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ABSTRACT

Significant opportunity exists for the application of supercritical fluid (SCF)
technology to coal processing, both for pretreatment of high sulfur coals, as well as
liquefaction and treatment of coal liquids. Supercritical fluids are attractive solvents
for a variety of coal processing applications because of their unusual solvating and
mass transfer roperties. Solubility studies have been carried out for a nujn.ber of
,,,,ndel coal anPdcoal-liquid compounds, primarLly in puf.e su.pe.,rcr.itical.flulds- We
are extending this database of model coal compounct equmona using mouer_,
techniques that have the advantage of being much more rapid than traditional
techniques. Cosolvent effects on solubility are being investigated over a variety of
solvent propert,.es. In addition, specific molecular interactions are being
investigated through spectroscopic techniques. The resulting data are being used to
develop a chemical-physical equation of state (EOS) model of SCF solutions with
meaningful parameters. The equation of state wiU be used to predict solubility
behavior, which will permit the design and tailoring of SCF cosolvent systems for
specific coal processing applications.
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OBJECTIVES

The focus of this work is the application of supercritical fluid (SCF) solvents
to the precombustion desulfurization and denitrogenization of coal, as well as to the
liquefaction and subseque:tt processing of coal liquids. In particular, we focus on the
design of solvent-cosolvent systems for treating nitrogen and sulfur heterocycles. A
novel technique using supercritical fluid chromatography measures rapidly the
cosolvent effect on solubility and is used to extend the existing database of solubility
data. Further details of molecular interactions in supercritical fluids, including
specific solvation and the "clustering phenomena" in the near critical region, are

• investigated using high-pressure spectroscopic experiments. Data obtained from
these experiments will be used in the development of a chemical-physical equation
of state that accounts for the unique solvation properties of supercritical fluid
solutions using accurate and chemically-meaningful parameters.

Supercritical fluids (SCF) show potential for coal processing because they
possess some unique properties. A SCF is quite dense, which gives a large capacity
for solutes; it has high diffusivity and low viscosity, which makes it an ideal
medium for efficient mass transfer; and the fluid is highly compressible, which
yields large solubility changes with small changes in temperature and pressure. The
addition of a small amount of cosolvent (usually less than 5%) can dramatically
enhance solubility. These phenomena suggest extraordinary selectivity possibilities.
Therefore, we are proceeding with the measurement of solubilities in these novel
fluids and fluid mixtures.

Solubility data exist for a wide variety of chemical compounds for pure solid
solutes in several pure SCF's. The majority of these data are taken in SCF systems
with a low critical point. Solubility data has recently been extended to include some
heavier compounds typical of coal structures and solubilities in supercritical fluids
with higher critical temperatures. These data have been correlated with a varieW of
cubic equations of state (EOS's) and semitheoretical expressions. However, in order
to account for the effect of cosolvent on solubility and exploit potential selectivities
in model coal compound systems, an EOS developed though a molecular approach
is necessary.

Our ongoing studies of cosolvent effects both support the development of a
chemical-physical EOS as well as extend the existing database of solubilities of mc,del
coal compounds in SCF solutions. The supercritical fluid chromatography
technique permits rapid measurement of these effects. The solvent, cosolvent and
solute are carefully chosen to gain maximum information on the relative
importance of solute and cosolvent properties such as polarity, acidity, and basicity
on phase equilibria.

Direct spectroscopic measurements of the specific interactions which yield
extreme solubility and cosolvent effects will also be used to understand the relative
importance of specific interactions in SCF's. The spectroscopic phenomena
investigated include charge-transfer complexing, hydrogen bonding, and dipole
coupling. A high-pressure UV-vis spectrometer and a high-pressure fluorescence



spectrometer are being used to probe these interactions. From the spectra
information can be derived about the strength of both solute/solvent and
solute/solute and solute/cosolvent forces and how they change with proximity to
the critical point. Both the solubility and spectroscopy data are vital to the
development of an equation of state model that will take into account both the
physical and chemical forces that are important in SCF solutions.



PROGRESS THIS QUARTER

PHASE EQUILIBRIA AND COSOLVENT EFFECTS

Under past DOE support, we compiled an extensive database of model coal
compound solubilities. Although cosolvent-modified SCF's show much promise in
facilitating difficult separations, relatively little data exist on the effects of these
modifiers. Both the magnitude and the importance of specific molecular
interactions on cosolvents effects are y.et unknown. Therefore, we are now
extending this solubility database by using two novel techniques for measuring
solubilities in supercritical fluid solutions containing cosolvents. Through carefully
designed experiments, we are also working to delineate the effects of various specific
interactions on model coal compounds solubilities in SCF solutions.

One reason that solubility and cosolvent data are scarce is that conventional

phase equilibria techniques are time consuming and require large amounts of
solute. A chromatographic technique that we developed to measure these
thermodynamic phenomenon in SCF solutions is attractive because
chromatographic measurements are rapid, require little solute, and inherently
separate impurities from the solute. With this technique, we are measuring
solubilities and cosolvent effects from the retention time of the solute in the
column using the SCF solution of interest as the mobile phase. We define the
cosolvent effect. W, for a solute as the ratio of its solubility in the fluid mixture to
the solubility in the pure fluid at the same temperature and pressure. We have
demonstrated the viability of this technique (Ekart et al., 1992); the absolute
solubilities measured using this technique compare favorably with literature data.

In a recently completed study of the role of specific interactions on cosolvent
effects, Kamlet-Taft solvatochromic parameters (Kamlet and Taft, 1976; Kamlet et
al., 1977, 1983), dipole moments, and polarizabilities guided our cosolvent selection.
Cosolvents possessing either relatively extreme hydrogen bond donating abilities or
hydrogen bond accepting abilities were of particular interest to our investigation.
Solub, ilities and cosolvent effects were measured for several solutes, again chosen
for their ability to participate in various specific interactions. Although hydrogen
bonding apparently contributes to cosolvent effects, our results also show that other
specific interactions such as charge transfer complexing, dipole/dipole alignment
and polarity/polarizibilities can be exploited to improve selectivities and loadings.
In order to better understand the contributions of these effects, a wider range of
cosolvents must be studied.

For this reason, we have chosen to study the series of cosolvents listed in
Table 1. These cosolvents have only minor perturbations in structure but vary

widely in their ability to participate in various specific interactions. From this series
of cosolvents, we are investigating the role of polarity/polarizability interactions,
Lewis acidity/basicity, as well as hydrogen bonding ability, on cosolvent effects.
High pressure VLE data with ethane was not available for several of these
cosolvents. However, knowledge of these phase boundaries is necessary to ensure



operation within the one phase region in the mixing bomb, transfer lines, and
column. A near-critical phase boundary was determined for each 3.5%
cosolvent/ethane mixture. Results of this preliminary cosolvent screening are
shown in Table 1. Table 1 lists only the cosolvents which are sufficiently soluble in
ethane and will therefore be used in this study. Note that a phase boundary for the
acetic acid/ethane mixture remains undetermined. Acetic acid corrodes the view
cell of the phase equilibria apparatus. The experiment is currently undergoing
material modifications which will allow us to investigate this phase boundary.

The solutes to be investigated are a homologous series of fluorene and
anthracene compounds. Nitrogen-containing compounds and sulfur compounds
such as these are of interest to coal processing. Minor perturbations in chemical
structure of both the cosolvent and solute will allow us to study a variety of specific
interactions. All studies will be conducted in SCF mixtures of ethane, which does
not participate in specific interactions with the cosolvents or solutes, modified with
approximately 3.5 mole% cosolvent.

Table 2 lists cosolvent effects, defined here as the ratio of solute solubility in a
cosolvent/SCF mixture to its solubility in pure ethane, for several solutes. To date,
cosolvents effects have been measured in 3.8 tool% ethanol/SCF ethane and 3.8
tool% propionitrile/SCF ethane solutions using a chromatographic technique. We
are currently measuring cosolvent effects for these solutes in the remaining
cosolvents listed in Table 1. These results will then require further analysis and
comparison with our previous cosolvent studies to delineate the role of various
specific solute/cosolvent interactions on cosolvent effects.

SPECIFIC INTERACTIONS THROUGH SPECTROSCOPY

An understanding of the hydrogen bonding environment of a solute
molecule in a cosolvent mixture is crucial to our goal of developing a predictive
tool for coal processing applications. Solute/cosolvent hydrogen bonding has been
shown to contribute significantly, although not exclusively, to cosolvent effects and
is therefore of particular interest in designing SCF solvent systems for separations.
However, the effects of vicinity to the critical point on solute/cosolvent hydrogen
bonding is little understood, particularly in light of two phenomena: local density
enhancement and local composition enhancement in SCF solutions. Increasing
experimental and spectroscopic evidence suggests that, in the near critical region,
the local environment of a solute molecule "sees" a greater number of molecules
than in the bulk environment (for a review, see for example, Eckert and Knutson,
1993), or exists in a density enhanced environment. In the case of cosolvent
mixtures, the local composition around a solute molecule is also enhanced in
cosolvent (Kim and Johnston, 1987; Roberts, et al., 1992). The effect of these
phenomena on hydrogen bonding in SCF solutions has not been quantified.

Our UV-vis spectrophotometer, modified for high pressure applications, is
well-suited to the investigation of solute/cosolvent hydrogen bonding. We have



chosen to quantify hydrogen bonding in these systems using benzophenone as a
probe molecule. The blue shift of the nm>_ * transition of benzophenone with
increasing alcohol concentration is well-characterized in liquids (Brealey and Kasha,
1955; Becker, 1959; Ito et al., 1960). Stabilization of the nonbonding electrons of the
carbonyl oxygen by hydrogen bonding or other electrostatic bond lowers the energy
of the n-electron orbital. This bond is broken or severely weakened upon excitation,
therefore the energy of the molecule in the excited state is approximately equal to
the energy of the non-bonded excited state molecule. The lower energy of bonded
ground state n-electron orbitals, as well as solvent dielectric effects, result in a blue
shift with increasing alcohol concentrations in liquids of the nm>_ * transition of
benzophenone (Ito et al, 1960).

Preliminary results indicate a pronounced blue shift of the benzophenone
probe molecule in SCF ethane upon the addition of 2,2,2-trhquoroethanol (Figure 1).
Figure 1 shows the observed maximum of the n-->_* transition (in cm-1) as a
function of SCF solution density. These data are presented in pure ethane and
ethane doped with .224 moles/liter of 2,2,2-trifluoroethanol at 35 °C. As this is a
constant composition experiment, the mole fraction of 2,2,2-trifluoroethanol varies
from 1.8 x 10 -4 to 2.8 x 10-4 with increasing system pressure. The significant shift of
the n-->_* maximum with the addition of cosolvent suggest that benzophenone is
ideal for investigating the extent of solute/cosolvent hydrogen bonding in the near
critical region. In this region, we can accurately measure the transition maximum
to within 30 crn-1, therefore we can investigate hydrogen bonding at even lower
cosolvent compositions. We will continue this investigation, quantifying the
n-->_* transition of benzophenone as a function of cosolvent concentration,

system density, and vicinity to the critical point.
i

PLANS FOR NEXT QUARTER

We have measured cosolvent effects on solubility for the
SCF/cosolvent/solute systems using a chromatographic technique. The solvents,
cosolvents, and solutes were carefully chosen to gain maximum understanding of
the importance of specific chemical interactions, in particular hydrogen bonding, on
cosolvent effects. The results of this study suggest that other specific interactions
also contribute to hydrogen bonding. Therefore, we are measuring cosolvent effects
using a wider range of cosolvents with only mild perturbations in structure. These
cosolvents vary widely, not only in their ability to hydrogen bond, but in polarity,
polarizability, and Lewis acidity/basicity. Upon completion of this series of
cosolvents, we will analyze cosolvents effects based on the ability of a cosolvent to

participate in various specific interactions. These results will then be incorporated
with results from our previous cosolvent investigation for further interpretation.

In an effort to quantify the extent of solute/cosolvent hydrogen bonding, we
are investigating the n--->Tt* transition of benzophenone using UV-vis
spectroscopy. Encouraging initial results suggest that our system (benzophenone
(solute)/ 2,2,2-trifluoroethanol (cosolvent)/ SCF ethane) is ideal for these
measurements.



We will continue testing and improving our new chemicalphysical equation
of state based upon our solubility, cosolvent, and spectroscopic data. Equilibrium
constants, such as those measured spectroscopically for charge transfer complexes,
are potential chemically-meaningful parameters in this equation of state.

SUMMARY

Supercritical fluids show potential for a variety of coal processing
applications. Application of SCF technology to these processes _ limited by a dearth
of information on the phase equilibria of coal compounds in SCF solutions and
cosolvent effects on these solubilities. We are taking a molecular-based approach to
developing and improving a chemical-physical equation of state with chemically-
meaningful parameters. The goal of this work is the ability to tailor SCF cosolvent
systems to specific coal processing applications through knowledge of the chemical
interactions which are significant to the SCF system.

Future work will include further investigations of cosolvent effects using

supercritical fluid chromatography, fluorescence spectroscopy, and UV absorption.
This information and the database of solubility measurements will be used in the
further development of an equation of state model to predict solubilities for the
design of coal treatment processes.
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Table 1. Near-critical phase boundaries of 3.5 mole% cosolvent/ethane
solutions.
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]Figure 1. Maximum of n-->Tt* transition of benzophenone in pure SCF ethane and
22.,2-trifluoroethanol/SCF ethane systems as a hmction of density.
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