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ABSTRACT

The objective of this study is to observe changes in coal structure in situ with small angle X-ray
scattering (SAXS) during solvent swelling and during pyrolysis. We have built a SAXS instrument
at the Basic Energy Sciences Synchrotron Research Center at the Advanced Photon Source that
allows us to obtain scattering patterns in the millisecond time domain. The eight Argonne Premium
Coal samples were used in this study. The information that can be derived from these experiments,
such as changes in fractal dimensionality and in size and type of porosity, was found to be very rank-
dependent. In the swelling experiments, it was noted that for certain coals, structural changes
occurred in just a few minutes.

INTRODUCTION

Coal solvent interactions have been studied extensively over the last 25 years. Most coals swell
significantly in solvents such as pyridine and this effect has been exploited to study the
macromolecular structure of coals (1-8). Typically, the volumetric swell ratio (Q,) is measured and
is defined as the ratio of the swollen volume over the dry volume. Recently, the swelling of
individual particles was determined using microscopy combined with video and image analysis (9).
Otake and Suuberg studied the temperature dependence of the rate of swelling on some of the
Argonne Premium Coal Samples (10). Also, they looked at a larger set of low rank coals (11). They
found large differences in the rate of coal swelling with the Illinois No. 6 (APCS 3) being the fastest
and the lignite (APCS 8) the slowest. The Upper Freeport (APCS 1) has been studied extensively
in part due to its unusually large solubility in the NMP/CS, mixed solvent system (12).

Small angle neutron scattering (SANS) has been used to study swollen coals and extracts. For the
Pittsburgh coal (APCS 4), it was shown that a rod-like pore structure developed upon swelling in
pyridine (13). It has also been shown that pyridine solubles are not truly soluble (14). Finally, the
Upper Freeport coal was studied extensively with SANS on both soluble and insoluble fractions for
NMP/CS, and pyridine (15).

The present study exploits the brilliance of the undulator X-ray source at the Advanced Photon
Source to probe, in real time, the structure changes in coal swelling using SAXS. The information
derived from the SAXS experiment throws new light on the early stages of structure changes in coal
swelling.

EXPERIMENTAL

The eight Argonne Premium Coal Samples were used without modification in this study (16). The
SAXS instrument was constructed at ANL and used on the Basic Energy Sciences Synchrotron
Radiation Center CAT undulator beamline ID-12 at the Advanced Photon Source
(http://www.bessrc.aps.anl/).

Quartz capillaries (1 mm) were used to sample 5 mg of -100 mesh coal. Scattering patterns were
obtained on the dry coal, then 10 ul of solvent was added with a syringe such that all the sample was
wetted. SAXS data were obtained every minute for one hour with approximately a one minute delay
after adding the solvent. Monochromatic X-rays (8.5 - 23.0 keV) are scattered off the sample and
collected on a 19 x 19 cm® position sensitive two-dimensional gas detector. The scattered intensity
has been corrected for absorption, the empty capillary scattering, and instrument background. The
differential scattering cross section has been expressed as a function of the scattering vector Q, which
is defined as:

4
Q=Tnsin 8
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where A is the wavelength of the X-rays and 6 is the scattering half angle. The value of Q is
proportional to the inverse of the length scale (AY). The instrument was operated with two different
sample-to-detector distances, 68.5 cm to obtain data at 0.04 < Q < 0.7 A and 3740 cm to measure
at0.006 < Q< 0.1 A,

Small Angle X-ray Scattering

A typical two-dimensional plot of the time-resolved data for the swelling of the subbituminous coal
(APCS 2) in pyridine is shown in Figure 1. These curves can be analyzed to determine size of
features, topology, and changes in total scattering. At small Q in the Guinier region, the radius of
gyration (R,), which is related to the size of the scattering features, can be determined. For example,
R, for spheres can be determined from the slope of I(Q) vs Q?inaQ region where R,Q<1.0. Power
law slope (fractal dimension) from the data, such as is shown in Figure 1, are used to describe the
topology of the system. Finally, the invariant Qj is calculated and is proportional to the fluctuation
of the electron density in the system. Changes in the invariant are useful in monitoring topological
changes in the sample.

Q. = /1(Q) Q*¢Q

For example, the invariant goes to zero for a homogeneous system such as a solution of coal
molecules that are truly soluble and not aggregated.

RESULTS AND DISCUSSION

This discussion will focus on four of the Argonne coals: lignite, Illinois #6, subbituminous, and
Upper Freeport. The slowest swelling coal, lignite (APCS 8), at 25 °C took 230 min. to reach 50%
of final swelling (t,) (10), while the Tllinois #6 at 24 °C had a t;; of 1.7 min. The subbituminous
coal was chosen since its swelling rate is of an intermediate value, t;,=12.8 min. at 24 °C and its
results correlate well with those described in the literature (10). Finally, the Upper Freeport was
examined with two solvent systems, pyridine and NMP/CS, with very different results between the
two solvents.

A set of sixty scattering curves are shown in Figure | for the subbituminous coal in pyridine.
Initially, there are only small changes, then between 10 and 25 min., the slope and invariant
decreased quite rapidly. The change in fractal dimensions is shown in Figure 2 for all four of the
coals. It appears that the decrease in the fractal dimension is stopped when the subbituminous coal
is fully swollen. Between 10 and 35 min. this data fits an exponential decay with a constant of 0.16
min.”". For short length scales < 30A, there appears to be an increase in the scattering when the
swelling has finished. After the macromolecular structure has expanded, changes at the molecular
level can be discemed.

The swelling of Tllinois #6 was very rapid, therefore, the changes seen with time in the SAXS data
must be due to a molecular aggregation that started after 20 min. However, this new configuration
was not stable and slowly rearranged between 30 and 60 min. This was seen much better in the
changes of the power law slope as shown in Figure 2. This unusual phenomenon was reproducible
and appeared limited to the Ilinois coal.

At room temperature, no changes in either the invariant or power law slope were observed for the
lignite coal. However, the experiment was repeated at 50 °C, where Ts, = 25 min. At low Q, the
power law slope decreased, but this change was much smaller than those observed for the other
coals. These higher temperature experiments need to be run at high Q to see if changes on a smaller
length scale is occurring. In addition, acid treated lignite will be studied. There is considerable
organic acid-mineral interactions in lignite.

The Upper Freeport mv bituminous coal does not swell as well as other coals, Q, = 1.3 (12), while
all the other lower rank coals swell with Q, > 2.0. In NMP/CS,, the ratio was not measured on the
raw coal since it is very soluble (12). In pyridine, a rapid increase in the invariant occurred and then
it remained constant after approximately 10 min. (see Figure 3). While the invariant in NMP/CS,
starts at about the same value and does increase, the magnitude of the increase is much less, and after
10 min,, it starts to decrease. Pyridine must decrease the surface area in the coal possibly by
dissolution followed by re-aggregation. We know from SANS that pyridine solutions are actually
aggregates (14). It is interesting that while NMP/CS, is a good extraction solvent for the Upper
Freeport, it does not appear to greatly change the 3D structure on the length scales studied here.
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CONCLUSIONS

Structure changes in initial solvent swelling are observed in the time-resolved SAXS data from the
coals. With high rank coals in pyridine, there is a rapid breakup of the solid structure, followed by
are-aggregation that produces constant scattering. With NMP/CS,, the effect is much smaller and
the scattering decreases withtime. For the subbituminous coal, the scattering increases immediately,
probably forming a new pore structure with rod-like features.
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Figure 1. SAXS of the subbituminous coal (APCS 2) in pyridine from 1 to 60 minutes .
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Figure 2. Power law slopes (fractal dimensions) for coal swelling in pyridine at low Q,
as a function of solvent contact time.
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Figure 3. Invariant change with swelling in pyridine and NMP/CS, for the Upper Freeport coal.
The inset is an exploded view in Q, for the NMP/CS, data.
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