived was only intended to represent an
"average" coal model rather than a unique correct structure.

The first achievement of our work has been to propose a computer technique that
automates the manual fitting between coal model and analytical data. We have developed® and
used’-9 a computer program (the SIGNATURE program) to produce bituminous coal models
based solely on qualitative and quantitative experimental data. Besides building molecular
structures, the SIGNATURE program estimates the number of possible models matching a given
set of analytical data. For biruminous coal the number of possible models was found to be
several hundred thousand. Since this number was too large to build all the models, we used a
stochastic sampling technique to define an optimal subset of models which is an accurate
representation of the entire population of possible models.8

To further characterize the structure of coal, our second achievement has been to develop a
computer technique based qn finite element theory that calculates physical characteristics of
three-dimensional molecular models. More precisely, the technique computes the true density,
the micropore volume, the surface area, and the fractal dimension of any given molecular
model.3:9 The technique has been applied with the coal models generated by the SIGNATURE
program, and it was shown that the physical characteristics computed matched the
corresponding experimental data. It was concluded that although there is a large number of
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possible vitrinite models, a small subset of these models (e.g., 15) is sufficient to statistically
represent this structure.”.8

The most recent achievement of our studies has been to couple our CAMD effort with
kinetics modeling. We have modified the SIGNATURE program in order to apply chemical
reactions to three-dimensional molecular models. The input of our kinetics program is a
molecular model coupled with a reaction mechanism with associated rates. The output of the
program is the molecular distribution of the products of the reactions. Our kinetics technique
used the Monte Carlo stochastic method. We believe this new technique is more accurate than
classical Monte Carlo kinetics programs, because our simulations are carried out in three-
dimensional space." We have applied our kinetics program to investigate wood coalification,
pyrolysis of coal, and are currently studying the effect of aromatic solvents in coal liquefaction.

2. Accomplishments
2.1 Modeling the macromolecular structure of coal

An important point needs to be mentioned regarding the utilization of CAMD for the
study of coal. Prior to use of CAMD software, the connectivity (i.e. the structural formula) of
the studied molecule has to be known. This information is unfortunately lacking for coal.

Many studies have been conducted in the past 25 years to resolve by computer the general
problem of retrieving a structure from analytical data. The generic name for these studies is
Computer-Assisted Structure Elucidation (CASE). We recently developed a new CASE
technique (the SIGNATURE program) for the modeling of complex macromolecules. The
technique is able to construct large molecular models from analytical structural data. Aside from
constructing models in three-dimensional space, the SIGNATURE program is also able to
compute the number of models possible. Knowledge of this number is crucial to our being able
to decide how many models are necessary to represent coal. Even if this number is too large to
allow all the models to be built, sampling theory makes it possible to select a subset of models (a
sample) which is statistically representative of the whole population. Among the various
techniques of sample design, the Simple Random Sampling Without Replacement (SRSWOR) is
the most convenient to apply here.8 The SIGNATURE program can directly build the required
sample because the program permits the construction of non-identical random models.

The experimental material chosen for this report is a piece of coalified wood, specifically a
fossil stem which was recovered from a lacustrine shale from the Midland F ormation (Triassic)
near Culpeper, Virginia. It is believed that this coalified wood sample is representative of
vitrinite from HvC bituminous coal.10 The analytical data supplied to the SIGNATURE
program are summarized in Table I. The SIGNATURE program was run and all the solutions
containing 333 carbon atoms were searched. This number of carbons was chosen considering the
computational time and the fact that all the fragments listed in Table I must be present in the
models. The SIGNATURE program found only five different molecular formulas (Table II)
having a deviation between model and analytical data less than 1%.

In our first attempt to construct realistic models of coal structure, the SIGNATURE
program was asked to build one random structure for each of the solutions listed in Table IL
Then, structural, energetic, and physical characteristics were calculated for each of the five
constructed models. The results we obtained clearly demonstrated that the five structures
constructed did not match experimental results. First, the number averaged molecular weight of




the clusters (Mo, = 77 amu) and the number averaged molecular weight between branch points
(Mc = 61-65 amu) did not match the values reported using swelling experiments (for M, < 100
amu, Mg > 200 amu).1! Second, the potential energy was at least 25 times larger than values
reported by other CAMD studies of bituminous coal 5 Third, the helium density (1.43-1.52
g/cc) was too high compared to the experimental values reported for vitrinite from HvC
bituminous coal (1.25 - 1.30 g/cc).12 Finally, there were no micropores in the models
constructed.

As shown in Table I, the fragments which form the models are mainly alkylbenzenes and
alkylphenols. It is clear that these types of fragments, when randomly connected, generate
highly cross-linked structures. The only possible way of decreasing the cross-link density with
such a system is to increase the size of the clusters. In order to increase the size of the clusters
one needs to merge the pyrolysis fragments into larger sub-structures such as hydroaromatic sub-
structures. There is no direct evidence that hydroaromatic clusters exist in bituminous coal, but
there is some indirect support from liquefaction experiments.# Figure 1 depicts an example of
construction of hydroaromatic clusters from pyrolysis fragments.

Considering all of these previous observations, the SIGNATURE program was set up to
build models by forming the maximum number of five or six membered rings. The purpose of
this constraint was to generate larger clusters from the initial molecular fragments. The stochastic
structure generator estimated that the number of possible models was equal to 319 318. As
presented in Table II, the population of possible coal models is subdivided into five different
C333 structures. To build a sample which is a good representation of the entire population, the
sample size of each C333 structure has to be proportional to the corresponding population of all
of its possible isomers. Considering the population size of each C333 structures and the
computational time required to build the structures and evaluate the different characteristics, we
chose to build a sample of 15 structures comprising the following: 2 structures of C333H302015,
10 structures of C333H304016, 1 structure of C333H306016, 1 structure of C333H308016, and 1
structure of C3335H310016. To fifid the minimum energy conformation of each model, the
structures were submitted to molecular mechanics and dynamics simulations, using the
computational methods provided by POLYGRATF software (Molecular Simulation Inc.).
Molecular mechanics were used to find the closest minimum for the potential energy starting
from an initial conformation. The potential energy was calculated using the DREIDING force
field!3 and minimized using the classical conjugate gradient and steepest descents algorithms. In
the physical world molecules find their global minimum energy conformation by fluctuating
about several configurations within energetic reach, as determined by the system temperature.
These fluctuations can be computer-simulated by what is called molecular dynamics. In the
present study, the time step chosen for all molecular dynamics calculations was 1 fs and the
dynamics simulations were performed for 60 ps at a constant 300 K temperature. It was
observed that 60 ps was enough to locate a global minimum of energy. For all the structures the
energy decreased only during the first 30 ps of the dynamics simulation and then remained
approximately constant. The minimized energies of the sample of 15 C333 coal models are listed
in Figure 2a. .

2.2 Computing the physical properties of coal macromolecular structures

The helium density, the closed porosity volume, the micropore volume, the surface area,
and the fractal dimension are the physical characteristics measured for our coal molecular models.




All these characteristics were calculated for energy minimized conformations. The conformations
were obtained as described in section 2.1.

2.2.1 Helium density

The true density of a porous structure is the mass of a unit volume of the pore-free
structure. Experimentally, the true density of coal is approximated using helium pycnometry. It
is thus more appropriate to employ the term “helium density”. We computer-simulated the
calculation of the helium density by immersing the structure in a grid (of volume V) composed
of cubic cells of 0.1 nm length. Briefly, the helium density is determined by dividing the
molecular weight of the structure (MW) by the volume of the structure (VsHe) and multiplying
the result by Avogadro's number. The volume VHEe is the volume not accessible to helium atoms
and is the volumetric sum of three regions defined as atomic cells, internal cells, and closed cells
(Figure 3). An atomic cell is a cell included in the Van der Waals sphere of any atom. The sum
of the volume of all atomic cells defines the atomic volume. Internal cells are cells not accessible
to helium atoms because they are located between two or more atoms having an inter-atomic
distance less than a critical value. The critical distance has been defined by Walker and co-
workers14 as the sum of the kinetic diameter of the diffusing species plus 0.16 nm. Recently,
Raol5 has calculated this critical size from the diffusion of different gases though carbon
micropores. The values were determined using a Lennard-Jones (6-12) function to represent the
atom-atom interactions. The critical value calculated for helium is 0.508 nm. Considering this
result, we define an internal cell as a cell located between two atoms having an inter-atomic
distance less than 0.508 nm. The sum of all internal cells defines the internal volume. Closed
cells are determined after determining atomic and internal cells, and represent closed volumes (i.e.
cells surrounded by atomic and internal cells). The sum of all closed cells defines the closed
porgsity volume. Since closed cells are not accessible to helium, they must be included in the
volume VgHe when we are calculating the helium density and comparing it to experimentally
determined values? The helium densities of the 15 C333 coal models are depicted in Figure 2b.

2.2.2 Micropore volume

Microporosity is defined according to the method of Gan ef al.16 The micropore volume
(V3) is the volume of pores having a diameter less than 1.2 nm, and is defined by the following
equation:

V3=V1-(V1+Vy) M
where VT is the total pore volume accessible to helium, V7 is the volume of pores having a
diameter greater than 30 nm, and V5 is the volume of pores ranging between 1.2-30.0 nm in
diameter. In our computer model, VT is equal to the difference between the volume of the grid
(Vg) and VsHe, Thus,

Vr=Vg- Ve @)

Our models are generally smaller than 30.0 nm, therefore, the volume V7 is set to zero. The
volume V2 is determined using the grid method and a critical distance equal to 0.572 nm. This
value, determined by Rao,15 is the critical distance for diffusion of nitrogen molecules through
carbon micropores. Hence, V3 is equal to the difference between the total volume of the grid and
the volume of the structure not accessible to nitrogen molecule (VsN2):

V2 =Vg- Vi - 3)
By substituting equations 1 and 2 into 3 we obtain the following relationship defining the
computer simulated micropore volume:
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V3= Vgl - yHe @
The procedure used to calculate V3 is visually depicted in Figure 4. The micropore volumes of
the 15 C333 coal models are listed in Figure 2c.

Equation 4 calculates the micropore volume of pore accessible to He but not accessible to
N3. In other words, V3 is the pore volume of micropore having an entrance size between M=

0.508 nm and A3 =0.572 nm. Hence, by varying the values of A1 and % the procedure depicted
in Figure 4 can be used to calculate the micropore volume distribution. Figure 5 gives the average
micropore volume distribution of our 15 C333 coal models.

2.2.3 Surface area and fractal dimension

Experimentally, a number of techniques exist to measure surface areas and pore volumes of
coals. The most common techniques are based on adsorption of gases. Surface areas measured
using adsorption of gases differ depending on the sizes and shapes of the adsorbate molecules
used, and the temperature and pressure of adsorption. The surface areas also depends on the
adsorbate/adsorbent specific interactions. Evidence for the influence of the adsorbate molecule
on the surface area of coals is shown by the different results obtained when measuring the surface
area with Ny and CO,.17 However, the BET and the Polanyi-Dubinin calculation with CO2 are
thought to provide the most meaningful value for coals 17

As for the density and the micropore volume, the surface area is computer-simulated by

placing the three-dimensional structure within a three dimensional grid. We define two types of
surface area - the total surface area, and the pore surface area. The total surface area represents
the actual surface of the structure. Since atomic and intemal cells are inaccessible to adsorbate
molecules, the total surface area is computed by summing all the areas of cell faces between an
atomic or internal cell and a non-atomic or non-internal cell (not including closed cell). The pore
surface area is the surface of the micropore volume. The pore surface is the sum of the areas of
all faces that are between a micropore cell (cf. Figure 4) and an atomic or an internal cell (not
including closed cell).

The surface areas of the 15 C333 coal models were calculated using the above procedure.
The calculated total surface area for all of the models was found at least 10 times larger than the
values measured by CO; absorption,17 and about 100 times larger than the BET surface area
obtained with N for the same rank of coal 17 However, the calculated 1otal surface area should
not be compared with experimental results because the sizes of our models are small and the
external surfaces (surfaces of the boundaries of the structures) are much larger than the internal
surfaces (surfaces of the micropores). This contrasts with experimental results, where the
external surface area is negligible compared to the internal surface area for macroscopic particle
size. Since experimentally the micropore surface area is dominant, we should expect our
micropore surface calculation to be in better agreement with experimental results. We indeed
found the micropore surface areas calculated for our models relatively close to the CO5 surface
area measured for HvC bituminous coal (100-200 m2/g).17 Nevertheless, our mean value (291
m?2/g) was slightly larger than experimental values. Our calculations were performed using a cell
grid size of 0.1 nm length. The same calculations made with a cell grid size of 0.2 nm gave an
average micropore surface area of 190 m2/g. As we will see in the following, the influence of the
grid size used to measure the micropore surface area can simply be explained using fractal theory.

It is known that the surface area of coal behaves like a fractal surface; 18 therefore, an
increase in the cell size should lead to a decrease in the surface area. Pfeifer and Avnirl9




demonstrated that if N is the number of adsorbate molecules covering the surface and r is the
radius of the adsorbate molecule,

N~r-D )
where D is the fractal dimension of the surface of the studied structure. When applied to our
models, the same relationship should apply if N is the number of cell faces which belong to the
micropore surface and r is the size of the cells. Figure 6a shows clearly that a log-log plot of N
versus ris linear. Therefore, the micropore surface of the model C333H30,0 16 s a fractal surface
having a dimension D = 2.68 (i.e. the negative slope of the curve plot in Figure 6a).

Prior to calculating the fractal dimension of the micropore surface area, it is necessary to
compute the micropore volume. This two steps calculation generates numerical errors. When we
applied this calculation to our 15 models, we found large differences between the fractal
dimensions of the micropore surface areas, and our results were statistically meaningless.

If the micropore surfaces of our models are indeed fractal surfaces, we should expect the
total surface of our models to be fractal surfaces. Even though the total surface has no physical
significance, the total surface includes the micropore surface, and the fractal dimension of the
total surface should be equal to the fractal dimension of the micropore surface. Calculating the
fractal dimension directly from the total surface allows one to avoid the determination of the
micropore volume; consequently, this calculation is more straightforward and minimizes the
numerical errors.

The fractal dimensions of the total surface areas for all the 15 models were calculated using
equation (5), with r varying between 0.1 nm and 0.8 nm. The results are presented in Figure 6b.
The average fractal dimension is 2.71 and the population deviation calculated using our sampling
technique8 is only 0.05. Thus, from the slopes of the curves plotted in Figures 6 a and b, we can
conclude that the fractal dimensions of the total surface area and the micropore surface area are
almost identical. )

It is important to point out that the fractal dimension and the micropore volume
distribution can b rsed to predict the surface area obtained for a given adsorbate molecule.
Consider an adsorbate molecule of average radius r and cross-section area o. Let pbe the
smallest pore radius which can be accessed by the adsorbate molecule. Let S be the micropore
surface area measured with the adsorbate molecule. Let S1(p) be the micropore surface area

obtained from Figure 5-b; Sj(p) is the surface area of micropores having a radius larger than P
calculated using the grid system with cells of length equal tor=0.1 nm. By replacing in equation
(I) the number of moles of adsorbate molecule (N) by S/o, and r by 6172, we obtain

S~glD/2 (6)
equation (6) can be written in the form
S ~Si(p)c1-D/2 (7

According to Rao,!> CO; can access all the pores having a radius greater than 0.271 nm.
The corresponding surface area calculated from Figure 5-b is therefore about 300 m2/g. At room
temperature the cross-section area of COz is 6 =20.5 A2 [20]. Application of equation (7) with
D = 2.71 yields a micropore surface area of 103 m2/g if CO; is the adsorbate molecule. This
value is in the range of experimental results for HvC bituminous coal (100-200 m2/g).17

The above calculations performed for CO;, cannot be done for Nj because it is not clear
from the literature which pore sizes Ny can penetrate. Raol5 calculated that Nj can access all the
pores in carbon structures having a radius larger than 0.286 nm, but Gan et al. 16 assumes that N
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at -1960C cannot penetrate pores having a radius less than 0.6 nm. Equation (7) can provide an
answer to this discrepancy. The surface area measured using N at -196 OC for HvC bituminous
coal is about 10 m2/g [17] and the cross-section area 6 = 16.2 A2 [21]. Plugging the previous
values into equation (7) gives S(r) =27 m2/g for D = 2.71, and the corresponding pore radius
obtained from Figure 5-b is p = 0.46 nm. Therefore, according to our results N, cannot penetrate
pores having a diameter lower than 0.92 nm. Figure 7 displays the micropore volumes accessible
for CO; (Fig. 7-c) and N (Fig. 7-d) for the first model of the sample (C333H302016). The
diameter found for N3 (0.92 nm) is only approximate due to the population deviation of the
fractal dimension; however, we can state, that if there is adsorption phenomenon with both CO,
and N3 when measuring coal surfaces of HvC rank, only CO, penetrates the ultramicropores.

2.3 Statistical interpretation

All 15 of the C333 models match well with the quantitative analytical data with an average
deviation of less than one percent. The cross-link densities found (Figure 2) are a direct
consequence of the analytical data. The number averaged molecular weight of our coal clusters is
455.6 amu. The number averaged molecular weight between branch points averages 1057 amu.
These values agree well with swelling experiments for acetylated and pyridine extracted
bituminous coal (when 330 amu <M, < 580 amu, 1000 amu < M, <1160 amu).11 Furthermore,
the average number of clusters between branch points (2.3) is in the range of values obtained
from swelling experiments (2-4 clusters between branch points when the weight percentage of
carbon is greater than 85).22

The computed helium density averages 1.26 g/cc for all 15 C333 structures constructed and
the population deviation is less than 2 percent of this value. This result is in good agreement
with experimental results found for vitrinite at a rank of bituminous coal (1.25-1.30 g/cc). 12
The closed microporosity is almost non-existent for most of the 15 models and is lower than 7%
of the total micropore volume. The computed micropore volume averages 0.030 cc/g with a
population deviation of 13 percent. The micropore volume is slightly lower than experimental
values found for HvC bituminous rank (0.039 - 0.070 cc/g).16 The low microporosity may be
due to the size of our models; they are rather small compared to the particle sizes used in
porosimetry experiments. Finally, the average fractal dimension 2.71 found for the 15 C333
structures agrees well with SAXS experimental values obtained for hi gh vitrinite content
bituminous coal.18¢ .

One important result of this study is the micropore size distribution given in Figure 5.
This presents for the first time, quantitative data regarding the ultramicroporous structure of
bituminous coal. Such information cannot be obtained from experimental results due to the
difficulty in measuring ultramicropore volumes (micropore volumes having a diameter less than
0.8 nm). Nevertheless, the fact that the micropore distribution is compatible with the fractal
dimensionality of coal (obtained from both model and experiment) suggests that the distribution
proposed is accurate. According to Figure 5 we can see that the smaller the micropore éntrance
size, the larger the corresponding micropore volume. We can also notice that most of the
micropores are ultramicropores.

In summary, all the characteristics that we have calculated agree well with experimental
data. Further, the energetics and physical characteristics found for the different models are
relatively close to each other and the variances are small. In order to match all the analytical data,
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our statistical results demonstrated that the number averaged molecular weight between branch
points (M) is greater than 559 amu. However, no upper limit was found for M. These
observations suggest that each model is in itself a reasonable representation of vitrinite including
the model which does not contain covalent cross-links (structure C333H31001¢).

2.4 Kinetics modeling

In the previous sections, we have used the SIGNATURE program to generate three-
dimensional molecular models from analytical data. To construct molecular models the
SIGNATURE program assembles molecular fragments using interfragment bonds. Therefore, the
main task achieved during the process of construction is the creation of bonds. Chemical
reactions can be described by a succession of bonds that are created and/or broken. Hence, the
SIGNATURE program can handle chemical reactions if we add the possibility of breaking bonds.
We have modified the SIGNATURE program in order to apply reaction mechanisms to three-
dimensional molecular models. The general scheme of our kinetics program is as follows:

a) The user inputs the chemical reactions in the form of molecular files, Each reaction file
contains the atoms participating in the reaction. The bonds that are broken or created during the
reaction are marked. For each reaction the user inputs the rate constant and the order of the
reaction.

b) The reaction mechanism is applied by the SIGNATURE program on a given three-
dimensional molecular model using the Monte Carlo method. More precisely, for each reaction
the program searches all the sites in the molecular model that match the corresponding reaction
file. The sites must be composed of the same atom types and bond types as the reaction file
(topological matching) and the relative positions of the atoms must be the same in the molecular
model as in the reaction file (geometrical matching).

" c) For each site of the molecular model found to match the reaction files, a Monte Carlo
process is applied. This is accomplished by comparing a random number (RN) versus the
reaction probability. For example, the exact form of the probability that a site in state A will
undergo a transition to state B in a time d¥ for a first-order irreversible reaction process is given in
equation (8)

P=1-eka 8)

where k is the rate constant of the reaction A —» B. IfRN < P, the site being tested for the
reaction undergoes the transition. If RN > P, the site does not react. 8

d) The program outputs the products distribution at each step df of the Monte Carlo
process.

In order to test our kinetics program we chose to model coal devolatization. Coal
devolatization has already been studied using Monte Carlo23 and percolation theories.24 It has
been shown that both techniques give similar results and match well experimental data.25 There
are two main differences between previous works and the current one.

a) The previous models represent the structure of coal by a network composed of
monomers connected by bridges. The only information introduced regarding the monomers is
their average molecular weight, and there are only two types of bridges: breakable and
unbreakable. In the current study the coal models we used during the kinetics simulation have




been constructed by the SIGNATURE program using experimental structural analytical data.
Therefore, these models are composed of all the atom types and all the bond types present in
coal.

b) Our models and simulations take place in three-dimensional space while the previous
models and simulations are dimensionless.

According to Solomon e al.23 there are two main reactions occuring during coal
devolatilization, bridge breaking and cross-linking. The reactions are assumed to be first-order
irreversible. Like Solomon ef al.,23 Grant et al,,24a and Fletcher ef al.24b we have assumed a
single rate for the two main reactions, although in principal bridge breaking and cross-linking are
composed of several reactions each having a different rate. Using the rates taken from ref. 23 ,
we ran a series of simulations with the 15 C333 coal models. Results are presented in Figure 8.
The curve obtained for high cross-linked coal network (i.e., M= 569 amu) match well the
experimental results obtained by Serio e al.26 and the simulations results obtained by Grant et
al.242 and Fletcher ez al 240 This is not surprising considering that M, = 569 amu corresponds to
a coal network having an average number of bridges per cluster equal to 2.7, which is the value
taken by the previous authors for bituminous coal. Hence, our simulations seem to indicate that
bituminous coal is a high cross-linked polymer network.

3. Conclusions

The most important conclusion of the present work is that we have been able to develop a
technique that uses the power of the computer to create a number of molecular models for coal
using actual quantitative and qualitative experimental data, and to show that the models, from a
statistical viewpoint, are a good representation of the coal structure. Previous attempts at
definitions of coat molecular structure, including previous computer models, necessarily included
investigator bias and could not be proven to be representative or average coal structures. In the
present study, we can conclude that for the physical properties investi gated, a sample of 15
structures is sufficient to represent statistically the whole population of vitrinite from HvC
bituminous.

The results of our kinetics simulations are similar to the previously published results
obtained using Monte Carlo?3 and percolation theories.24 However, in all of these calculations, it
was assumed that there are only two main reactions occurring during coal devolatilization. A
better modeling would be obtained if we were able to incorporate in the devolatilization reaction
mechanism all the atom types and bond types present in coal. We are currently investigating how
to use ab initio calculations to derive the transition states and the activation energies of the
possible chemical reactions that may occur in coal devolatilization and coal liquefaction. We are
also studying how to use molecular dynamics and statistical mechanics to estimate the
preexponential factors in the Arrhenius equations of the above reactions.

Since coal is a highly heterogenoeus and complex material, it is not possible to study its
structure and its reactivity using classical deterministic computational technique. However, the
present work demonstrates that efficient stochastic techniques can be designed to analyze the
structure and reactivity of coal. These techniques are now being ported to the massively-parallel
computers at Sandia National Laboratories, which will allow much larger simulations to be
studied.
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Table L Analytical data for HvC Bituminous coalified wood (Midland Stem, ref. 10).

Deviation
Analytical data - Model

02
0.4
0.5

04

00
0.1

0.2
03

Parameter Analytical Data Model
(C333H302016)

Elemental analysis and carbon-13 NMR data (nommalized for 100 carbon atoms)

C 100.0 100.0

H 92.0 9138

o 50 4.6

fa (aromatic carbon) 62.5 63.0

faH (protonated aromatic carbon) 28.0 276

faP (phenolic or phenolic ether) 7.5 75

fa] (aliphatic carbon) 375 374

f21H (aliphatic CH or CHy) 26.0 262

far" (aliphatic CHz) 115 112

Average deviation

+0.26

Flash Pyrolysis/gc/ms data (weight % normalized to total aromatic fragments)

benzene 33 20Q) 13

toluene . 4.8 4.8 (2) 0.0

C-2 benzenes 5.2 83(3) 3.1
C-3 benzenes 3.9 6.3(2) 2.4
phenol 3.6 251 1.1

o -cresol 5.7 28() 29

m + p -cresol 13.0 8503 45

2,4 dimethylphenol 12.0 9.6 (3) 24

other C-2 phenols 10.3 6.4 (2) 3.9

C-3 phenols 109 142 @) 33
C-4 phenols 4.8 39(1) 0.9

alkylnaphthalenes 17.0 24.4 (6) 74
alkyIldibenzofurans 5.2 6.2(1) -1.0
methyl - - @

ethyl - - ©®

propyl - 3

C4-C22 - O

Values in parentheses are the quantities of each fragment corresponding to a molecule containing 333 carbon atoms.

Table II. Deviation analytical data - model and

population information for each of the Ci33

molecular formula?2

Molecular Formula  Average deviation® Number of possible models
C333H302016 0.26 52272

C333H304016 0.29 231,000
C333H306016 0.39 24,750

C333H308016 0.49 9,856

C333H310016 0.71 1,440

2 The numbers of possible models have been estimated using the isomer generator provided by the SIGNATURE
program.b The deviation is the average deviation between model and quantitative analytical data as calculated in Table I.
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Figure 1. An example depicting the construction of a hydroaromatic cluster.The initial fragments

(top of the figure) are fragments identified by pyrolysis/gc/ms analysis.
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models comprising the sample. For each graph, the horizontal line represents the population mean.
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Figure 3. 2D projection of the grid system used to calculate helium density. The disks are the

projections of the van der Waals spheres for the atoms. The double arrow represents the critical
distance which defines internal cells.
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Figure 5. Average micropore volume distribution and micropore surface area for the 15 models. a) This figure represents the
micropore volume versus the micropore radius (r). The pore entrance size (1 =2 r) varies from 0.45 £ 0.05 nm to 1.15+£0.05
nm. b) Curve V is the cumulative micropore volume having a pore radius r varying from 0.225 nm t0 0.575 nm. Curve S is

the corresponding micropore surface area. Micropore volumes and surfaces areas were calculated using a cell size of 0.1 nm.
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Figure 6. a) Micropore surface areas for the model C333H302016- b) Fractal dimension for the 15 models obtained by

varying the sizes of the cells . Both figures plots on a log-log scale the number of cell faces (N) which belong to the
micropore surface (a) and total surface (b) versus the size of the cells .
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