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1. OBJECTIVES 

The principal objective of this project was to investigate theoretically and computationally 
the deposit of pyrolytic products from supercritical fuels. In addition, mathematical models 
of particle formation during the rapid expansion of supercritical solutions, and of mass 
transfer between droplets and supercritical solvents were formulated and studied 
numerically. The production of biologically-active protein powders using supercritical 
fluids was studied experimentally. 

2. MAIN FINDINGS 

2.1 Deposition of Pyrolytic Products from Thermally-Stressed Supercritical 
Fuels 

The physical processes that give rise to the deposition of pyrolytic products from thermally 
stressed endothermic fuels formation (nucleation, condensation, coagulation) influence the 
overall deposition rate in very different ways. This is illustrated in Figure 1, which shows 
the calculated deposition rate of picene (deposit) from supercritical methylcyclohexane 
(fuel) as a result of depressurization during flow. Although substantial deposition is 
predicted under thermodynamic control (instantaneous precipitation; mixture is always at its 
equilibrium composition), the actual rates resulting from nucleation and condensation are 
orders of magnitude lower, suggesting that a negligible amount of deposits is formed as a 
result of friction-driven depressurization in tubular flow. 

The presence of small amounts of entrained microparticulates (seeds) can have a 
very pronounced effect in increasing the deposition rate. This is illustrated in Figure 2, also 
for the system picene-methylcyclohexane. In this figure, 1010 seeds/cc correspond to 1, 10, 
and 1000 ppm, respectively, for the three seed diameters shown. It follows that the 
presence of very small amounts of entrained impurities can adversely affect the 
performance of thermally stressed endothermic fuels. 

2.2 Particle Formation During the Rapid Expansion of Supercritical 
Solutions   (RESS) 

The first complete model of particle formation during the expansion of supercritical 
solutions has been formulated and solved numerically (Weber et al., 1999). The model 
addresses the formation of particles as a result of nucleation, condensation, and interparticle 
coagulation during steady, one-dimensional flow of supercritical fluids containing 
dissolved non-volatile solutes. It consists of mass, momentum, and energy balances, 
coupled to an aerosol dynamics model. 
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Typical model calculations are shown in Figure 3. The phenanthrene particle size 
distributions resulting from the rapid expansion of a saturated mixture of phenanthrene in 
supercritical carbon dioxide are shown at various locations along a capillary. The 
calculations give the evolution of the particle size distribution along the axis of the 
expansion device. The driving force for the formation of particles is pressure drop caused 
by friction. This, in turn, leads to a decrease in the density of the solvent, and hence to loss 
of solvent power. In order to obtain the detailed information about particle size distributions 
shown in the figure, it is necessary to incorporate nucleation, condensation, and 
coagulation into the aerosol dynamics calculations. 

Numerical solution of the model over a wide range of supercritical temperatures and 
pressures, and of capillary length-to-diameter ratios, yielded particle sizes always smaller 
than 1 |im. Inter-particle coagulation in the free-jet expansion beyond the capillary's exit, a 
region not included in the present model (Weber et al, 1999) is therefore a key mechanism 
leading to the formation of the experimentally-observed particles in the 10-50 um size 
range. 

2.3 Behavior of Droplets in a Partially Miscible Supercritical Fluid 

An important method for forming microparticles, known as the supercritical anti-solvent 
process (SAS), involves contacting droplets of an organic solvent with a dissolved solute. 
If a supercritical fluid having appreciable mutual solubility with the solvent, but poor 
solvent power towards the dissolved solute is contacted with the organic solution, two-way 
mass transfer of the supercritical fluid into the droplet, and of the organic solvent into the 
supercritical fluid, occurs. This leads eventually to solute precipitation. This technique has 
been used to make a variety of microparticulate solid phases, including protein powders, 
polymer fibers, and polymer spheres, with potential applications ranging from direct 
delivery of aerosolized drugs to the lungs to formation of engineering plastics with 
improved mechanical properties (Eckert et al., 1996). 

A model of two-way mass transfer has been formulated and solved numerically 
(Werling and Debenedetti, 1999). Figure 4 illustrates the evolution of 50 um toluene 
droplets in supercritical carbon dioxide at 82.5 bar. The arrows show the time it takes for 
the droplet to attain maximum swelling, and to achieve saturation at its center, respectively. 
The temperature dependence of these two lifetime measures is shown in the inset. Note the 
non-monotonic dependence of the time to saturation upon bulk temperature. Note also the 
appreciable droplet swelling, which is due to the sensitivity of the liquid-phase density to 
composition in the vicinity of the mixture's critical locus. As long as the equilibrium 
mixture at the interface is below its critical pressure, droplets were always found to swell 
appreciably before evaporating. 



These calculations represent the first step towards the formulation of an engineering 
model of the SAS process. They are being supplemented with a nucleation model and an 
energy balance (ongoing work). This will allow the calculation of time-dependent particle 
size distributions under non-isothermal conditions. 

2.4 Production of Biologically-Active Protein Powders 

We have used the SAS technique to produce microparticulate powders of insulin, 
lysozyme, and trypsin in the 2-4 urn size range. The proteins retain their biological activity 
upon re-dissolution in water. This type of powders is potentially useful for direct 
aerosolized delivery to the lungs, and for incorporation into polymeric drug delivery 
matrices (Winters et al., 1996). 

The powders produced by the anti-solvent technique retain their structural integrity 
during long-term storage (> 1 yr) and recover their biological activity upon redissolution in 
water following prolonged dry storage. High-temperature (60°C) storage during three days 
revealed no changes in secondary structure. These results demonstrate that long-term 
storage of non-native protein structures does not result in loss of stability or biological 
activity, and suggest that SAS processing may be a useful finishing step in protein 
processing for therapeutic applications (Winters et al., 1997). 

Supercritical carbon dioxide was used as an antisolvent to induce the semi-batch 
precipitation of proteins from organic solution. Because each protein has a distinct 
precipitation pressure, this technique can be used to fractionate mixtures of proteins. We 
tested this idea experimentally and found that, indeed, the use of supercritical carbon 
dioxide is a very convenient and effective route for fractionating protein mixtures. Insulin, 
lysozyme, ribonuclease, and trypsin precipitates obtained from dimethyl sulfoxide 
solutions pressurized with supercritical carbon dioxide recovered substantial amounts of 
biological activity upon redissolution in water. Alkaline phosphatase, however, was 
irreversibly denatured (Winters et al., 1999). 
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Figure 1: Calculated rate of picene deposition from supercritical methylcyclohexane 
(MCH), flowing at a rate of 13 kg/hr inside 2 mm i.d. tubing. The deposition rate has 
been integrated along 10 cm of tubing. Inlet conditions are 620 K and 70 bar. The x-axis 
gives the ratio of actual to equilibrium picene mole fraction at the entrance. Instantaneous 
precipitation conditions correspond to a mixture that is always saturated along the tube. 
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Figure 2: Calculated rate of picene deposition from supercritical methylcyclohexane in 
the presence of entrained microparticulates (seeds). Other conditions are the same as 
shown in Figure 1, with saturated conditions at the entrance. The figure illustrates the 
dramatic enhancements in deposition rates that can result from the presence of entrained 
microparticulates. 
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Figure 3: Phenanthrene particle size distributions (number density) at three positions 
inside a 100 um i.d., 100 mm L capillary during the steady, friction-driven expansion of a 
saturated mixture of phenanthrene in supercritical carbon dioxide. The labels on the curve 
denote axial locations in mm. The inlet conditions are 343 K and 200 bar, and the flow is 
choked at the capillary's exit (Weber et al., 1999). 
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Fioure 4: Evolution of 50 urn toluene droplets exposed to supercritical carbon dioxide at 
82^5 bar over a range of supercritical temperatures. Note the. appreciable initial swelling, 
which was always found to occur whenever the equilibrium mixture at the interface was 
below its critical pressure. The inset shows the temperature dependence of the time it 
takes for the droplet to attain its maximum size, and for the droplet to become saturated 
with carbon dioxide at its center. (Werling and Debenedetti, 1999). 
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