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ABSTRACT 

Exciting opportunities exist for the application of supercritical fluid (SCF) reactions for 
the pre-treatment of coal. Utilizing reactants which closely resemble the organic sulfur 
and nitrogen containing components of coal, we propose to develop a method to tailor 
chemical reactions in supercritical fluid solvents for the specific application of coal 
desulfurization and denitrogenation. Diels-Alder reactions involving such compounds 
have been extensively studied and characterized in liquids. However, there is very little 
understanding of such reactions in SCF's. We are developing an approach which will 
allow optimum design of coal desulfurization and denitrogenation processes. 
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OBJECTIVES 

The goal of this work is to design benign solventlcosolvent systems for reactions which 

will achieve optimum desulfurization andor denitrogenation in the pre-treatment of coal 

or coal liquids. Supercritical fluids present excellent opportunities for the pre-treatment 

of coal, hence we shall utilize supercritical fluids as a reaction medium. A SCF exists in 

a single phase just above the critical temperature at elevated pressures. It has a liquid-like 
density which gives a large capacity for solvation, and it has a high molecular diffusivity 

and low viscosity, which makes it an ideal medium for efficient mass transfer. Further, 

its high compressibility gives large density variations with very small pressure changes, 

yielding extraordinary selectivity characteristics, which are most important in the removal 

of sulfur and nitrogen from coal or coal liquids. Significant work has already been 

carried out in such applications, both in general [Brennecke, 1989; Ekart, 199 1 ; Johnston, 

19891, as well as in many specific applications to environmental control [Eckert, 1986; 

Leman, 19901. 

The specific objectives of this work are three fold. The first objective is the 

quantification of the intermolecular interactions affecting reaction transition states in 
SCF's via kinetic measurements using well characterized Diels-Alder reactions. The 
second objective is the characterization of the thermodynamics of the reacting systems. 

From the thermodynamics of the reacting species detailed information about the 

transition state may be determined. The third objective is the development of molecular 

level mathematical models using the results from the first two objectives. The models 

shall be developed using both an equation of state approach and linear solvation energy 

relationships with sohatochromic parameters. 



PROGRESS THIS QUARTER 

The kinetic measurements of anthracene with a dienophile in liquid solvents are 

complete. The reaction rates of several dienophiles were measured in liquid solvents, 

namely n-phenylmaleimide, maleimide, and 4-phenyl-l,2,4-triazoline-3,5-dione (PTAD). 

PTAD is two orders of magnitude more reactive than the other candidates, and has been 

selected as the dienophile for this Diels-Alder system. 
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The fluorescence spectroscopic equipment which is to be employed in the supercritical 

phase of the project was used to obtain kinetic and thermodynamic data for the Diels- 

Alder reaction of anthracene and PTAD in liquid acetonitrile. The values obtained for the 

enthalpies and entropies of activation match those reported by A. I. Konvalov (1979), 

who measured the kinetics of the identical chemical system using UV spectroscopy. This 

agreement validates our fluorescence equipment and methods for this task. 

Some preliminary measurements of the kinetics of anthracene and PTAD in supercritical 

C02 have been completed. Results confirm that this reaction does run in the supercritical 

phase, and that the reaction has a conveniently short half-life. However, the solubility of 

PTAD in supercritical C02 is low, necessitating the acquisition of accurate solubility data 
for the temperatures and pressures at which the reaction will be run. Apparatus for 



measuring the solubility of solids in pure and mixed supercritical solvents has been 

assembled. The design follows that of K. P. Johnston (1987). The solubility equipment 

is currently being calibrated. 

THERMODYNAMIC MEASUREMENTS 

Capacity factor measurements for anthracene in various supercritical fluids have been 

completed along one isotherm and one isobar. The fluids for which data has been 

collected are ethane, and C02. 



PLANS FOR NEXT QUARTER 

KINETIC MEASUREMENTS 

We shall complete the calibration of the new solubility equipment and obtain data for the 

solubility of PTAD in supercritical C02 over an appropriate range of temperatures and 

pressures. 

We shall begin to collect the data needed to quantify the intermolecular interactions 

affecting reaction transition states for the Diels-Alder reaction of anthracene and PTAD 

in supercritical C02. Kinetic data will be collected at various pressures along several 

isotherms for the reaction in pure C02. The data will be correlated with respect to the 
following equation: 

This correlation will provide values for the partial 'molar volume of activation at different 

temperatures. 

We shall also continue preliminary work investigating the kinetics of the solvent sensitive 

intramolecular Diels-Alder reaction of (E)-(2-Furanyl>methyl Methyl 2-butenedioate 

(FMMB) to form (=k)-(3&6S,7S,7aS)-Methyl 1,6,7,7a-Tetrahydro-l-ox0-3H-3a,6- 

epoxyisobenzofuran-7-carboxylate [Jung, 1991 #29] shown below: 
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The preliminary work mentioned above is comprised of the completion of an IR 

transparent high pressure sample cell which has recently been customized to fit within 

our FTIR spectrograph. 

As noted above, this intramolecular Diels-Alder reaction has been run 

successfully in liquid acetonitrile using W spectroscopy, but we chose not to run this 

reaction in supercritical C02 in the FTIR until the new sample cell had been completed. 

The new cell will be used this quarter to run the above reaction in liquid solvent, and also 

supercritical C02. The solvents to be used include, but are not limited to, acetonitrile, 

dimethyl sulfoxide, acetone, and methanol. 



THERMODYNAMIC MEASUREMENTS 

A recently developed technique uses a supercritical fluid chromatograph for the rapid and 

facile measurement of the fugacity of dilute solutes in SCF's pkart, 19931, which is a 

variation on several previous successful techniques [Smith, 1987; Bartle, 1990; Bartle, 

1990; Shim, 19911. The chromatograph equilibrates a dilute solute between the 

stationary phase and a mobile (supercritical fluid) phase. The retention time, t, of solute i 

defines the capacity factor, ki 

ti - to 
to 

k---  
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Equation (4) gives the infinite dilution fugacity coefficient, 47,  in terms of the capacity 

factor and column dependent factors. 

Hi is the Henry's law constant for the solute and the stationary phase, V is the total 

volume, v is the molar volume and F & S represent the fluid and the stationary phases, 

respectively. 

The pressure and temperature derivatives of the fugacity coefficient, give the partial 

molar volume, vm , and partial molar enthalpy, h,m , Equations (5) and (6).  



Combining Equations (5) & (6)  with Equation (4) allow the partial molar properties to be 

determined with retention time data only. 

We shall begin measuring the capacity factor of PTAD in pure supercritical C02. The 

capacity factor of (E)-(2-Furanyl)methyI Methyl 2-butenedioate shall be measured in pure 

carbon dioxide. Isotherms and isobars shall be investigated to cover the ranges of interest. 



SUMMARY 

We have completed the liquid phase work of the reaction of several dienophiles with 

anthracene in acetonitrile. Several dienophiles were tested, and PTAD was selected as the 

dienophile best suited to our needs. Our fluorescence spectroscopic techniques were used 

to obtain the kinetic data for PTAD with anthracene, and the values obtained for the 

enthalpies and entropies of transition closely match those reported by A. I. Konvalov 

(1 979). We have constructed equipment necessary for the measurement of the solubility 

of PTAD in supercritical C02, and are currently calibrating the equipment. Some 

preliminary studies of the reaction of PTAD with anthracene in supercritical C02 have 

confirmed that the reaction runs, and that it possesses a conveniently short half-life. 

Future work will investigate the Diels-Alder reactions of anthracene PTAD in 

supercritical C02 and the intramolecular Diels-Alder reaction of (E)-(2-Furanyl)methyl 

Methyl 2-butenedioate (FMMB) in supercritical carbon dioxide. The effect of cosolvents 

on the kinetics and thermodynamics of the above reactions will also be investigated. The 
thermodynamics of the reactions shall be determined using a supercritical fluid 

chromatographic technique. 
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