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Abstract

Three bituminous and one sub-bituminous vitrinite-rich coals were characterized using small
angle neutron scattering with contrast matching, mercury intrusion porosimetry and low pressure
N, adsorption techniques to quantify their porosity and pore accessibility; in an effort to assess
their solvent extractabilities, as a first approximation, for manufacturing useful end-products.
The techniques revealed consistent results while complimenting one another. The total porosity
was found to follow the coal rank with the lowest rank having the highest porosity within the
studied coals. The amount of inaccessible pores was found to increase with rank for the
bituminous coals studied here. The increase in the ease of accessibility and total porosity with
decreasing rank suggested easier penetration of chemical reagents for solvent extraction, for

example.



1. Introduction

During the last 10 years, U.S. coal production, consumption, and employment have decreased
continuously, and these trends are likely to persist as coal will continue losing market share to
cleaner natural gas and renewable energy generation in the electric power sector. However, the
abundant coal reserves in the U.S., combined with the presence of critical minerals within coal,
and the growing use of carbonaceous materials in a broad set of technologies, provide a unique
opportunity for developing new industries that utilize coal feedstocks to produce precursors for
manufacturing high value-added products. The idea of using coal as a feedstock for
manufacturing products is not new, as illustrated by the many “coal trees” that have been

published over the last 100 years [1-8].

Coal is a soft sedimentary rock composed of a complex organic matrix intertwined with
inorganic components [9-11] along with a complex pore/cleat structure [12, 13]. Furthermore,
the pore size distribution spans several length scales, from the seam to the molecular level [14].
Processing coal to produce feedstocks for products requires an understanding of the distribution
of pore sizes and how pores interact with various fluids. This chemical and structural

heterogeneous nature can make fluid accessibility of the invading gas or liquid a challenge.

Pores in coals are generally classified by width into three main categories: micropores (<20 A,
2nm), mesopores (20-500 A, 2-50 nm), and macropores (>500 A, 50nm) [15]. Coal porosity is a
key component of coal utilization for methane extraction, gasification, liquefaction, coke
production, etc. [16-18]. Particularly, for chemical reactions requiring a solvent, the pore surface

area can be significant with micropores contributing a major portion of the available surface area



for bituminous coals [16, 19]. For much of the rank range however, there is a broad range of pore
sizes [14] and it is clear that the simplification of dual porosity (cleats and micropores) is limited
to selected vitrinite-rich bituminous coals [20]. During coalification, the loss of oxygen as H,O
and CO, reduces the water holding capacity and combined with in-situ stress, causes a reduction
(compression/collapse) in the macroporosity. Additional light gas production creates open
porosity when those gases escape or migrate along with coal shrinkage. Later at a bituminous
rank, as gas production continues (increasingly CHy) the crystal structure further evolves [21]
and structural rearrangements may result in further transitions in the pore structure, including
closed pores even to small probe molecules (<4A). Molecule migration from “bitumen”
production may also contribute. These compositional and physical changes cause the porosity (as
measured by He) to vary considerably by rank [19] as well (as measured by CO,) as its maceral

composition [20, 22].

While the research on crushed coal is of interest here, it is worth mentioning that the situation is
more complex in-situ (i.e., in the coal bed) with confining stresses reducing cleat apertures and
closing others [23], and compressing the pore structure as shown by reduced gas uptake [24, 25].
Gas uptake can also cause stress-induced fracturing [26] with lithotypes impacting the
expansion/compression behavior with gas uptake, i.e., compression of some lithotypes by the
other expanding lithotypes [27]. Thus, porosity is a structural part of coals at various length
scales and can form a complex network affected by multiple factors during
formation/maturation. Accordingly, a detailed characterization of coal porosity and its size
distribution is helpful as a first approximation to design processes for using coal as feedstock for

manufacturing high value end-products.



Mercury Intrusion Porosimetry (MIP) and N, adsorption/desorption measurements are the two
most commonly employed techniques to determine coal porosity [28-30]. However, these
methods operate on different length-scales, with MIP generally used to quantify meso- and
macroporosity, and N, adsorption for micro- and mesoporosity [30]. While MIP covers a
considerable pore size range for crushed coals, it is the most intrusive as it relies on increasing
mercury pressures to access increasingly smaller pores by overcoming capillary resistance [29].
However, because of the low bulk modulus of coal, as the hydrostatic pressure increases the
skeletal matrix will deform, thus limiting accurate determination of the contribution of smaller
pores (<50 nm) [14, 29]. Although low pressure nitrogen adsorption is not as intrusive as MIP, it

only provides information pertaining to open pores at the meso- to micro-porosity scale.

Small angle scattering (SAS) techniques using either X-rays (SAXS) or neutrons (SANS)
enables detection of pore size distributions (with a reasonable assumption of the pore shapes) in
a homogeneous media of condensed matter and pores with distinct interfaces. Additionally, SAS
techniques are non-destructive and can probe wider range of pore size distribution. In SANS
closed pores can also be detected with contrast matching fluid or gas sorption, when compared to
MIP or N, adsorption techniques which often rely on infiltration of the pore network through
openings. For coals, SANS is advantageous over SAXS as contrast differences between mineral

matter and coal matrix does not affect the scattering measurement [14, 31].

The objective of this paper is to compare the porosity of four different coals consisting of three
bituminous and one subbituminous coals. The pore size distribution, porosity, and pore

accessibility were investigated using SANS, MIP, and low pressure N, adsorption techniques.



The measured porosity data using these techniques are discussed in terms of total porosity, pore
size distributions, and pore accessibility to a D,O/H,O contrast matching fluid (for SANS). The
results are also correlated to coal rank where applicable. These data are fundamental coal
physical structural properties and will impact coal behavior particularly in regard to gas

storage/extraction, solvent extraction, and liquefaction.

2. Experimental details

2.1. Coal samples

Two bituminous coals from the Illinois Basin (Herrin and Springfield), one from Central
Appalachian (Blue Gem), and a subbituminous coal from the Powder River Basin (Monarch)
were used in the study. Herrin and Springfield are abundant, accessible coals and were selected
due to their similarity to Blue Gem (a much less abundant coal with exceptionally low ash

content), while Monarch coal was selected for its subbituminous nature.

The coals were coarse ground and sieved to a size distribution of 0.5-1 mm [22, 23], mainly to
avoid scattering from interparticle voids during SANS measurements. Additionally, the use of
powders enables an averaging of the macerals from all orientations [14]. The same size range
was also used for the MIP measurements to avoid problems stemming from interparticle spacing
which can become a significant problem with fine powders [32]. For consistency, the low
pressure N, adsorption measurements were also performed on the same size range. To allow the
fluids/gasses to penetrate into these coarse grains, longer equilibration times were employed

compared to finer powder sizes (~0.2 um) typically used for these methods.



For the SANS, MIP, and low pressure N, adsorption measurements the samples were dried

overnight under vacuum before the experiments.

2.2. Small angle neutron scattering measurements

The SANS measurements were performed at the GP-SANS beamline of the High Flux Isotope
Reactor, Oak Ridge National Laboratory (ORNL) [33]. The coal powder samples were loaded
into demountable cells with a thickness of 1mm. Three instrument configurations with 1 = 12 A
(A2/2. = 0.13) and a sample-to-detector distance (SDD) of 19 m, followed by 1 = 4.75 A (AJ/A =
0.13) and SDDs of 7 m and 1 m were chosen to cover the Q range of 6x10 to 0.8 A-l. All
measurements were conducted at room temperature, and the scattering cross sections were
calibrated by a secondary standard and corrected for empty cell scattering, sample transmission,
thickness, and detector sensitivity. The azimuthally isotropic two-dimensional (2D) scattering
patterns were then reduced to one-dimensional (1D) intensity / as a function of Q using drtsans.
Contrast matching measurements [34] were conducted to allow the open pores to be filled with a
fluid that has the same scattering length density (SLD) as the matrix. This was achieved using
mixtures of D,O/H,O (distilled) with the ratio adjusted for each coal. Under the contrast
matching condition, only the closed pores (inaccessible to the invading fluid) are detected [35].
For data quantification, the 1D SANS datasets were fitted with a Polydisperse Spherical Particle

(PDSP) Model using the PRINSAS software [36].

2.3. Mercury intrusion porosimetry (MIP)
The MIP analysis was conducted on a Micromeritics Autopore V 9620 instrument, using ~1 g of

sample and nominal 5 cm? powder penetrometers with 0.4 cm? stem. The pressure was applied



stepwise up to a total pressure of 346 MPa (50.18 ksi). However, for most of the paper, pore size
distribution, and pore volume results are reported over the pressure range between 0.2 to 32
MPa, assuming a consistent contact angle of 140° between mercury and the material. This
pressure range was selected based on two criteria. First, the upper limit was selected based on
data from the literature [30] aiming to optimize the maximum detectable pore size while
preserving the soft coal skeletal structure. The lower limit was selected following [37] where the

interparticle void filling pressure (P) is calculated per the relation in Eq. (1),

200y
P~—== (1)
where y=0.48 Pa.m and & (m) is the diameter of the spherical particles. For a particle size
distribution of 0.5-1 mm, the pressures required to fill the interparticle void space would be 0.1-

0.2 MPa.

The pore radii were calculated using the Washburn equation that defines the relation between the
applied mercury pressure, P, and the minimum radius, r, of a cylindrical pore that it fills
following the relation:

P =—20cos0/r (2)
where o is the surface tension of mercury (485 mN/m), and 0 is the mercury-solid contact angle

[38, 39].

2.4. Low pressure N, adsorption
Low pressure N, adsorption measurements were conducted on an Autosorb-1Q surface area and
porosity analyzer from Quantachrome Instruments (a brand of Anton Paar, Boynton Beach, FL,

USA). Prior to adsorption analysis, coal samples (1-2 g) were dried overnight under high



vacuum. Data reduction was performed using commercial software ASiQwin 4.0 available from
Quantachrome Instruments. Adsorption data were used to calculate the BET surface area (Sggr).
Adsorption surface area, pore volume and distribution were obtained from Barrett-Joyner-
Halenda (BJH) relationship typically used for mesoporous materials and Density Functional
Theory model using Quenched Solid Density Functional Theory (QSDFT) for slit pore

estimation.

3. Results and Discussion

3.1. Basic properties of coals

As can be seen in Table 1, all the studied coals are vitrinite-rich. Based on their vitrinite
reflectance values the coals can be ranked in the following order: Blue Gem, Springfield, Herrin,
and Monarch. Basic structural information is presented in Table 1 to aid in further discussions.
These include the maceral compositions, vitrinite reflectance values (Ry, max) and He densities.
A more detailed structural characterization of these coals will be published in a companion paper

[40].

3.2. Porosity results from SANS measurements

Radially symmetric 2D SANS patterns were converted into to 1D data via azimuthal averaging.
The absolute neutron scattering intensities, I(Q), are presented in Figure 1a as a function of the
scattering vector, Q, for all the coals. The corresponding pore sizes were calculated following the

relation: R=2.5/Q [14, 41].
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Figure 1. a) Neutron scattering intensities as a function of the scattering vector Q for all four

coals. b) Intensities after subtracting the incoherent scattering background from a).

A near-linear relation between the I(Q) and Q values is observed for all the coals in Figure 1a up
until a Q value of ~0.06 A-!. The non-linear portion of the curve where I(Q) vs Q relation
becomes flat is ascribed to the incoherent background scattering arising from organic matter,
e.g., polyaromatic sheets [14, 42]. For further interpretation of the data, the constant incoherent
background is subtracted, and the profiles are shown in Figure 1b. For the background
subtraction, we assumed that the interface between the pores and the empty space is smooth and

follows Q* behavior at high Q. It was obtained from the slope of a plot of Q*I(Q) vs Q*.

The I(Q) exhibiting a power law decay against Q results from a distribution of spherical pores
bounded by surfaces with a fractal dimension [42, 43]. The slope of the linear portion of the
I(Q)-Q curve is reported to range between -3 and -4 for surface fractals and between -2 and -3 for
mass fractals [14, 44]. While the majority of surface fractals remain in the bulk, mass fractals are
accessible from the exterior (e.g., a network of cracks) [44, 45]. The slope values for the linear

sections of the SANS data in Figure 1b are as follows; Monarch (-3.02+0.02), Herrin (-

10



2.98+0.03), Springfield (-3.02+0.02), and Blue Gem (-3.11£0.02). These values indicate surface

fractal geometry of the matrix-pore interfaces of the coals. A reference line with a slope of -3 is

shown in Figure 1b.

The scattering from surface fractals were fitted with the Polydisperse Spherical Particle (PDSP)

Model for further quantification using the PRINSAS software [36] and are shown in Figure 2 as

solid lines over experimental data points. Porosity fraction, pore size distribution, and specific

surface areas (SSA) are obtained from the fit results.
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SANS is dependent on the neutron scattering length density (SLD) differences between the solid
matrix and the surrounding medium. In the present study, the external medium is made of pores
filled with air, imparting them with high neutron contrast in comparison to the coal matrix [44,
46], which is useful to differentiate open and closed pores via contrast matching (CM). The
calculated SLDs of the coal matrices, using Eq. (3), and He densities (d in Eq. (3)) are listed in

Table 1.

Pn = NTAde p;(2isib); 3)

The terms in Eq. (3) are as follows: N, is Avogadro’s constant, s; is the proportion of the number
of nucleus 1 in compound j, p; is the proportion of the molecular number of the compound j in the
mixture, and b; is the coherent scattering amplitude for nucleus. For these calculations the
elemental compositions (C, H, N, S and O) derived from the ultimate analysis (not presented

here) were used.

Mixtures of distilled D,O and H,O in different ratios were used to match the calculated SLDs of
the bituminous coals (Herrin, Springfield and Blue Gem). It was later recognized that the wrong
D,0/H,0 mixture was used for the subbituminous Monarch coal and therefore, the results from
this coal are omitted. The SANS patterns of the dry and contrast matched states of these coals are

presented in Figure 3.
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Figure 3. SANS profiles of a) Herrin b) Springfield and c¢) Blue Gem coals at dry and contrast

matched (CM) states.

SANS profiles at contrast match condition show reduced intensity in Herrin and Springfield
coals in comparison to their dry states. However, the difference is less significant for Blue Gem
coal. This lower difference between the dry and contrast matched conditions in Blue Gem
suggests that pore network is poorly connected when compared to other two bituminous coals,

Herrin and Springfield, making it the less permeable [47, 48].

The pore size distributions deduced from the PDSP fits with volume weighted pore number
densities, r*f(r) [36, 49], as a function of pore radius, r, are shown in Figure 4a. Here, if the
number of pores with a certain size, r, is significantly higher in comparison with other size
groups, it exhibits a peak on the pore size distribution curve. If the population does not show
appreciable high concentrations zones, a shoulder (i.e., still some degree of concentration) or a
smooth change will be shown on the distribution curve (i.e., no detectable concentration).
However, the lack of peaks does not translate into being pore-free in the given length-scale but
rather not having a strong concentration of pores for a given size to form a cluster that shows a

peak on the distribution curve.
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Table 1. Maceral, rank, and porosity related properties of the coals. The maceral compositions are presented on a mineral-free basis
where V: Vitrinite, I: Inertinite and L: Liptinite. The He densities are obtained from as-received coals on a dry-mineral-matter-free
(dmmf) basis. The SANS and MIP data are on dry-basis. The SANS porosity covers both open and closed pores. SANS-Fraction
Inaccessible corresponds to the percentage of the inaccessible pores within the detected pores. SANS SSA corresponds to the total

specific surface area calculated from the SANS measurements with a probe size extrapolated to 4A covering all the detected pores.

Maceral Vitrinite He D SANS  SANS-Fraction SANS MIP

Coal Composition — Reflectance Density (106/A2) Porosity  Inaccessible SSA  Porosity
V/I/L (vol%)  (Rg,max %) (g/cm?) (%) (%) (m?/g) (%)
Monarch 90.2/4.5/5.3 0.39+0.02 1.50 2.16 6.60 - 66 1.94
Herrin 91.0/6.6/2.4 0.65+0.03 1.33 2.14 2.67 39 17 1.68
Springfield 88.6/10.2/1.2  0.67+0.03 1.35 2.24 2.44 43 11 1.08
Blue Gem  84.9/6.7/8.4 0.88+0.05 1.36 2.28 1.48 85 6 1.10

14
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Figure 4. a) Volume-weighted pore number density, r3f(r), distribution of pores, b) Total Specific

Surface Area (SSA) as a function of probe size (size of the hypothetical probing molecule, e.g.,

probe size of N, molecules is 4A), ¢) Total porosity — vitrinite reflectance (R, max) relation for

all the coals, and d) Closed porosity to D,0O/H,0 — vitrinite reflectance (R, max) relationship for

the bituminous coals.

Figure 4a reveals that all four examined samples have a multi-modal size distribution indicative

of hierarchical structures within a mainly mesoporous matrix (bordering microporosity).

Particularly the bituminous coals exhibit similar distributions, with Herrin and Springfield coal

profiles almost overlapping, while Blue Gem is distinctly separated towards smaller pore sizes.

Similar differences in size distribution were previously observed for other bituminous coals

where slightly higher maturities were correlated to smaller pores [47].
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Meso- and micropores are reported to account for 92-99% of the porosity in bituminous coals
[32, 50]. Furthermore, the bituminous coals investigated here are vitrinite-rich and between the
various macerals vitrinite is typically more microporous than others [51, 52]. Accordingly, the
data presented in Figure 4a agree with the literature for bituminous coals. The subbituminous
Monarch coal fails to show distinct peaks while showing shoulders in the otherwise mostly
smooth distribution curve. This is also in agreement with the previously reported rank data where

the dominant macro- and mesoporosity are higher in low-rank coals [32, 53].

Here the accessible pore size range with SANS is between 10 to 3500 A (1-350 nm). The modal
pore sizes obtained from the peaks and shoulders in Figure 4a are presented in Table 2 in terms
of pore radii. Particularly for the Springfield and Blue Gem coals, five different peaks were
observed and used as reference points. Accordingly, if a coal did not show a peak for a given
Modal r, a value was not presented. Also note that, compared to the rest of the peaks, a
significantly broader distribution is observed around Modal rs, which was only detectable for the

bituminous coals.

Table 2. The modal radii from the volume weighted pore size distributions in Figure 4a (dry

basis). The values are presented in A followed by nm in parentheses.

Coal Modal ry Modal r, Modal r; Modal r4 Modal r;
Monarch 25 (2.5) 47 (4.7) 66 (6.6) - -
Herrin 32 (3.2) 50 (5) 70 (7) - 188 (18.8)
Springfield 28 (2.8) 50 (5) 70 (7) 94 (9.4) 188 (18.8)
Blue Gem 20 (2) 42 (4.2) 63 (6.3) 84 (8.4) 177 (17.7)

Among the bituminous coals, Blue Gem consistently has a pore size distribution skewed towards

smaller sizes; an observation in agreement with previous reports. It has been demonstrated that

16



as the rank increases, the observed porosity dominance shifts towards microporosity [19, 32, 51]
due to more tightening that occurs in the coal structure making pores increasingly closed with
thermally generated bitumen [14, 48]. Figure 4b shows the total specific surface areas (SSA) as a
function of the pore (probe) sizes for all the coals including both accessible and inaccessible
pores. Here, it must be emphasized that the SSA value for a given probe size (r) in Figure 4b, is a
sum of the surface areas of all pores with a radius larger than the probe size divided by the
sample volume [36]. Accordingly, the total SSA increases with decreasing pore size (probe size)
regardless of the coal rank (right to left in Figure 4b). However, clear differences can be inferred.
For example, the subbituminous Monarch coal has a higher SSA value, higher pore surface area

and pore volume over the examined size range when compared to the bituminous coals.

Between the three bituminous coals, Herrin and Springfield coals have overlapping SSA curves
indicating a similar pore structure and size distribution (Figure 4b). For Blue Gem coal,
significantly lower values are observed as the probe size becomes smaller in the <100 A (10 nm)
range. The decrease in SSA with decreasing pore/probe size in this range indicates a reduced
microporosity in the Blue Gem coal compared to the other two bituminous coals. The decreasing

microporosity with increasing rank in bituminous coals has been well documented [44].

The probe size of SANS for SSA is limited by the instrument resolution. In the current study it is
~10 A (1 nm). Compared to gas adsorption methods (e.g., N, and CO,) the accessible SSA with
SANS remains rather high when compared to a probe size of 4A (0.4 nm) in the case of N,
adsorption. The SSA values accessible with smaller probe sizes can be estimated via linear

extrapolation of the SANS data (see the solid lines in Figure 4b extending to 4 A). However, the

17



total SSA calculated via this extrapolation should be regarded at best as a first order
approximation with the uncertainty reported to be as high as £50% [47, 48]. The N, adsorption
equivalent SSA values are calculated by dividing the SANS SSA values (extrapolated to 4 A)

with the He densities of each coal and are presented in Table 1.

Overall, the SSA values consistently decrease with an increase in rank (Figure 4b and Table 1).
All else being equal, a lower SSA would translate into a lower gas adsorption capacity as well as

a lower active area for solvents to penetrate and react with the coal.

Vitrinite reflectance (Ry, max) is used as a coal rank indicator with higher values corresponding
to higher ranks. Using the vitrinite reflectance values, the total porosities as measured with
SANS are presented in Figure 4c as a function of rank. For the coals studied here, a clear
correlation between the rank and the total porosity is observed wherein the total porosity
decreases with increasing rank. Furthermore, the Herrin and Springfield coals can be seen to be
very close in rank accompanied by similar values of total porosity consistent with our findings.
Other measurements such as FTIR and NMR have revealed these two coals to have almost the
same structure, the results of which will be subject of a future publication. Accordingly, a
byproduct of this relation is a validation of the repeatability of the SANS measurements wherein

similar coals have revealed similar results.

As the coal rank increases it is also reported that the pore networks become increasingly
disconnected, and the inaccessible porosity fraction is expected to increase. As previously stated,

the contrast matching SANS data can be used to identify the fraction of the inaccessible (closed)

18



porosity to that fluid. The fractions of the closed pores are presented in Figure 4d as a function of
vitrinite reflectance for the bituminous coals. Figure 4d reveals the fraction of closed porosity to

increase with increasing rank with the Herrin and Springfield coals again showing similar values.

Previous studies found correlations (at least partial) between: 1) closed pores and inertinite
fraction based on pore size and coal origins [18], 2) closed porosity, and vitrinite content [44], 3)
pore number densities of various pore sizes and vitrinite reflectance [14], 4) closed porosity and
vitrinite reflectance [48]. However, despite the correlation observed in Figure 4d, the dataset was

obtained from a very limited set of coals all of which are vitrinite-rich as presented in Section 3.1

(Table 1).

3.3. Mercury intrusion porosimetry

The MIP data from ambient to 346 MPa is presented in Figure 5 as a function of intruded
mercury volume for all the studied coals. This dataset will not be used for any quantification
because the high pressures needed for these measurements are known to damage/destroy the pore
structures due to the soft nature of the coal matrix [54]. Nevertheless, the trends in the data are

useful as complementary information to the data already presented.
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Figure 5. The applied mercury pressure vs intruded mercury volume relation presented up to a
total pressure of 346 MPa (50.2 ksi) for: a) Monarch, b) Herrin, c) Springtield, and d) Blue Gem

coals. Arrows indicate zones of nearly constant intruded volume despite increasing pressures.

Being an intrusion-based technique, MIP can only detect pores that mercury can infiltrate (i.e.,
open pores). With increasing pressures, smaller pores can be infiltrated as long as they are
connected to the outside via a network. This would result in a mostly linear relation between the
applied pressure and intruded mercury volume. However, Figure 5 also shows areas where the
intruded volume stays nearly constant despite increasing pressure, as indicated by the arrows on
the plots. This is particularly pronounced for the Blue Gem coal where the effect is seen at much

lower pressures compared to the rest of the coals.
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The information presented in Figure 5 can potentially be used to supplement the SANS results
(Figure 4) where resistance to mercury intrusion can be related to the presence of closed pores.
Once a critical pressure is overcome then intrusion can continue, as a result of the deformation of

the coal matrix and the resulting opening of new pathways.

As stated, this effect is most pronounced in the Blue Gem coal. This is followed by the
Springfield and Herrin coals which show similar levels of resistance around similar values of
pressures. The Monarch coal, on the other hand, shows little to no resistance to mercury

intrusion.

In light of the SANS results (Figure 4c and d), the resistance to mercury penetration follows a
similar pattern wherein Springfield and Herrin coals, which have similar amounts of total and
closed porosity show similar resistances to mercury intrusion. Blue Gem shows the highest
amount of resistance starting from lower pressures in agreement with its significantly lower
porosity with highest inaccessibility. While CM SANS data for the Monarch coal was not
available to determine inaccessible porosity, the MIP results in Figure 5 can qualitatively suggest
the pores to be relatively well-connected with low resistance to mercury intrusion compared to
the others. However, the results in Figure 5 remain a qualitative observation and are omitted

from further discussion.

For the remainder of this section a maximum mercury pressure of 32 MPa is considered, as
explained in Section 2.2, low enough to prevent excessive deformation of the coal matrix. First,

the Log(dV/dP)-Log(P) plots are presented in Figure 6 for all the coals within this pressure
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interval. Plotting the data in this form enables detection of any power law behavior and is
typically used to determine the fractal dimension (D) of the coals where the slope of the relation

equals D-4 [38, 55].
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Figure 6. Log(dV/dP)-Log(P) relations for: a) Monarch, b) Herrin, ¢) Springfield, and d) Blue

Gem coals.

The data presented in Figure 6 can be divided into two separate linear regions characterized with
two separate slopes yielding fractal dimensions of D; and D, (values shown on the graphs). The
transition between these two regimes happens at a mercury pressure of 0.2 MPa; below and

above it is characterized by a fractal dimension of D, and D,, respectively.
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As can be seen in Figure 6, for all of the coals D;<2, although the fractal relation for surfaces is
expected to be 2<D<3 with D=2 indicating perfectly smooth surfaces [38]. In this case, D, is
regarded as the exponent of a power-law that describes the filling of larger volumes such as
surface pores, cracks and interparticle voids at low pressures (<0.2 MPa in this study). As
described in Section 2.2 with the relation in Eq. (1), the interparticle voids are expected to be
filled at a pressure of 0.2 MPa which coincides with the transition pressure in Figure 6.
Accordingly, this region described with D, is excluded from further quantification. The region
corresponding to P>0.2 MPa is characterized with fractal dimensions, D,~3 indicative of surface
features consistent with the SANS results presented in Section 3.1. However, even at these
relatively lower pressures the sample is affected by mechanical compression which is manifested

in the observed in D, values >3 [38].

In Figure 7a, the porosity data for all the coals are presented using the cumulative mercury
volume vs. pore radius relation within the pressure range 0.2-32 MPa that corresponds to a pore
size range of 3600-23 nm. Here emphasis is placed on the trends rather than the cumulative
mercury volume per sample as this metric includes interparticle volume and differences in total

material packed inside the measurement bowl.
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Figure 7. The relation between a) cumulative mercury intrusion (pore) volume and pore radii,

and b) the applied mercury injection pressures and the intruded mercury volume saturation.

Data presented in Figure 7a can be divided into two regions of pore radii: 1) r>100 nm and 2)

r<100 nm. In agreement with the SANS data, the bituminous coals show similar overall profiles

(with Herrin showing slightly steeper slopes) whereas the subbituminous Monarch coal shows

clear distinctions in both regions with noticeably steeper slopes. These trends indicate an overall

higher porosity in the Monarch coal throughout the whole studied range with the Herrin coal

having the highest porosity within the bituminous coals.

The calculated total porosities from MIP measurements (within P=0.2-32 MPa) are listed in

Table 1, in comparison to the SANS porosity. Here the MIP porosities are consistently lower

than those obtained with SANS because SAS techniques detect both open and closed porosity.

Previously reported that results from SANS measurements also indicated higher values of

porosity when compared to gas adsorption or MIP data of the same coals [32, 50, 53].
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Comparing the porosity data from SANS and MIP (Table 1), the overall trend can be seen to be
similar with Monarch having the highest porosity followed by Herrin and Springfield coals.
However, the MIP porosity data does not perfectly mimic the trends from SANS data and
analysis, particularly for the Blue Gem coal that shows similar amount of total porosity to that of
the Springfield coal based on MIP data. Furthermore, the difference in porosity between the
Herrin and Springfield coals is more pronounced in the MIP data compared to SANS as shown in
Table 1. Naturally, such discrepancies can be expected considering that the two techniques probe
different size ranges and MIP is an invasive method that cannot detect closed porosity without
excessive deformation (and thus opening the pores). Nevertheless, the MIP dataset is meant to be
complementary to SANS data, and the agreement between the two is satisfactory for the

purposes of this study.

Finally in Figure 7b, the intrusion pressures are plotted with respect to the intruded mercury
volume saturation within the pressure range P=0.2-32 MPa for all the coals. Here, the slopes of
the relations point to the level of pore connectivity where steeper slopes indicate less connected
pores (i.e., harder for mercury to penetrate) [30]. In agreement with the data presented, the
bituminous coals exhibit similar trends whereas the subbituminous Monarch coal shows a
noticeably more gradual slope. A more gradual slope would normally indicate the presence of
cracks and macropores [56]. However, within the investigated pressures, the filling of cracks and
large surface pores should have been accounted for by the lower pressure limit (and omitted
here). Instead, the pore network of the Monarch coal can be concluded to be better connected

compared to the bituminous coals studied here.
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3.4. N, gas adsorption

The low pressure N, adsorption/desorption isotherms of the four coal samples are shown in
Figure 8. Monarch and Springfield isotherms (Figure 8a and Figure 8c) are of type IV, with a
hysteresis loop representing the mesoporous nature of these samples [32, 47, 57]. The shape of
the hysteresis loops are of type H3 [57] which is associated with the presence of slit-shaped
pores that lead to capillary condensation and delayed desorption [58, 59]. The larger hysteresis
observed in Monarch coal could be related to higher pore accessibility and therefore leading to
higher gas adsorption and delayed desorption [47]. Herrin coal also shows the presence of a
hysteresis loop (Figure 8b) however, significantly less defined in comparison suggesting the least

amount of interconnectivity between these three coals.
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Figure 8. N, adsorption/desorption isotherms of a) Monarch b) Herrin ¢) Springfield and d) Blue

Gem coal samples.

On the other hand, the Blue Gem coal shows a reversible type II (Figure 8d) isotherm based on
the ITUAPC classification [57]. This type of isotherm is stated to correspond to either a non-
porous or a macroporous solid wherein the adsorption/desorption occurs unrestricted (or does not

occur in case of non-porous solids).
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This observation of low porosity of Blue Gem is in agreement with the SANS results presented
in Section 3.2. To elaborate, the N, molecules are unable to access the pore structure of the Blue
Gem coal as evidenced by the lowest amount of N, adsorption. Not surprisingly, the Blue Gem
coal is found to have the smallest surface area accessible to N, molecules (Table 3), with more

details below.

The surface areas of the four coals were calculated using Brunauer-Emmett-Teller (BET),
Barrett-Joyner-Halenda (BJH), and Density Functional Theory (DFT) methods and are presented
in Table 3. The results are well-aligned between the three different interpretation methods and
show that the subbituminous Monarch coal possesses the highest pore surface area, in agreement
with the interpretation of the adsorption/desorption curves shown in Figure 8. Surface area for
bituminous Herrin and Springfield coals are closely aligned which is in turn, consistent with the
results obtained from SANS and MIP. Finally, Blue Gem coal has the smallest surface area (3-5

times lower than the other coals studied), again consistent with the previously presented results.

While the SSA values obtained from SANS and N, adsorption are significantly different (with
SANS data being much higher), the overall trends noted are in good agreement. This observation
is in agreement as well with previous studies, in particular how N, adsorption underestimates the
SSA and porosity compared to other techniques and can only detect open pores [32].
Furthermore, as explained in Section 3.1, SANS derived SSA values can only serve as a first
approximation. Therefore, the agreement between the two datasets is satisfactory for the

purposes of this work.
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Table 3. Low pressure N, adsorption results of the Monarch, Herrin, Springfield and Blue Gem
coals obtained on dry-basis. Note that the calculated pore sizes correspond to the pore openings
and not necessarily the actual diameters of the pores.

BET BJH DFT BJH. DFT BJH. DFT
. . desorption . desorption
surface  desorption cumulative cumulative pore
Coals pore pore .
area  surface area  surface volume pore volume diameter diameter
2 2 2 2 !
(m?/g) (m?/g) area (m?/g) x10° (cc/g) x10- (cc/g) A (nm) A (nm)
Monarch  2.01 2.46 1.61 0.59 0.44 38(3.8)  34(3.4)
Herrin 1.70 1.20 1.15 0.29 0.24 38 (3.8) 20 (2)
Springfield 1.5 1.36 1.25 0.34 0.28 38 (3.8) 34 (3.4)
Blue Gem 0.48 0.33 0.30 0.12 0.08 43 (4.3) 26 (2.6)

The cumulative pore volumes and pore size distributions as a function of average pore width

(pore opening) are shown in Figure 9 BJH (top row) and DFT (bottom row).
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Figure 9. Pore volume distribution curves of coal samples from N, adsorption isotherms using

BJH (a, b) and DFT (c, d) models.

Figure 9 shows that the DFT model provides better granularity and hence better data resolution

in comparison to the BJH model. This is because DFT is a newer method where pore volumes

and pore size distributions are calculated from adsorption potentials while BJH model relies on

capillary theories. Regardless, both models reveal similar trends among the investigated coals.

Both Figures 9a and 9c show the cumulative pore volumes follow the order of Monarch,

Springfield, Herrin and Blue Gem from highest to lowest, with the Herrin and Springfield coals

being close in value in agreement with the previous results. In agreement with the MIP data

(Figure 7), the Monarch coal shows steeper slopes suggesting easier uptake of N, and thus, easier
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pore accessibility which is in contrast to the behavior of Blue Gem coal, consistent with the

difficulty to access pore structure.

The pore size distributions from the BJH and DFT models are presented in Figures 9b and 9d,
respectively. Similar to the dataset presented in Figure 4a, peaks are observed when pore clusters
are formed within a given size range. Here, it must be emphasized that the DFT derived size
distribution offers a better resolution, presenting additional concentration zones in the form of

shoulders, i.e., a multimodal distribution similar to the SANS data presented earlier.

Following the continuity between the techniques, the Herrin and Springfield coals show almost
overlapping profiles (Figure 9d). Different from the SANS data, the Blue Gem coal shows a
distribution that is slightly shifted to larger sizes compared to the other bituminous coals. While
this would appear as a discrepancy at first, it could actually be related to a fraction of the pores
being inaccessible to N, adsorption (i.e., closed porosity in agreement with SANS); effectively

skewing the pore size distribution.

Finally, the pore diameters (for pore openings) obtained from the strongest peaks (i.e., highest
concentrations) are presented in Table 3 for all the coals from both the BJH and DFT techniques.
The pore sizes inferred from N, adsorption, corresponding to the largest concentrations (Table
3), agree well with the pore size distributions from the SANS measurements, Table 2 (again, note
that SANS data represent pore radii whereas N, adsorption shows diameters of the pore openings

in addition to being limited to open pores).
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Overall, the porosity and pore accessibility of the coals studied here with three different
techniques revealed consistent results where each technique offered complimentary information
with decent overlap. All else being equal, theoretically the porosity data would suggest the
Monarch coal to be more easily accessible to react with chemical reagents whereas the Blue Gem
would be the hardest. The Herrin and Springfield coals would be in between these two and show

similar characteristics to one another.

However, as stated earlier, coal porosity and its size distribution are only first approximations for
extractability. This is because coal is a highly heterogeneous material with both inorganic and
organic phases that can greatly affect the solvent extraction processes. Furthermore, the type of
extractable molecules depends on the coal precursor which eventually affects the end-product.
Accordingly, following measurements of porosity and pore accessibility systematic studies with
solvents would be required to find a reliable correlation between solvent penetration,

porosity/pore accessibility of the coals as well as useful end-products.

4. Summary and conclusions

In this work, the porosity and pore accessibility of three bituminous coals (Herrin, Springfield,
and Blue Gem) and one subbituminous coal (Monarch) were investigated using small angle
neutron scattering (SANS), mercury intrusion porosimetry (MIP) and low pressure N, adsorption
techniques. The SANS measurements were performed in both as-received and contrast-matched
conditions where a contrast-matching D,O/H,0O mixture infiltrates and blocks signal from open

pores.
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The investigated coals were all vitrinite-rich and ranked from low to high as Monarch, Herrin,
Springfield and Blue Gem based on vitrinite reflectance (R, max) values of 0.39, 0.65, 0.67, and

0.88%, respectively.

Based on the SANS data, the highest porosity (open+closed) was observed in the Monarch coal
followed by Herrin and Springfield (close in value), and Blue Gem coals. The decreasing
porosity from Monarch to Blue Gem was found to agree with the increase in coal rank where
increased maturity leads to tightening of the macerals. Inaccessible porosity follows an opposite
trend, with Blue Gem coal found to have the highest amount of inaccessible porosity followed by
Springfield and Herrin coals. This also showed a good correlation with rank where the fraction of
inaccessible pores increased with increasing rank, for the coals studied here. However, the data
cannot be generalized to other coals as the coals studied here constitute a highly limited set all of

which were vitrinite-rich.

The pore size distributions obtained from the SANS measurements revealed the pores to be
concentrated in the mesopore range with similar size distributions albeit still related to rank
where smaller pores could be observed with increasing rank. This was again related to the
tightening of the macerals over geological time with increased maturity. The specific surface
area (SSA) values were also calculated from the SANS results and found also to be correlated to
coal rank with the lowest SSA in Blue Gem and highest SSA in Monarch where the SSA is

expected to increase with increased porosity.
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Complementary MIP and N, adsorption measurements were also conducted to further understand
the pore structure of the four coals. With MIP, similar trends in total porosities were observed,
where it was shown that Blue Gem coal had lower pore accessibility with the smallest amount of
pore volume while Monarch coal had the most accessible pore network with the highest amount

of pores.

The adsorption/desorption data from the N, adsorption measurements also revealed a more
accessible pore structure for the Monarch coal and a closer to a non-porous nature of Blue Gem
coal in agreement with its high fraction of inaccessible porosity. The total pore volumes and SSA
values in relation to the coal rank were found to qualitatively agree with the SANS data.
Deviations in quantification between the different techniques is expected due to the different
probing methods as well as SANS being able to detect both closed and open pores. Therefore,
the agreement in the observed trends between the different techniques was satisfactory for the
purposes of this work. Finally, the pore size distributions were also found to agree with the

SANS results.
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