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Abstract 

The precipitation of organic particles from supercritical fluids (SF) 

by expansion (SFX) has become an interesting alternative to milling 

without thermal decomposition. Through the rapid-expansion process, a 

dramatic change of the solute supersaturation ratio is created causing 

subsequent precipitation with a narrow particle size distribution. It was 

found that p-carotene precipitates from SF ethylene and ethane have the 

feed material crystallinity. However, SF CO2 reacted with p-carotene and 

did not give characteristic p-carotene X -ray spectra. The mean particle 

sizes of these precipitates were in the submicron range (ca. 0.3 J,lm). 

Increased solubility was obtained by addition of toluene as co-solvent in SF 

ethylene. It was found that the mean size of p-carotene particles, generally 

remained unchanged if the toluene concentration was less than one and one

half mole percent. 

The GAS (Gas Anti-Solvent) process, wherein a high pressure gas is 

dissolved in a liquid solvent, thus precipitating a solid, has successfully 

been applied to recrystallize some difficult-to-comminute materials. It is 

essential to obtain the experimental solubility of the high pressure gas in 

the liquid solvent in order to model the GAS recrystallization process. A 

new method to measure compressed gas solubility and solvent expansion 

behavior was developed using a high precision densitometer. Theoretical 

predictions of phase equilibria and solubility of the compressed gas 



dissolved in the liquid solvent for three binary asymmetric systems was 

done in this study. 

18 

Solids precipitation from liquid solvents, using dissolution of high 

pressure C02 as an anti-solvent to create supersaturation, is a potentially 

attractive crystallization process. Separation and purification of p-carotene 

mixtures was done in this study by this anti-solvent salting out technique. 

It was found that total carotene was successfully separated from epoxy 

oxides, as well as trans p-carotene from cis isomers. The separation can be 

carried out in batch or continuous modes. It is suggested that the 

purification (or fractionation) of an isomer mixture might be done using a 

mixed solvent if the desired compound dissolves in a highly expanded 

solvent and the undesired compound dissolves in a less expanded solvent. 
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CHAPTER 1 

Introduction 

The supercritical fluid (SF) state of a pure component is defined as 

the region of temperatures and pressures greater than or equal to the 

critical temperature and critical pressure of that component. Interest in the 

use of SF was initially related to observations that such fluids have high 

diffusivities, yet behave in the same manner as normal liquids. Industrial 

interest in SF extraction has been stimulated primarily by experimental 

work at the Max Planck Institute Fur Kohlenforechung during the 1960's 

(Zosel, 1978). A renewed interest in SF extraction (SFE) has occurred 

recently due to increased interest by the U.S. government for more 

stringent pollution-control laws; the search for a wider base of 

petrochemical feedstocks; and a change in process economics caused by 

rapidly increasing enr.rgy costs. Towards this end, many applications using 

SF extraction have been studied at universities and have been developed by 

commercial companies. 

Particle size distribution has many important end-use properties for 

solids, e.g. bulk density, dissolution and filtration rates, settling velocity, 

fluidization properties, etc. (Randolph and Larson, 1988). The particle size 

and size distribution of industrial solid products is frequently not the size 

that is desired for subsequent reaction or use of these materials. Grinding, 

milling, and recrystallization from liquid solution are examples of methods 
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for particle-size redistribution applied to pharmaceuticals, dyes, organic 

chemicals, and polymers. Many solids are difficult to process by grinding or 

by liquid solution techniques for some reason. Such solids are difficult-to

comminute dyes, explosives, biological compounds, and chemical 

intermediates that are subsequently used in solid-gas reaction. Nucleation 

from supercritical fluid solutions containing such materials is an alternative 

comminution technique that can narrow particle size and size distribution at 

very mild temperatures (McHugh and Krukonis, 1986). Therefore, research 

on precipitation using supercritical fluid nucleation is being done. 

Previous Work 

SF extraction 

Examples are fermentation processes, e.g. a process to separate 

alcohol from water using C02 near its critical point (Jonas, 1981), food and 

pharmaceutical applications, e.g. a process for the removal of caffeine from 

coffee beans using SF CO2 (Roselius et al., 1974), the use of SF for the 

extraction of flavors and fragrances in natural products (Caragay, 1981), 

petroleum applications, e.g. fractionation of vacuum-distillation residue 

using SF pentane (Gearhart and Garwin, 1976), synthetic fuels applications, 

e.g. processes which selectively extract the lighter hydrocarbon-rich 

material from coal (Brunner and Peter, 1981), extraction of solvents, 

monomers and oligomers and fractionation of polymers, e.g. extraction of 

unreacted monomers and low molecular weight oligomers (Copelin, 1981). 

Other applications such as redistribution of particle size from supercritical 

------------------------------
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fluid nucleation (W ortby, 1981), activated carbon regeneration (Filippi et 

aI., 1980), SF extraction of phannaceutical compounds (Larson and King, 

1986), and the effect of cosolvents on steroids (Wong and Johnston, 1986) 

have been studied. SF are good solvents for some volatile organic 

compounds and are good extractants for relatively low-volume, high-value 

products. However, SFs are poor solvents for many nonvolatile Olrganic 

compounds which have melting points above 180°C (Schmitt and Reid, 

'1986). Therefore, researchers have studied the effect of liquid (or solid) 

entrainers on solute solubility in SF extraction and particle crystallinity, 

looking for an alternate way to produce the desired crystallinity and purity 

in reasonable yield. 

SF applications to precipitation 

In recent years SFE continues to receive considerable attention for 

the separation, recrystallization, and recovery of thenno-Iabile and 

nonvolatile organic compounds. Research subjects include rapid expansion 

from supercritical solution (Petersen et aI., 1986; Smith et aI., 1986; Matson 

et aI., 1986a, b; 1987a, b; Mohamed et aI., 1989; Chang and Randolph, 

1989), polymer purification and impregnation (McClellan and McHugh, 

1985; McHugh and Krukonis, 1986; Seckner et aI., 1988; Shim and 

Johnston, 1989), and gas anti-solvent (the so-called GAS process) 

recrystallization(Gallagher et aI., 1989). 

It has been proposed that enhanced solubility and separation could be 

achieved by using solvent mixtures. Particle size distribution can be 

narrowed using rapid expansion from SF. It has been reported that due to 
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the high solubilities of some gases in polymer solutions, the solution could 

be separated and the polymer fractionated to the desired purity by adding a 

low molecular weight gas to the solution (Seckner et aI, 1988). 

There is lack of knowledge of the phase behavior and nucleation 

mechanisms in SF recrystallization in the presence of co-solvents (Mohamed 

et aI., 1989). The gas anti-solvent recrystallization process (Gallagher and 

Krukonis, 1989) was not modelled. Therefore a pharmaceutical compound, 

J3-carotene, was studied using recrystallization from SF gas solution and 

from high pressure liquid solution. It is hoped these studies will point the 

way for industrial applications of SF and gas anti-solvent recrystallization 

processes. In addition, it is necessary to purify trans J3-carotene and to 

separate J3-carotene oxides from the raw material. Therefore, this study 

addressed SF and gas anti-solvent recrystallization processes as well as the 

purification and separation of J3-carotene from its oxides. 

The particular particle size distributions of solid material produced in 

many industrial processes using cooling, reaction or evaporative 

crystallization are frequently not imporwnt for subsequent processing. 

However, recrystallization and comminution operations are often carried 

out in the pharmaceutical, dye, chemical, and explosives industries in order 

to take a crude material from one size distribution and change it into a 

desired size or size distribution. There are several methods for 

redistribution of particle size such as grinding (e.g. cryogenic grinding and 

ball milling), air micronization, sublimation, and recrystallization from 

solution. Recrystallization from liquid solution can generally be carried out 

using the temperature dependence of solubility or by using inert liquid anti-
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solvents. Unfortunately, certain dyes, pharmaceutical compounds, and high 

explosives can be dangel'Ous, and might be difficult to recrystalli.?:e using 

one of these processes. 

Supercritical fluid nucleation offers the potential to tailor particle size 

and size distribution for a variety of materials (Petersen et al., 1986; Larson 

and King, 1986; McHugh and Krukonis, 1986; Paulaitis et aI., 1983; 

Johnston, 1984), and has been shown to be an excellent recrystallization 

method for some materials such as pharmaceuticals used in dermal salves, 

injectable solutions, and ophthalmological preparations which require ultra

fine and uniform particles (Coffey and Krukonis, 1988). However, not all 

solids can dissolve in SF to an appreciable extent. An attractive alternative 

recrystallization method, using gas anti-solvent addition for precipitating 

solids that have low solubilities in SF, has been tried by Gallagher et al. 

(1989). This technique is similar to the method of separating a polymers 

from solution by adding a low molecular weight SF as a gas anti-solvent to 

the solution (Irani et al., 1982; McHugh and Guckes, 1985; McClellan and 

McHugh, 1985; Irani and Cozewith, 1986; Seckner et aI., 1988). 

Fractionation of precipitates from GAS recrystallization might also occur. 

Solids solubility in supercritical fluids 

The bulk of research with SFs has been the measurement and 

modeling of phase equilibria between heavy organic solutes and SFs. The 

most commonly used solvent continues to be CO2, which is attractive 

because of a convenient critical point of 304°K and 73.5atm, low cost, 

nontoxicity, and nonflammibility. Other SF solvents which have been 
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studied include water, methane, fluorofonn, ethylene, and ethane. 

Solute/SF solubility data are a necessary starting point in the analysis of any 

SF predpitation process. Kaul and Prausnitz (1978) used a flow system to 

obtain such solubility data. In their experiments, solids were collected in a 

cold trap after expansion of the compressed gas through a needle valve. A 

similar gravimetric technique was also used by Johnston and Eckert (1981), 

Kurnik et aI. (1981), and Schmitt and Reid (1986) to obtain solubility data. 

In order to achieve solid-fluid equilibrium in continuous operation, the SF 

flow rate and the length of the packed extractor need to be properly 

adjusted (Tan and Weng, 1987). Dobbs et aI.(1986) used a microsampling 

apparatus combining a solvent delivery system similar to the one of Dobbs 

et aI. (1987) with a high pressure sampling valve. In their microsampling 

technique, a 0.1 cm3 sample of an equilibrated supercritical solution was 

depressurized to precipitate about 10-4 - 10.6 grams of solute in a sampling 

loop. The precipitate was recovered by a liquid solvent wash and was 

heated to a gas phase for analysis using capillary gas chromatography. 

Although this microsampling technique offers several important advantages 

over gravimetric techniques, some thermally labile compounds, especially 

phannaceutical compounds, would be denatured and/or decomposed during 

vaporization of the precipitates. In our solubility measurement a 

gravimetric technique was employed together with a UV monitor to 

confinn equilibrium. Adjustments of SF flow rate were made to ensure the 

achievement of steady state. 
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Solubility enhancement with the addition of entrainets. 

The increase in solubility when a co-solvent is used has been noted 

elsewhere (Dobbs and Johnston, 1987; Dobbs et al., 1987; Dobbs et al., 

1986; Wong and Johnston, 1986; Schaeffer et al., 1988). Solubilities of 

low-volatility liquids in SF and heavy organic solutes can be greatly 

increased by adding an entrainer or co-solvent to the SF solvent. Usually, a 

small amount (1-5 mole%) of an entrainer is added to the SF. This amount 

does not significantly change the critical properties or density of the solvent 

mixture. Dobbs et al.(1986) studied the effect of several nonpolar co

solvents (e.g. n-alkanes) on the solubilities of several nonfunctional 

aromatic hydrocarbons (e.g. phenanthrene). They concluded that nonpolar 

co-solvents increased the solubility of nonfunctional aromatic hydrocarbons 

up to several hundred percent. For n-alkane co-solvents the solubility 

enhancement is a linear function of the solubility parameter, i.e., the longer 

the chain, the greater the enhancement. It was also observed that the 

greater the concentration of co-solvents, the greater the solubility 

enhancement. Johnston and coworkers obtained similar results for polar 

co-solvents with polar solutes (Dobbs et aI., 1987). They found that 

solubility enhancement for solutes with the possibility of hydrogen bonding 

or strong dipole/dipole interactions was frequently greater than those found 

for nonpolar solutes. For 2-aminobenzoic acid, the addition of 3.5 mole% 

methanol increased the solubility 620%. Those findings suggested that 

entrainers could facilitate separations if the solutes were of differing 

polarities. Wong and Johnston (1986) measured the solubilities of three 

steroids of similar polarity - cholesterol, stigmasterol, and ergosterol. They 

..... - ------- --- ------------_. __ . - .. _-_ ..... _--- _ .. _---_._----.-_._---- -.- .. ' 



found that the separation factors were about the same with an entrainer 

added. 
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Walsh et al.(1987) generalized that the effect of a co-solvent on the 

solute might be based on hydrogen bonding, dipole/dipole and 

dipole/induced dipole interactions, electron charge attraction, and acid-base 

interaction. Their results suggested that a careful choice of entrainers could 

be used to enhance the solute solubility and might be used to separate 

compounds, not just on the basis of polarity, but also on the bash: of 

functionality and ability to have specific interactions. In addition, solid 

entrainers could be used to increase the selectivity in mixed solutes. 

Chl'astil (1982) reported that <x-tocopherol could be selectively extracted 

from a mixture of <x-tocopherol and tripalmitin with SF CO2• Isotherm 

plots of In(Y2) versus density for these two compounds are characteristically 

linear but have different slopes, leading to a greater solubility difference at 

higher pressures. Van Alsten (1986) studied the increase in selectivity for 

acridine from an acridine/anthracene mixture using 1 % methanol doped SF 

CO2• It is evident that there are specific interactions between an entrainer 

and solute enhanced separation in a SF. 

Recrystallization from rapid expansion of SF solution 

In Larson and King's study (1986), they concluded that various steroids 

precipitate from SF CO2 as small particles, but still retain their crystallinity. 

Because the intensity of the diffraction patterns varied somewhat, the 

presence of some degraded or amorphous material is possible. When a co

solvent (3.5 mole % methanol) was used, the precipitated particles were 

._-.--_. -- - . ------
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significantly larger, possibly due to a condensed phase in the expansion valve 

resulting in solute reprecipitation from liquid methanol. 

A more fundamental study of precipitation from various supercritical 

fluids was undertaken by Petersen et al. (1986) and Smith et al. (1986) at 

Battelle Pacific Northwest Laboratories. They investigated the Rapid 

Expansion of Supercritical fluid Solution (RESS) through a fused coated 

capillary restrictor (i.e. isentropic expansion through a nozzle). They 

evaluated the range of precipitates that can be produced by the rapid loss of 

solvating power. Precipitates included films, fine powders having narrow 

size distributions, and amorphous mixtures, all produced by the expansion 

process. With different experimental conditions, silica may fonn unifonn 

films (amorphous silica) or discrete particles with a relatively narrow size 

distribution. They concluded that solute concentration, controlled by 

manipulating temperature in the dissolution region, greatly affects particle 

size. Silica particles ranging from < O.OIJlm to O.5Jlm diameter were 

obtained by expansion of silica solutions over an estimated concentration 

range of < IOppm to 500ppm. 

Fundamental studies reported in their latest work (Matson et al., 

1986a,b; 1987 a,b) consisted of investigating precipitate morphologies from 

a variety of organic polymers and inorganic ceramics, and phase 

characteristics of depressurization around the nozzle. These were explained 

using an enthalpy-entropy-pressure diagram for the RESS process. They 

found that at certain initial fluid conditions, the fluid would remain in a 

single phase when it was isenthalpically expanded to low pressures, 

assuming the outlet temperature is high enough. They pointed out that 

-~------. _ ... _ .... _ ... 
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operation of the RESS process in a single-phase solvent expansion mode 

allows collecting solute products in the dry state, with no liquid solvent 

condensed in the product structure. This work finally concluded that the 

rate of nuclei fonnation, developed according to classical nucleation theory, 

could be qualitatively interpreted by several independent variables such as 

the degree of solute supersaturation and the temperature at which nucleation 

occurs. They concluded that particle size is most readily controlled by 

variation of the solute concentration, although the nozzle design, substrate 

conditions, the expansion background ('onditions, and the pre-expansion 

temperature and pressure of the SF may also influence RESS product 

morphologies. In a similar study, Mohamed et aI.(1989) conducted a 

systematic investigation of the influence of pre- and post-expansion 

conditions on the crystallinity and particle size of naphthalene powders 

obtained by the rapid expansion of supercritical mixtures. They found that 

the particle size of the solid product was a sensitive function of pre- and 

post- expansion temperature and of pre-expansion naphthalene 

concentration, suggesting the possibility of accurate control of product 

characteristics through small changes in process variables. 

Potential increases of solubility with the addition of co-solvents in a 

SFX process, operated in a single phase precipitation region, are possible. 

A SF mixture phase equilibrium diagram is required for detailed analysis of 

such a process. For low volatility compounds a solid, solvent, and co

solvent ternary system would condense to a solvent and co-solvent binary 

system (Brady et aI., 1987 and Dooley et aI., 1987). 



Rectystallization and fractionation from 
high pressure gas-expanded organic solyents 
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Compressed carbon dioxide has been studied in early (ca. 1950) 

solvent extraction work (Francis, 1954). In a series of studies, he found 

that nearly half (127) of the 261 substances (liquids or solids) tested were 

miscible with liquid carbon dioxide, amd concluded that carbon dioxide has 

a strong homogenizing action on other liquid pairs at moderate 

concentrations, but a precipitating action at higher concentrations. 

The use of supercritical C2H4 for separation and salting out of 

solutions of liquids was first reported by Elgin and Weinstock (1959). 

Their qualitative and quantitative results show that ethylene, when dissolved 

in many water-organic liquid mixtures at elevated pressures, reduces the 

mutual solubilities of these liquid components. The result is to introduce a 

region of immiscibility between these two liquids, with one liquid salted out 

from the other. The application of this salting out process was 

recommended to reduce water content in some hydrated solvents. 

A more detail study on the separation of two liquids using a gas was 

conducted by Fleck (1967). Five gases (ethane, carbon dioxide, fluoroform, 

ethylene, and chlorotrifluoromethane) were used to study the separation 

process of a homogeneous liquid mixture. The process was called vapor 

extraction. Applications of vapor extraction can be grouped into subcritical 

and supercritical gas extraction, e.g. subcritical S02 is used commercially 

for the solvent extraction of petroleum oils to remove aromatics. Subcritical 

propane is used commercially for the removal of asphalt Of wax from oil. 

Light hydrocarbons, such as propane, tend to precipitate selectively from 



heavier hydrocarbons as the temperature approaches critical (Sachanen, 

1945). 

30 

The concept of using SF for polymer fractionation and additive 

impregnation in polymers is beginning to receive attention (McHugh and 

Krukonis, 1986; Kumar et al., 1986; Sand, 1986; Berens et al., 1988; 

Langer, 1980; Seckner et al., 1988; Shim and Johnston, 1989). Seckner et 

al. (1988) investigated the effect of absorbed SF C~H6 in polystyrene

toluene solutions to lower the solution's critical temperature. They found 

that at 24.9% (weight) C2H4 addition the lower solution critical temperature 

is shifted to such low temperatures that it merges with the upper solution 

critical temperature. In practice this means that polymer solutions can be 

separated at temperatures less than 50°C where thennal degradation is 

minimal. Molecular weight distributions of polysteyrene showed that the 

low molecular weight fraction of t; i~ polymer is recovered in the solvent

rich phase, while the higher molecular weight fraction is recovered in the 

polymer-rich phase. They concluded that not only could the polymer be 

recovered from solution at mild temperature when an SF additive is used, 

but also the polymer could be fractionated. 

Shim and Johnston (1989) studied sorption and desorption isothenns 

of toluene in a silicone rubber using SF C02 as a gas anti-solvent. Sorption 

and desorption isothenns were detennined using an inverse supercritical 

fluid chromatography technique at 35°C and 70°C up to 250 bar. They 

concluded that the sorption of CO2 in silicone rubber was better described 

with CO2 activity than system pressure. The sorption of toluene went 

through a maximum and was continuously adjustable in the highly 

-----------------------
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compressible region of carbon dioxide. The sorption and desorption 

behavior was predicted quantitatively with tl~e Flory equation and the Peng

Robinson equation of state using only infonnation from the toluene and 

carbon dioxide system. Their results are useful to describe impregnation of 

polymers with phannaceuticals, fragrances, and other additives. In 

modeling polymer purification and impregnation there are three major 

molecular interactions that must be considered; polymer, additive, and 

compressed gas. In polymer purification and impregnation using SF, 

molecular-thermodynamic descriptions are important for additive/polymer, 

polymer/gas, and additive/gas, i.e. three binary systems. Flory's theory 

(Flory, 1969) can be used to describe the molecular interactions of 

polymer/additive and polymer/gas and an ideal gas reference equation of 

state could be llsed for the additive/gas interaction (Shim and Johnston, 

1989). 

An idea similar to using SF for polymer impregnation applications 

was adopted by Gallagher et al. (1989) to recrystallize a difficult-to

comminute solid, nitroguanidine(NQ), from liquid solutions using 

compressed gases as an anti-solvent. In this new gas anti-solvent (GAS) 

recrystallization study they exploit the ability of gases to dissolve in organic 

liquids and to lower the solvent's dissolving power for the solute in 

solution, thus causing solids to precipitate. They first described the 

expansion behavior of carbon dioxide in N,N-dimethyl fonnamide 

(DMF) and cyclohexanone. They also described the expansion of 

chlorodifluoromethane with N-methylpyrrolidone (NMP). They used a 

volume-calibrated Jerguson gauge. The results showed that at lower 
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pressure levels the expansion of liquid solution with gas followed Henry's 

law. As the pressure approaches the vapor pressure of carbon dioxide (or 

chlorodifluoromethane), the gas'!s and DMF (or NMP) become miscible. 

Recrystallization tests were carried out using different injection rates of the 

compressed gas, from few seconds to up to one hour, and with many 

different initial concentrations of nitroguanidine in DMF (or NMP). The 

results showed that with rapid expansion (i.e. a few seconds injection rate) 

the NQ precipitates were small. With slower expansion the NQ palticles 

were larger and had a wider particle size distribution. They showed that 

gas recrystallization could manipulate the NQ particle morphology, e.g. 

making snowballs, starbursts, or larger spheres. These recrystallization 

tests ended with a qualitative explanation of particle size distribution using 

Gibb's nucleation theory (Gibbs, 1957; Adamson, 1963). They concluded 

that complete expansion can be made to occur within a few seconds. Thus 

high supersaturation'levels and nucleation rates can be attained, resulting in 

the formation of small particles. Their experiments proved that GAS 

recrystallization is an effective process for recrystallizing a difficult to 

comminute compound from liquid solutions. Unfortunately, there is little 

theoretical background for predicting the expansion behavior of a 

compressed gas with a liquid solvent and there are no molecular 

thermodynamic descriptions of the solubility of solids during the GAS 

recrystallization process. 

To gain insight into the GAS recrystallization process, an analysis 

from a thermodynamic point of view shows that the only important 

molecular force interaction, among the solute, solvent, and the anti-solvent 
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gas, is the solvent/anti-solvent interaction. This assumes the presence of a 

few grams of solute has no effect on the interactions of solute/anti-solvent 

and solute/solvent pairs. The expansion behavior and solubilities of solute 

in the GAS recrystallization process can be explained physically and 

predicted quantitatively using an equation of state with only infonnation 

from the solvent/anti-solvent binary system. Significantly, population 

balance mechanics might be useful in analysis, prediction, and manipulation 

of CSD produced in the liquid phase. The GAS process can be run in a 

batch or continous mode. 

_ ... _. ------_ .. --_. __ .. _--- --_... . ...... _ .. -_ ... _ .... - ... -.-



Scope 

The purpose of this study was to focus on the development of two 

new processes, namely recrystallization from SF by expansion and 

recrystallization from high pressure-expanded organic solvents. In the 

former SF process the emphasis was to study solids solubility in 

supercritical fluids, as well as to investigate recrystallization from rapid 

expansion of SF solution. In the latter recrystallization process the 

emphasis was to predict solvent expansion curves ( ~ V N versus CO2 

pressure) as well as to correlate solute solubilities. The GAS 

recrystallization process was done in batch or continous modes for 

comparison. 

34 
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CHAPTER 2 

Solids Solubilization in Supercritical Fluids 

Supercritical Fluids Extraction (SFE) involves first, a dissolution of 

the compound of interest in SF. Then the solution is rapidly depressurized, 

resulting in a dramatic decrease in the saturation concentration of the 

compound and subsequent precipitation of the extract. Such a technique 

might have its greatest use in the food and the pharmaceutical field, in 

which many compounds, which are thermally labile or are sensitive to 

contamination by organic solvents, may be precipitated with SF. A number 

of investigators have studied the solubilities of pure component organic 

compounds in supercritical fluids (such as CO2, C2H4, C2H6, and C3Hs etc.) 

and have observed the effects of the addition of small amounts of polar and 

nonpolar cosolvents on solubility (Larson and King, 1986; Dobbs et aI., 

1986, 1987; Wong and Johnston, 1986). However, the introduction of a 

cosolvent might result in the formation of solid complexes/compounds at 

supercritical conditions (Wong and Johnston, 1986). In our earlier study 

for cosolvent selection (Tavana et a!., 1989) digoxin, a cardiac glycoside, 

was found to form complexes or reactive compounds with several of the 

selected cosolvents. For example, cyclohexanone would appear to be a 

good cosolvent for digoxin (solubility enhancement of 9.8 based on weight 

gain measurements in the U-tube trap), but reacted with digoxin. It was 

evidenced by thin layer chromatography. When butyl acetate was used as 

--------------- ------ -
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cosolvent for griseofulvin, an antibacterial agent, pure griseofu1vin was 

detected in the product precipitated. It was concluded that special attention 

should be given when choosing a good cosolvent for a solid in SFE. Figure 

2-1 shows the analysis of these precipitates by thin layer chromatography. 

It is possible to predict the solubility of a solid in pure and mixed SF 

semi-quantitatively with an equation of state. The ability to understand and 

ultimately to predict the phase behavior of these systems is becoming more 

challenging and important as the molecular complexity increases. The first 

goal of this study was to dissolve a model compound which is thennal

labile and difficult to grind, then to measure the solubility of this solid in a 

suitable supercritical fluid gas. The second goal of this SF solubility study 

was to correlate these experimental data using a modified equation of state 

for solid-SF equilibrium. 

Reagents and Materials 

The solids investigated in this SF solubility study were trans-beta

carotene (Hoffmann-LaRoche, Nutley, New Jersey) and naphthalene (Alfa 

Products,99.8%). Anaerobic grade CO2 (99.99%, O2 < 10 ppm), 

chemical-purified grade C2H6 (99%), and chemical-purified grade C2H4 

(99.8%, O2 < 10 ppm) from Alphagaz Co. were used as received for SF 

solvents. AR -grade solid powders and liquid solvents were used for 

chemical analyses and co-solvents without further purification. 

Chromosorb T (Supelco, Inc.) was used as the packing material in a 

general purpose GC column in a study to scan potentially attractive co-

------------ --_ .. _._._.- .. - ----_._-_ ... _ .. _---
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Figure 2-1 Thin layer chromatography analyses of (LHS) griseofulvin and 
(RHS) digoxin. Left, middle, and right hand spots represent raw 
material, mixed, and precipitated from SF CO2, respectively 

-------- ------------ ._._----- _._---
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solvents in the p-carotene-SF ethylene system. Fonnvar on 200 mesh grids 

(Ted Pella, Inc. ), MF-Millipore 0.1 Jlm filters (Millipore Corp.), and 

aluminum stubs (Ted Pella, Inc.) were used as sampling supports in SEM 

analyses. Tween 80 and Tween 40 (Aldrich) were used as surfactants. 

Silica Gel-GF TLC plates (Analtech) were used for TLC analysis. 

Equipment and Procedures 

A Milton-Roy supercritical extraction unit (Model XlO) was used to 

measure solubilization in SF mixtures. A flow diagram of the system is 

shown in Figure 2-2. In the solubilization section, the first vessel acts as 

premixer and preheater to mix co-solvent with solvent and to heat the 

solvents to the desired temperature. When the desired temperature and 

pressure in the premixer was attained, the supercritical mixture was then 

brought in contact with the solute in a packed saturator already heated to 

the desired temperature (this desired temperature should vaporize all 

incoming co-solvent to form a single phase in the saturator). Two grams 

of solute was packed with 50-100 Jlm glass beads into the 10.0 cm long by 

2.54 cm 0.0. Teflon tube, which was airtight with the inner wall of the 

316SS cylinder (by three Buna N O-rings) to avoid side flow between the 

Teflon tube and the SS cylinder. In the precipitation section, the 

eqUilibrium mixture (extract) was rapidly depressurized through a heated 

fine metering valve with 0.157 cm orifice and 0.873 cm length of pass. 

The solute was collected in a heated glass U-tube packed with glass wool. 

The co-solvent (in co-solvent runs) was collected in a flask immersed in 
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Figure 2-2 Flow diagram of SF solubility and SF dispersive precipitation 
process (1) pressurized cylinder, (2) graduated burette, (3,4) 
duplex metering pump, (5) preheater, (6) saturator, (7) 
temperature controller, (8) pressure regulator, (9) pressure 
indicator, (10) micrometering valve, (11) glass U-tube, (12) 
liquid N2 trap, (13) homogenizer, (14) circulating pump, 
(15) wet test flow meter 
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liquid N2• The depressurized gas passed through a wet test meter 

(Precision Instrument Company) for determination of the total flow. The 

mass of precipitate solid was found after each experiment by weight gain of 

the U-tube plus the solute removed manually from the metering valve. 

Total solute weight was determined with a Mettler analytical balance 

(model B6) accurate to ± 0.1 mg. With this value and total flow, the 

concentration of the organic compound in pure solvent (or solvent 

mixture) can readily be calculated. The system was calibrated for 

solubility measurements, using SF ethylene-naphthalene at 25°C and 45°C 

at a series of pressures in the range 68 - 136 atm. Naphthalene solubilities 

were found to match the data of Tsekhanskaya et al. (1964) within ±10% 

(Figure 2-3). 

Sample Preparation and Analysis 

Physical and chemical analyses were used to examine the physical 

structure, physical properties, degree of crystallinity, morphology, and 

chemical structure of p-carotene raw material and the precipitates from 

supercritical fluid solubilization. The following are sample preparation, 

equipment used, and results from these analyses. 

--------------_ .. - -. 
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X-ray powder diffraction analysis 

Samples were prepared in powder form, evenly spread as S - 10 mg 

of solids as a thin layer on double side scotch tape attached to a piece of 7.S 

cm long by 2.S cm wide transparent glass plate. The samples were scanned 

from 8° to 60° angles in a powder X-ray diffraction unit (GE, model 

XRD-S). X -ray diffraction patterns (Figure 2-4) evidenced that the 13-
carotene raw material molecular structure gives out diffraction peaks at 

lower 29 angles. It showed that precipitates from SF ethylene and SF 

ethane have the same degree of crystallinity as the raw material. This, 

however, is not the case for the precipitate from SF anaerobic C02. 

IR and NMR analyses 

IR samples were prepared as a solid disk tablet which blended 1-2mg 

solids with KCI binder and pressed the mixture in a stainless steel mold to 

form a 1 cm diameter tablet. The samples were scanned from 600 to 4000 

wavenumbers in an infrared radiation instrument (Beckman, model IR-33). 

NMR samples were prepared in solution form. In a standard NMR test 

tube 1-2 mg solids were dissolved in CDCh solvent. The samples were 

scanned from 0 to 10 ppm in a fourier transformation proton nuclear 

magnetic resonance instrument (JEOL, model FX-90Q). Raw material IR 

spectrum (Figure 2-S) showed that p-carotene has oleic bonds. These 

peaks appeared between 900 to 1600 wave numbers and a specific double 

bond peak appeared at 9S0 wave number. Raw material NMR spectrum 

(Figure 2-6) showed that ~-carotene has characteristic double bond 

protons. These peaks appeared from 6 to 7 ppm. Several methyl-protons 

----------- ---------------------
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Figure 2-4 p-carotene x-ray diffraction patterns of (PI) feed material, (P2) 
precipitated from SF C2H4, and (P3) precipitated from SF C2H6 
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Figure 2-5 p-carotene m spectra of (PI) feed material, (P2) precipitated 
from SF C2Rs, and (P3) precipitated from SF CO2 
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P2 

Figure 2-6 (3-carotene NMR spectra of (PI) feed material, (P2) precipitated 
from SF C214, and (P3) precipitated from SF C02 

--------- -------.---._-
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peaks appeared from 1 to 2 ppm. Both IR and NMR spectra of the 

precipitate from SF C02 showed that some epoxy bonds were generated. 

One peak appeared at 1700 wave number in the IR spectrum and several 

peaks appeared between 3 to 5 ppm in the NMR spectrum. The specific 

double bond peak which appeared at 950 wave number was missing in the 

SF C02 precipitate IR spectrum. Methyl-proton peaks in the SF C02 

precipitate NMR spectrum were different from those of J3-carotene raw 

material. It is evident that the C02 reacted with J3-carotene at supercritical 

conditions to produce some J3-carotene-related epoxy compound. 

SEM and TEM analyses 

J3-carotene samples were dispersed in distilled water with a few drops 

of Tween 40 biosurfactant, then filtered. The particles were collected on the 

top of the filter. A piece of filter with particles was stuck on the top of 

double-side tape attached to an aluminum stub. These specimens were coated 

with a GoldlPalladium thin film by a plasma sputter coater (Anatech Co., 

model Hummer VI) for SEM analyses. A formvar grid was dipped into a 

dispersed f3-carotene aqueous solution. This grid with particles was dried 

overnight to form a TEM specimen. These J3-carotene specimens were 

examined by a scanning electron microscope (lSI, model Super IlIA; JEOL, 

model JSM-840A) and by a transmission electron microscope (Hitachi, model 

HT-200), respectively. SEM micrographs (Figure 2-7a) showed that the feed 

J3-carotene had platelet morphology and formed aggregates. These particles 

were produced by conventional crystallization followed by grinding. The 

precipitates obtained via rapid expansion of SF C2H4 are also platelet 

----- - ----- ------- - --. --. -- -
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(a) 

(b) 

Figure 2-7 SEM micrographs of (a) raw J3-carotene (magnification: 0.75K) 
and (b) precipitated particles from SF C2H4 at 306.1 atm and 
343°K (magnification: 30K) 
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particles, but of 1-2 Jlm size. Most of the particles are aggregated, as shown 

in Figure 2-7b. TEM micrographs (Figure 2-9a) showed that raw material 

(l-carotene had spot pattern of a crystalline material. The precipitates, 

obtained from rapid expansion of SF C2H4, also presented similar spot 

patterns as the raw material, as shown in Figure 2-9b. Figure 2-8a and 2-8b 

shows the TEM bright field images of raw material and the precipitated 

obtained from SF C2H4• 

Differential scanning calorimetry 
and BET surface area measurements 

In order to measure the heat of fusion of (l-carotene a differential 

scanning calorimeter (DuPont Instrument Co., Model DSC-V3.0) was used. 

Melting point and heat of fusion ~-carotene were 178°C and 144 

KcaVgmole, respectively, as shown in Figure 2-10. About 0.5 grams raw 

(l-carotene was poured in a BET test tube and the surface area of the 

sample was measured by a BET surface area instrument (QUANTASORB, 

Model QS-I0). BET surface area of the feed (l-carotene was 0.6 M2/gram. 

The BET surface area of precipitates from SF C2H4 was not measured 

because of limited sample volume. 

Cosolventlsolute Affinity Measurement 

Solute solubility can be greatly increased by adding a cosolvent to the 

SF solvent. The cosolvent is a small amount (1-5 %) of an additional 

compound, usually of intermediate volatility, added to the SF that does not 
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(a) 

(b) 

Figure 2-8 TEM micrographs of (a) raw p-carotene (magnification: SOK) 
and (b) precipitated particles from SF C2H4 at 306.1 atm and 
343°K (magnification: SK) 

--------- .---
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(a) 

(b) 

Figure 2-9 TEM spot pattern of (a) raw fJ-carotene and (b) precipitated 
particles from SF C2H4 at 306.1 atm and 343°K 

---------- ---
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Figure 2-10 A Differential Scanning Calorimeter (DSC) pattern for raw 13-
carotene 

-----------
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change significantly the critical properties or density of the solvent mixture. 

The selection of a proper cosolvent is an important step in increasing 

solute solubility in SF. A simple systematic method for selecting effective 

cosolvents for a given solid was developed which assumes that the retention 

time of a solvent, held by a solid in the gas chromatograph, strongly 

depends on the interaction between the solvent and the solid. It has been 

proposed that the affinity of a solvent vapor for a solute is directly related 

to it ability to dissolve the solute at supercritical conditions (Prausnitz, 

1986). It is further proposed that this affinity can be measured by the 

following procedure. A gas chromatography column is packed with a 

mixture of the solid of interest and an inert filler. This constitutes the 

immobile phase. Small amounts of vaporized cosolvents are then 

introduced into the mobile phase (carrier gas) as a pulse and the retention 

time of this pulse measured. The same experiment is repeated using a 

column packed entirely with the inert filler. The retention time ratio 

defines a ranking of cosolvent affinities for the solute of interest. The 

advantage of such a technique is clear, a large number of potential 

cosolvents can be screened using a simple gas chromatograph operated at 1 

atm. 

Experimental 

A total of 14 potential cosolvents were screened in this experiment 

for the food additive J3-carotene. The choice of these cosolvents covered a 

range of organic compounds having different functional groups. Table 2-1 

----- ~----.-.--~ --~. ~~-. 
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Table 2-1 GC affmity test for fJ-carotene and cosolvents 

Cosolvent Retention time (second) Nonnalized 
Ratio 

Chromosorb T fJ-Carotene 
column column 

Acetone 49.07 67.85 1.38 

Benzene 40.45 84.30 2.08 

Butyl acetate 231.75 259.10 1.12 

Carbon 
39.35 tetrachloride 64.85 1.65 

Chloroform 35.60 75.75 2.13 

Cyclohexanone 369.67 599.10 1.62 

Dichloro-methane 
29.45 64.53 2.19 

Ethanol 42.05 71.50 1.70 

Methanol 32.30 63.80 1.98 
Methyl-ethyl 

66.60 99.30 1.49 ketone 

M-xylene 116.50 279.85 2.40 

N-heptane 80.10 109.68 1.37 

Petroleum ether 33.55 49.90 1.49 

Toluene 62.25 154.70 2.49 
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lists these cosolvents. A Perkin-Elmer (model Sigma 2B) gas 

chromatograph. unit was used. Concentration pulses were measured with a 

flame ionization detector. Two 304 stainless steel tubes with 0.635 cm 

0.0. and 58.42 cm long were used for packing raw J3-carotene and inert 

chromosorb T filler, respectively. All gas chromatograph experiments 

were performed at 1 atm, 50°C (column temperature), 150°C (detector 

temperature), and 20 cc/min (N2 flow rate). The column temperature 

selected was low enough to ensure that no solute dissociation or 

polymorphic transformation of !>olute would occur during the experiments. 

Small volumes of cosolvent vapor (from 0.5 ilL to 500 ilL, depending on 

the volatility of the cosolvent) were injected into the N2 carrier gas as a 

pulse, and the retention time was measured. To ensure that the solid didn't 

adsorb certain cosolvents irreversibly (therefore resulting in changes in 

surface properties), the GC experiment was repeated changing the order of 

the injected cosolvents. 

Resu ltf\ and discussion 

Results of the GC affinity tests are summarized in Table 2-1. 

Toluene and meta-xylene were found to be the two most interacting 

cosolvents for J3-carotene. Four mid-interactive cosolvents were dichloro

methane, chloroform, benzene, and methanol. A trans J3-carotene molecule 

contains two unsaturated rings and eighteen paraffin carbons with 

conjugated double bonds. From atom-atom interaction point of view the 13-
carotene molecule acts as an electron pair donor (EPD) without the 

character of hydrogen bond donor and accepter because J3-carotene 
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molecule has no oxygen atom. Instantaneous dipole moments induced by 

the 18 unsaturated double bonds dominate interaction forces between P
carotene and cosolvent. Both toluene and meta-xylene molecules formed 

dipole-induced dipole forces with p-carotene molecules to give the highest 

affinities. Benzene and chlorocarbon cos 01 vents have some ability to form 

these instantaneous dipole moments with p-carotene molecules to give 

middle affinities. 

p-carotene Solubility in SF C2H4 with and without Toluene 

Experimental 

A flow study as well as an UV /visible absmption spectroscopic test at 

450 run (LDC/Milton-Roy, critical extraction unit) were done at 306.1 atm 

and 70°C to show that at the maximum flow rate (up to 0.045 M3/h, STP) 

the p-carotene saturator was still in equilibrium. To avoid a decrease of . 

active surface area due to an aggregating effect on the solute, the same 

amount of fresh p-carotene and the same packing conditions were used for 

each run. 

The solubility of pure p-carotene in ethylene was measured as a 

function of pressure along two isotherms, 50°C and 70°C. Pressure ranged 

from 102.0 atm to 374.2 atm, the latter corresponding to the upper 

pressure limit of the apparatus. Solubilities are presented in Tables 2-2 and 

2-3. They were found to range from 0.72 (10)-5 to 12.15 (10)-5 mole 

fraction. Reproducibility was ± 7.0%. The solubility of p-carotene in 

ethylene/toluene mixtures was measured as a function of the mole fraction 
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Table 2-2 Solubility of p-carotene in SF ethylene. 

Solubility. mole fraction xlO 5 

Pressure (atm) 323°K 343°K 

102.0 0.95 0.72 

170.1 5.42 4.10 

238.1 6.02 6.62 

306.1 7.33 10.50 

374.2 8.82 12.15 

--------_._._-- - ..... 
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Table 2-3 Solubility of ~-carotene in SF ethylene/toluene mixture 

Solubility, mole fraction xlO" at 343°K 

Toluene 
mole percent, % 306.1 atm 374.2 atm 

0.70 1.51 

1.07 1.66 

1.85 3.59 

2.07 3.75 

2.18 3.65 

0.80 2.86 

0.22 4.55 

0.51 5.59 

1.54 7.58 

1.88 8.37 

2.36 11.68 

-"-' --- _. ----_. -----.-~-.... -.- ..• ~." ..•. -_ ...... ~. _. -----_ ...... __ ._._ ... -." 
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of toluene at 306.1 atm/70°C and 374.2 atm/70°C, respectively, as shown 

in Figure 2-11. These solubilities were as high as 11.68 (10)-4 mole 

fraction at 2.36% toluene concentration, 374.2 atm, and 70°C. The 

maximum increase in solubility due to the addition of toluene Was 9-fold at 

these conditions. 

Results and discussion 

Some observations can be made concerning the solubilities of 13-
carotene and naphthalene in SF phase. J3-carotene has less solubility than 

naphthalene due to low volatility and high melting point. For a solid 

solute, volatility and melting point are a good measure of solubility in SF 

phase (Chang and Morrell, 1985; Brennecke and Eckert, 1989). For 

example, naphthalene has a 99°C melting point and has 0.086 (mmHG) 

vapor pressure measured at 1 atm and 25°C (handbook of chemistry and 

physics, 42nd edition), while l3-carotene has 180°C melting point and has 

2.9446 (10)-9 atm vapor pressure calculated at 1 atm and 25°C from 

experimental heat of fusion and melting point, as described in Appendix B. 

It has also been observed that as the number of polar functional groups 

increases, solids solubility in SF phase is reduced (Chang and Morrell, 

1985; Larson and King, 1986; Wong and Johnston, 1986). 

SF density is another indicator for solids solubility in SF. The 

higher the SF density, the more solids can be dissolved (Kumar and 

Johnston, 1988; Paulaitis et al., 1983). Density is a strong function of 

temperature at low pressure. It becomes a weak function of temperature at 

high pressure because of incompressibility. When the pressure is above the 

---------- ----.. ------
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Figure 2-11 Solubilities of p-carotene in SF C2HJtoluene mixtures at 306.1 
atm/343°K and 374.2 atm/343°K 
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solubility maximum pressure, solubility of the solute decays with increased 

pressure (park et aI., 1987; Kwak and Mansoori, 1986; MansoOli and Ely, 

1985). In this solubility study, J3-carotene is a relatively nonvolatile 

compound. Thus, weight corrections were not necessary for J3-carotene 

escaping with the flow of the expanded exit gase. A solid-SF equilibrium 

condition was achieved by adjusting the flow rate and the active surface 

area of the packed material. The mole fraction toluene addition to the SF 

mixture was accounted for by a simple mass balance calculation around the 

liquid N2 coid trap. 

The solubility of J3-carotene in SF C2H4 is a weak function of 

temperature, increasing slowly with temperature at high pressure. A 

temperature-solubility upper cross-over point ({)y/{)T)p = 0 was clearly 

observed around 204 atm. A large J3-carotene solubility enhancement 

factor (see Figure 2-11) was observed when toluene was used as co-solvent, 

as predicted from the GC affinity scan. 

Solubility Correlation Using a Modified Peng-Robinson EOS 

Widespread applications of SF extraction are dependent on the ability 

of engineers to model and predict phase equilibria in the solid/fluid phase. 

Then designers will be able to choose the situations where the unique 

process will realize its full economic henefit. Goals of modeling are both 

to correlate experimental data and to attempt prediction of phase equilibria 

in regions where experimental data are not available. Correlations often 

contain several regressed parameters. Conversely, developed models for 
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the purpose of prediction attempt to minimize the number of parameters 

and link those parameters to real physical meaning. However, many 

theoretically-based models are forced to a better data fit by the 

introduction of additional adjustable parameters (Dobbs et at, 1986; Dobbs 

and Johnston, 1987; Dobbs et at, 1987). 

Models for SF/solid equilibria fall into several categories. The most 

common method treats the SF phase as a dense gas and uses an equation of 

state to calculate the fugacity coefficient of the solute in the fluid phase 

(Schmitt and Reid, 1986; Hong and Modell,1983; Kwak and Mansoori, 

1986; Park et aI., 1987). Another modeling strategy treats the SF phase as 

an expanded liquid (Mackay and Paulaitis, 1979). There are also several 

semiempirical correlations (Ziger and Eckert,1983; Pang and McLaughlin, 

1985) as well as empirical models that are not capable of predicting 

unknown phase equilibria (Chrastil, 1982; Tan and Weng, 1987; Adachi 

and Lu, 1983). 

The correlation of ~-carotene solubility in SF C2H4 in this study used 

a modified Peng-Robinson EOS which eliminated the binary interaction 

parameter and regressed the solute size and energy parameters rather than 

obtaining them from estimated critical properties. This EOS was used to 

successfully correlate experimental J3-carotene solubilities in SF C2I-4 for a 

wide range of pressure. ~-carotene vapor pressures were calculated from 

the Clausius-Clapeyron equation using the heat of fusion and melting point 

of ~-carotene. The SPSS statistical computer simulation package was used 

to regress these two solute-related parameters from experimental ~

carotene solubilities. The experimental and correlated solubilities using the 
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modified Peng-Robinson Equation of State (PR EOS) are shown in Figure 

2-12. Detailed calculations and formulation equations are described in 

Appendix A. 
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Figure 2-12 Correlation of J3-carotene solubilities in SF C2~ with a modified 
Peng-Robinson equation of state 
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CHAPTER 3 

Recrystallization from Rapid Expansion of SF Gas Solutions 

The precipitation of organic particles from SF expansion (SFX) is an 

interesting alternative to miIIing without thennal decomposition. Through 

the rapid expansion process, a dramatic change of the solute supersaturation 

ratio is created causing subsequent precipitation of a narrow particle size 

distribution. SFX processes, unlike conventional crystallization processes 

(which give a wide distribution of size due to continued nucleation), can 

generate a unifonn density gradient upon rapid expansion of the solute

loaded solution and subsequently produce a narrow particle-size 

distribution. A SF mixture phase equilibrium diagram is required for 

detailed analysis of a single fluid phase SFX process with the addition of 

low volatile cosolvents. 

One goal of this work was to investigate possible ways to operate the 

precipitation process in a single-phase condition while dispersing the 

precipitate into a suitable suspending medium. We also wished to observe 

if one-phase expansion conditions predicted from a P-X-Y phase diagram 

corresponded to apparent one-phase expansion/precipitation conditions in 

the suspending medium while observing particle size and morphology at 

these conditions. 
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Equipment and Procedures 

The solubilization of p-carotene material in a SF mixture with or 

without cosolvent (toluene) was described in Chapter 2. For dispersive 

precipitation the system was designed to include closed loop circulation of 

an aqueous colloidal gelatine solution around the fme metering valve (see 

Figure 2-1). In this way the solute nucleation rate, occurring in the orifice 

of the metering valve, could be obtained at a given temperature. The 

precipitate was evenly dispersed in the aqueous gelatine solution. In later 

experiments the SF was expanded directly in a blender through a 15 J.1m 

laser-drilled orifice similar to the one used by Mohamed et aI. (1989). In 

all experiments the SF was heated so the expanded fluid had a temperature 

close to the inlet temperature. The gelatine colloid was prepared with a 

filtered solution of commercial gelatine (Knox corp.), sugar, and distil1ed 

water. 

Results and Discussion 

SF dispersive precipitation 

Figure 3-1(a) shows precipitated particles formed in a Debenedetti 

nozzle (e.g. used by Mohamed et aI., 1989), from rapid expansion of SF 

C2lit to one atmosphere collected on the surface of a glass plate. The 

precipitated particles tend to aggregate into bigger particles of about 1 J.1m 

size. Figure 3-2(a) shows a single rounded p-carotene particle produced 

from rapid expansion of SF C2H4 in 10% (wt) gelatine solution, having a 
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(a) 

(b) 

Figure 3-1 SEM micrographs of (a) p-carotene aggregates precipitated 
from SF C21iJ through a Debenedetti nozzle in one-phase 
condition, (b) precipitated particles from SF C21iJ in two-phase 
condition 

-------~. ~ ... ~~- ... -~-
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(a) 

(b) 

Figure 3-2 SEM micrographs of (a) an individual particle precipitated 
from SF C2H4 in 10 wt% gelatine solution, (b) precipitated 
submicron particles on a surface 
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Figure 3-3 Differential particle-size distributions for raw ~-carotene and SF 
C2H4 precipitates obtained by rapid expansion 

------- -------------- -- --



69 

particle size of 0.3 Jlm. The expansion conditions were 306.1 ai.1n and 

70°C. Figure 3-2(b) shows many submicron particles nucleated on a piece 

of impurity. Particle size analyses were performed using a PDI counter 

(model 80 xy) and COULTER counter (model N4) for feed material and 

precipitates from SF C2H4 respectively. The mean particle sizes of feed 13-
carotene, precipitates from SF C2~ expanded to atmospheric pressure, and 

SF C2H4 expanded in gelatine solution are 20.0, 1.0, and 0.3 microns, 

respectively. Particle size distributions of these particles, which were 

sonicated before measuring, are shown as a differential plot in Figure 3-3. 

The coefficients of variance of feed J3-carotene, precipitates from SF C2H4, 

and SF C2H4 expanded in gelatine solution are 52, 36, and 34 percent, 

respectively. 

According to classical primary nucleation mechanisms(Abraham, 

1974), a possible reason for the observed crystallinity may be the high 

nucleation rate (for depressurization from 306.1 atm to 1 atm the 

calculated nucleation rate is 8.4 x 1018 #/L-min at a supersaturation ratio of 

7.0 x 1()3 and temperature of 343°K). Calculations are shown in Appendix 

C. Solute concentration, rather than temperature, dominated the nucleation 

process. 

SF dispersive precipitation with toluene 

In order to estimate the maximum toluene addition while still having 

single phase expansion, a P-X-Y phase diagram of an ethylene-toluene 

binary system (Figure 3-4) was made using the Soave-Redlich-Kwong EOS 

(SRK EOS). To compare with King et a1. data (1983) the SRK EOS was 
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used here. This shows the critical pressure along a 73.5°C isotherm is 110 

atm. The maximum toluene addition without two-phase formation. during 

depressurization in a SF C2l4 mixture from 73.5°C/306.1 atm to 73.5°C/1 

atm, should be less than 1.5 mole %. In the co-solvent precipitation study 

at 306.1 atm and 70°C when ~-carotene particles were precipitated in 

gelatine solution at one-phase conditions (s 1.5 mole percent of toluene), 

the particles were still in the submicron size range. With two-phase 

conditions the mean size of the ~-carotene precipitate was increased to 5 

J,lm. Particle-size distributions of these precipitates, whose sample 

preparation was the same as for SF dispersive precipitation, are shown in 

the differential plot of Figure 3-5. SEM micrographs are shown in Figures 

3-1 (a) and 3-1(b) showing precipitated particle mOlphologies for one-phase 

and two-phase conditions, respectively. 

It was found that the mean size of ~-carotene particles generally 

remained unchanged if the toluene concentration was less than one and one

half mole percent. The SFX process appears to be in a single fluid phase 

when up to one and one-half mole percent toluene co-solvent is used. 

Theoretical toluene addition giving a single supercritical phase agreed well 

with experimental observations if the expansion valve was kept isothermal 

during depressurization. In order to enhance solubility by toluene addition 

with the process still in a desirable region of operation, a mixture phase 

diagram at various temperature isothenns is necessary to delineate single

phase regions. 
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Figure 3-5 Differential particle-size distributions of J3-carotene precipitated 
in gelatine solutions using one- or two-phase rapid expansion 
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SF precipitation might be a practical continuous process to obtain 

dispersed particles in a suitable medium. The degree of aggregation 

decreased in an intensely-agitated dispersive medium, i.e. with gel/H20 in a 

blender. Precipitation with co-solvent in a gelatine solution (68°C) with 

calculated one-phase conditions gave submicron particles with a narrow 

particle size distribution. The heated gelatine solution~ a colloidal 

dispersion medium, prevents submicron precipitates from aggregating and 

contamination by co-solvent vapor. When calculated two-phase 

precipitation occurred, the particle size and distribution narrowness were 

altered by cosolvent condensation, presumably in the expansion orifice. 

Two liquid phases were not observed in the gelatin suspension. Liquid 

toluene in the gel suspension would totally destroy the particle distribution 

(as seen in Figure 3-1(b». 

------------- ----- ----



CHAPTER 4 

Recrystallization of Solids from High Pressure Gas
expanded Organic Solvents 
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As mentioned in Chapter 2, p-carotene is a relatively non-volatile 

compound which has solubility of 9.54 (10)-5 mole fraction in SF C2H4 at 

102 atm and 323°K as listed in Tab)e 2-2 and has 8.20 (10)-6 mole fraction 

in liquid carbon dioxide at 297°K (Rizvi et a!., 1986). SF recrystallization 

processes for comminution lose their advantage because of low yield. An 

alternative to SF precipitation which can still have high primary nucleation 

rates is offered by GAS recrystallization. The advantage of the GAS 

recrystallization process, other than the manipulation of particle size and 

particle morphology (Gallagher et a!., 1989), is that lower operating 

pressures and temperatures (i.e. 298°K and 65 atm) can be used compared 

to those used for SF recrystallization process (Chang and Randolph, 1989). 

The GAS process uses gas anti-solvent addition for liquid phase 

precipitation of solids from organic liquid solvents. Compressed gas 

dissolves in liquid solvent and precipitates the solid from solution. The 

GAS process might become an important method to recrystal1ize some 

difficult-to-comminute materials such as nitroguanidine, RDX, and p

carotene, etc. (Gallagher et aI., 1989: Gallagher et a!., 1990; Chang and 

Randolph, 1990). For the design of such processes, gas solubility in the 

liquid phase is necessary. High pressure gas (e.g. C02) dissolved in an 

organic liquid solvent, results in a binary asymmetric two-component 
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solution. A molecular-thennodynamic description becomes more difficult 

when the system is not symmetric (Bender et al.,1984; Prausnitz et al., 

1986; Cheuh and Prausnitz, 1968). It is necessary to obtain experimental 

solubility of the high pressure gas expanded in the liquid solvent to model 

phase equilibria in an asymmetric system. Some efforts along these lines 

were reported by Drunner (1979), King et al.(1983), Bender et al. (1984). 

Both Brunner and King used high-pressure capillary tubes with 

decompression to atmospheric pressure at constant temperature. The 

composition in the phase was calculated from the quantity of the sample 

and the quantity of gas liberated upon decompression. Bender's isothennal 

p-x data were measured in an apparatus using a static synthetic method. 

Solubility measurement in this study differs in emphasis from earlier 

studies that measured small gas solubilities in the solvent (Fleck, 1967; 

Francis, 1954; Bender et aI., 1984, etc.). The focus here is primarily on 

the highly miscible region for asymmetric systems containing C02 and a 

liquid solvent. A high pressure densitometer was used to measure the 

liquid phase density, as well as to obtain compressed CO2 solubility in the 

solvent. one goal of this section is to demonstrate a device for solubility 

and density measurements of compressed C02 in the solvent, to use these 

data to calculate the liquid solvent expansion behavior, and to predict solid 

solubility in the solvent. 

Either of two common methods, i.e. the activity coefficient model or 

the equation of state model, can be applied for correlating and calculating 

gas solubility at moderate and high pressures. For asymmetric 

nonelectrolyte systems a description of high-pressure phase equilibria, 

--------- ---- -~ 
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provided by a single equation of state to calculate the fugacity of each 

species in each phase, has been successful (King et aI., 1983; Harvey and 

Prausnitz, 1989). Since Henry's law may be used at low pressure but not at 

high pressure, and it is difficult to obtain parameters for the calculation of 

activity coefficients, the equation of state approach was chosen using a 

Peng-Robinson equation of state with conventional mixing rules. 

Experimental CO2 solubilities as measured from the densitometer were 

used to obtain the equation of state's two characteristic binary parameters 

using an optimization regression package. In this chapter the solubility of 

high pressure C02 in liquid solvents, solvent expansion behavior, and 

recrystallization of J3-carotene (and acetaminophen) from high pressure 

gas-expanded organic solvents is covered. 

Experimental 

Gas solubility and solvent expansion 

A novel method to measure the expansion behavior of a compressed 

gas with a liquid solvent was developed using a high precision densitometer, 

composed of a high pressure measuring cell (Anton-Paar Co., Model 

DMA512) and a digital processing unit (Mettler Paar Co., Model DMA60). 

A high pressure magnetic circulation pump (Micropump Co., Model L-

1130), a wet test meter (precision Instrument Co.), and a miniexpansion 

column were used. The mini expansion column consisted of two 12.7 mm to 

6.35 mm swage 10k reducing unions attached to both ends of a long stainless 

steel tube (200mm long, 12.7mm 0.0., and 11.7 mm I.D.) connected to the 

-------------- ------------- --- - ---------- -
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densitometer with 1.59 mm O.D. tubing. An ethylene glycol circulating 

bath, cascaded with a C02 refrigeration system was used to control 

temperature fluctuation within ± 0.01 nc. The solubility and expansion 

experiments were conducted in the miniexpansion column which was 

attached to a supercritical fluid extraction unit (Milton Roy Co., Model X-

10). Figure 4-1 shows a schematic flow diagram. 

Spectrophotometric grade solvent ( 16 ml of toluene or butanol or 

cyc1ohexanone, Aldrich, 99+%) was loaded into the mini expansion column, 

and the column was immersed at constant room temperature. Bone-dry 

grade CO2 (Alphagaz, 99.99%) was pumped to the surge tank at the desired 

temperature and pressure, then the compressed gas was charged into the 

miniexpansion column from the bottom through a micrometering valve 

(Whitey, Model SS-31RS4). The pressure increased slowly enough (less 

than 0.5 atm increments) so that the temperature stabilized in the column 

during the absorption process. The density reading was recorded after 

pressure and temperature were stable. The equilibrium time for 

compressed gas and liquid solvent usually required 5 minutes or longer 

near the condensation point of CO2. After reaching the pressure where no 

more absorption could occur (i.e. 100 atm), the column was depressurized 

through another micrometering valve located before a collecting flask. 

The solvent and C02 were separated in the flask. With the use of a wet test 

meter the total charged CO2 could be measured at 1 atm and 25°C. 
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Figure 4-1 Flow diagram of solvent expansion and batch GAS 
recrystallization experiments (1) liquid CO2 cylinder, (2) 
chiller, (3) constant temperature bath, (4) metering pump, 
(5) surge tank, (6) temperature controller, (7) pressure 
indicator, (8) pressure regulator, (9) micrometering valve, 
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(10) crystallizer, (11) magnetic stirrer, (12) recycle pump, (13) 
densitometer, (14) separation flask, (15) wet test flow meter 
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Gas recrystallization 

16 ml toluene solution saturated with (3-carotene ( or butanol saturated 

with (3-carotene oxides or butanol saturated with acetaminophen) was 

transfered into the column as described above for the expansion experiments. 

A filter, formed by four slow-filtration rate filtering papers (W &R Balston 

Ltd., No.50, 12.7mm diameter) and two 100 mesh stainless steel screen 

cloths (W.S. Tayler Inc., 12.7mm diameter), was located inside the bottom 

reducing union of the column to hold a teflon-encased stirring bar (10 mm 

long by 3 nun diameter) to filter the particles after precipitation. 

The system was then pressurized slowly (to assure equilibrium) with 

mixing caused by the stirring bar which was activated by a magnet located 

laterally to the miniexpansion column. At the proper pressure the system 

was then left to equilibrate for about 30 minutes. During the depletion 

process the micrometering valve was open to drain the solution. At the 

same time fresh CO2 was charged from the top of the column through a 

regulating valve so that the column pressure and temperature didn't 

fluctuate. The refractive index of the depleted solution was immediately 

measured after sampling. The time for washing toluene residue from the 

particles depended on washing flow rate. For a 60 ml column operated at 

69 atm, 0.15 m3 fresh CO2 (measure at 1 atm, 25°C) was needed to 

completely dry the particles with a flow rate of 0.05 m3/hr. 

Densitometer calibration 

The need for accurate volumetric data of organic solutions at high 

pressure previously led to the use of high precision densitometers (Henry et 
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aI., 1985; Eckert et aI., 1986). The densitometer as described above is 

essentially a vibrating-tube formed of a single piece of stainless steel tubing 

(3.Omm 0.0. with 0.3mm wall thickness) anchored on a metal block. This 

ensures thermal equilibrium and allows the ent.ering solution to be brought 

to the desired temperature. The desired density, p , is calculated by means 

of the relation (Henry et at, 1985): 

(4-1) 

where the superscript ° refers to a reference liquid. The densitometer 

constant, K, is determined from the period of vibration ( 't ) of two 

reference fluids of accurately known densities. The density in the liquid 

phase of three binary mixtures ( compressed CO2 dissolved in toluene, 

butanol, and cyclohexanone, respectively.) is close to that of pure water or 

pure toluene. Therefore, distilled water and toluene were used as standard 

liquids in calibration for the gas dissolution (i.e. solvent expansion) 

experiments. 

Densities of pure water, pure toluene, and the binary mixture used in 

the expansion experiments were determined at 298°K and pressures from 1 

to 100 atm. Liquids were circulated through the densitometer with a 

magnetic circulation pump at a nominal flow rate between 5 and 7.5 

ml/minute. The circulation was stopped to eliminate pressure fluctuations 

for the density measurement. The vibrating tube was raised and the 

instrument was calibrated befo~ and after each series of measurements. 

The literature densities of water and toluene were obtained from Chen 
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(1977) and Kashiwagi et aI. (1982). Two data-regressed fonnula are 

shown below. 

Literature water density at P (Bar) and t (OC) 

where 

d 
1 

=y 

° { yoP } 
Y = Y - KO + cc P + dd p2 

yO = 1 / { 0.99983952 + 6.78826(10)-5 t - 9.08659(10)-6 t2 
+ 1.02213(10)-7 t3 - 1.35439(10)-9 t4 

+ 1.47115(10)-11 t5 - 1.11663(10)-13 t6 
+ 5.04407(10)-16 t7 - 1.00659(10)-18 t8 } 

KO = 19652.17 + 148.183 t - 2.29995 t2 + 0.01281 t3 

- 4.91564(10)-5 t4 + 1.03553(10)-7 t5 

cc = 3.26138 + 5.223(10)-4 t + 1.324(10)-4 t2 
- 7.655(10)-7 t3 +8.584(10)-10 t4 

dd = 7.2061(10)-5 - 5.8948(10)-6 t + 8.699(10)-8 t2 
-1.01(10)-9 t3 + 4.322(10)-12 t4 

Literature values for toluene density at P (MPa) and 298°K are: 

(4-2) 

(4-3) 

(4-4) 

(4-5) 

(4-6) 

(4-7) 
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d = 862.52 + 0.75843 P -2.0686(10)-3 p2 + 3.54(10)-6 p3 (4-8) 

The densitometer constant, K, was calibrated at 298°K and various 

pressures. Data were listed in Table D 1. The calibration constants, K, are 

basically constant regardless of pressure for any liquid (see Figure 4-2). 

When CO2 gas was used as c.:;tlibration fluid, K changed nonlinearly with 

increasing pressure. 

Liquid Density of High Pressure Gas-expanded Organic Solvents 

One goal of this work was to measure the compressed CO2 solubility 

in three liquid solvents as well as the solvent expansion behavior in the 

miscible liquid phase region. The volumetric expansion coefficient of a 

compressed gas in a liquid solvent can be obtained using the liquid density 

of the mixture containing the gas and the liquid. For the three binary 

mixtures (i.e. COJtoluene, COJbutanol, and COJcyclohexanone) liquid 

density is listed in Table D2. The temperature is 298°K and densities are 

in the units of g/cm3 of mixture. Figure 4-3 shows the densities in liquid 

phase of the three binary mixtures and pure toluene, plotted against system 

pressure. Pure butanol and pure cyclohexanone densities agree with 

literature data (Albert et al., 1985). The density of pure toluene increased 

slightly with pressure. The densities of the two-component mixtures 

increased linearly with pressure in the range from 1 atm to 45 atm. In this 

pressure range dissolved C02 in liquid phase is highly compressible. The 

increased densities of liquid mixtures reflects the 



b 
x ---to-
C 
o 

-to-

1.355;------------, 
• • 

• 
• 
• 
• 
• 
••• 

§ 1.345 
u 

-•• 
• 

c 
o 

. --o u 

• 
• • 

• 

• 
• 1.335 '-----I---'-_...L---.l.-----JL--~ 

o 20 40 60 80 100 120 
Pressure (atm) 

Figure 4-2 Densitometer calibration constant, K, versus pressure 

--_.-----_._-- ---- . __ ._-------_ ... - ._--_ .. _--------_._---

83 



.....--. 

1.03 

1.01 

0.99 

roE 0.97 

~ O.95 A 
C') 

~0.93 
-t-

Ow 0.91 
c: 
(].) 
00.89 
-0 
O=.; 0.87 
0"' () 
~ 0.85 

0.83 

A Cyclohexanone/C02 
• Toluene/C02 
o Pure Toluene 
o Butanol/C02 

A 

0.79 L....J.........L-.l.--L.---'--'--~~.L..--L..-J..-............, 
o 20 40 60 80 100 120 140 

Pressure (atm) 

84 

Figure 4-3 Liquid density of pure toluene, CO2 dissolved in cyclohexanone, 
toluene, and butanol solutions 
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compressibility of carbon dioxide. For COrtoluene and C02-

cyclohexanone liquid mixtures density decreased with pressure in the range 

from 40 to 50 atm, representing increased CO2 dissolution into the liquid 

phase. This phenomenon is not seen for the CO2-butanol system. Two 

liquid phases (C02 rich liquid and butanol rich liquid) might be fonned in 

that pressure range (Francis, 1954; King et aI., 1983). After the 

condensation point of carbon dioxide, liquid phases of the mixtures became 

miscible and the effect of pressure on the density of the miscible liquids 

acted like pure liquid carbon dioxide. Notice that the threshold pressure, 

defined as the starting point of gas dissolving much into the solvent, for the 

binary toluene-carbon dioxide and cyclohexanone-carbon dioxide systems 

are 45 atm and 40 atm, respectively. The condensation pressures for those 

two systems are almost the same, 62.5 atm. 

The major emphasis of this study was to detennine the expansion 

behavior of a binary system in the miscible liquid phase region, to relate 

this behavior to the partial molar volume change for each component in the 

liquid phase, and to correlate the solubility change of the solid third 

component in the liquid phase. 

Data Reduction for Volumetric Expansion Coefficient 

Gallagher et al. (1989) used a volume-calibrated Jerguson gauge to 

determine the expansion behavior of liquid mixtures in the miscible liquid 

phase region. In this study the amount of CO2 dissolved in the liquid, 

causing the liquid volume expansion 8 V N, was obtained from the 
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densitometer and a mass balance around the whole system by means of the 

following equations; 

For liquid phase: WL = pL VL (4-9) 

For gas phase: WV = pV (yr - VL) (4-10) 

For total mass: wr = Vp + WI (4-11) 

Solvent expansion coefficient can be defined in term of A V N, which is 

AV _ VP+Wt-VTpV 1 
V - V (pL _ P v) - (4-12) 

AV is the volume change of the liquid, V and p are volume and density of 

unexpanded liquid (i.e. V=16.0 ml and p= 0.862595 g/ml for toluene-C02 

sysytem), WI is the weight of carbon dioxide equal to 51.44(F), F is the 

total charged CO2 with units of ff, P v is the density of CO2 in the gas 

phase obtained from a rigorous equation of state (Ely, 1988), VI is total 

system volume (i.e. 58.832 ml) calibrated using C02 at 69.03 atm and 

298°K, and pL is the liquid density obtained from the densitometer 

measurement. The cycIohexanone-C02, toluene-C02, and butanol-C02 

expansion curves are shown in Figure 4-4. Experimental data are tabulated 

in Tables 4-1, 4-2, and 4-3. The expansion behavior of these three binary 

systems exhibits similar signoid shape versus pressure. The expansion is a 

strong function of pressure in the region where the fluid is highly 
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Table 4.1 Data reduction of experimental solvent expansion coefficient. !J. V N. 
and C02 solubility for toluene/C02 system 

P pL F pv VU !J.VN wL W I
L XI 

(atm) (e/ml) . (ft3) (e/ml) (m}) (%) (eram) (eram) (frac.) 

1.00 0.862595 0.00 0.001847 15.908 0.00 13.7222 0.0000 0.00 

16.31 0.877176 0.05 0.032213 17.135 7.70 15.030 1.306 0.1662 

... r 
21.75 0.880000 0.07 0.044510 17.695 11.22 15.572 1.848 0.2199 

28.21 0.882611 0.10 0.060504 18.715 17.63 16.518 2.794 0.2989 

35.01 0.889293 0.15 0.079457 20.798 30.72 18.496 4.772 0.4213 

36.37 0.889500 0.160 . 22.271 40.00 19.810 6.086 0.4600 

48.62 0.892410 0.31 0.128!1S 29.061 82.66 25.934 12.210 0.6507 

49.98 0.886978 0.40 0.134272 35.178 121.11 31.202 17.478 0.7273 

52.02 0.883500 0.365 . 45.338 185.00 40.056 26.332 0.8100 

58.82 0.880314 0.74 0.187332 58.944 269.78 51.791 38.067 0.8531 

62.22 0.880115 0.761 0.222089 58.832 269.78 51.779 38.055 0.8531 

65.62 0.882174 0.780 0.02398 58.832 269.78 51.90 38.174 0.8535 

69.03 0.883847 0.79 0.02398 58.832 269.78 51.998 38.274 0.8538 

75.83 0887032 0.79 0.02398 58.832 269.78 52.186 38.462 0.8544 

56.78 0.878566 0.711 0.172135 56.976 258.11 50.057 36.333 0.8472 

55.42 0.878435 0.69 0.163291 55.499 248.83 48.752 35.028 0.8424 
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Table 4·2 Data reduction of experimental solvent expansion coefficient, Il V N, 
and C02 solubility for butanoJ/C02 system 

P pL F pv vu IlVN Wi- W1
L Xl 

(atm) (wm]) (ft3) (wm}) (ml) (%) (Ilram) (gram) (frac.) 

1.00 0.SOSS74 0.00 0.001847 IS.902 0.00 12.81 0.00 0.00 

21.41 0.826S86 O.OSS 0.044S10 16.750 S.33 13.845 1.035 0.1198 

28.21 0.832191 0.073 0.060504 16.956 6.63 14.111 1.301 0.1461 

3S.01 0.838812 0.095 0.079457 17.253 a.so 14.472 1.662 0.1793 

41.82 0.84S321 0.130 0.101447 18.294 15.04 15.464 2.654 0.2587 

49.98 0.854467 0.180 0.134272 19.78 24.42 16.906 4.096 0.3500 

55.42 0.862806 0.294 0.163291 26.313 65.47 22.703 9.893 0.5654 

58.82 0.863526 0.341 0.187332 28.704 SO.51 24.787 11.977 0.6116 

62.22 O.864S68 0.607 0.222089 48.326 203.90 41.781 28.971 0.7920 

69.03 0.867378 0.696 0.02398 57.23 260.0 48.688 35.878 0.8251 

75.83 0.870073 0.720 0.02398 58.56 268.26 49.925 37.115 0.8299 

82.63 0.872705 0.734 0.02398 58.832 269.97 50.646 37.836 0.8326 

89.44 0.875504 0.745 0.02398 58.832 269.97 51.213 38.403 0.8347 
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Table 4-3 Data reduction of experimental solvent expansion coefficient, AV N, 
and C(h solubility for cyclohexanone/C<h system 

P pL F pv V" AVN WI- WIL Xl 

(atm) (JVml) (ft3) (JVml) (ml) (%) (~ram) (~ram) (frac.) 

1.00 0.945285 0.00 0.001847 15.916 0.00 15.045 0.000 0.0000 

14.60 0.956247 0.05 0.02855 17.265 8.48 16.510 1.465 0.1784 

28.21 0.964337 0.115 0.060504 19.341 21.52 18.651 3.606 0.3483 

41.B2 0.968436 0.250 0.101447 25.394 59.55 24.592 9.547 0.5859 

50.66 0.954962 0.600 0.137484 46.363 191.30 44.275 29.230 0.8125 

52.02 0.954626 0.659 0.144214 50.024 214.30 47.754 32.709 0.8290 

55.42 0.951096 0.772 0.163291 57.414 260.73 54.606 39.561 0.8543 

58.82 0.950729 0.78 0.187332 57A64 261.04 54.633 39.588 0.8544 

6O.1B 0.950634 0.78 0.199312 57.586 261.81 54.743 39.698 0.8547 

61.54 0.950990 0.79 0.213616 58.596 268.16 55.724 40.679 0.8578 

62.22 0.951543 0.79 0.222089 58.56 267.94 55.723 40.678 0.8548 

69.03 0.953470 0.820 0.02398 58.B32 269.64 56.094 41.050 0.8560 

75.B3 0.955148 0.83 0.02398 58.832 269.64 55.253 40.208 0.8563 

82.63 0.957639 0.830 0.02398 58.832 269.64 55.2S3 40.208 0.8563 

96.24 0.961311 0.830 0.02398 58.B32 269.64 55.144 40.099 0.8560 

90 
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compressible, but levels off at higher pressure. The C02-butanol system 

has the least expansion at a given pressure of these three binary systems. 

This was also evident by the smallest temperature increase using the same 

injection rate during pressurization. The threshold pressures for CO2-

toluene and CO2-butanol are 45 atm and 55 atm respectively. 

Experimental C02 Solubility in Organic Solvents 

The densitometer was used to measure the compressed gas solubility 

in liquid solvents. Figure 4-5 show that the solubility of C02 dissolved in 

toluene, butanol, and cyclohexanone increases with pressure. These 

solubilities were obtained from measurement of the density in the liquid 

phase of the three binary mixtures using a densitometer. Data are tabulated 

in Tables D3. It is consistent that carbon dioxide has a higher solubility in 

cyc1ohexanone than in toluene or butanol (Figure 4-5) and has the most 

pronounced expansion effect -in cyc1ohexanone (Figure 4-4). All three 

solubility and expansion curves became flat at the point where carbon 

dioxide was completely miscible with the solvent. 

Solids Solubility in High Pressure Gas-expanded Organic Solvents 

Figures 4-6 and 4-7(b) showed precipitated p-carotene and 

acetaminophen particles from the GAS recrystallization, respectively. 

Many organic liquid solvents have good solubility for p-carotene especially 

chloro-hydrocarbons and benzene. Toluene, cyc1ohexanone, and butanol 
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Figure 4-5 Compressed CO2 solubility in solvents at 298°K 
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Figure 4-6 SEM micrographs of precipitated p-carotene from the GAS 
crystallization 

..... -.. _--- ---=:-:c--==_---
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(a) 

(b) 

Figure 4-7 SEM micrographs of (a) raw acetaminophen and (b) precipitated 
acetaminophen particles from the GAS crystallization 
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are inert with respect to raw 13-carotene, the human body, exhibit ease of 

removal after processing, and are readily available in high purity. 13-

carotene solubilities in toluene and cyclohexanone at 1 atm and 298°K are 

1.64 (10)-3 and 6.15 (10)-4 mole fraction, respectively. Solubility is low in 

butanol. 13-carotene is stable in cyclohexanone solution, but for production 

rate considerations toluene and CO2 were used for the GAS recrystallization 

of 13-carotene. The same consideration was made for acetaminophen, an 

analgesic pain killer drug. Acetaminophen solubility in butanol is 1.6 (10)-2 

mole fraction. lhe CO:z/butanol pair was used for GAS recrystallization of 

acetaminophen. 

Experimental solubility of 13-carotene in toluene solution in the 

presence of C02 is shown as a function of pressure in Figure 4-8. 

Acetaminophen solubility in the butanol-C02 system is also shown in 

Figure 4-8. Solid solubility decreases slowly from 1 to 30 atm where 

carbon dioxide is slightly soluble. Solute solubility decreased rapidly with 

pressure from 40 to 55 atm where carbon dioxide dramatically dissolves 

into the toluene solution. At pressures greater than 60.0 atm (where the 

liquid mixture is fully expanded and toluene-carbon dioxide become fully 

miscible), the solubility remains relatively constant. In Figure 4-9 the 

solubility of 13-carotene in liquid phase is plotted against the amount of 

carbon dioxide dissolved in the liquid phase. Table 4-4 shows that solute 

solubility decreases with an increase of CO2 dissolution in liquid solvent. It 

is evident that the solubility of 13-carotene in liquid phase decreases directly 

depending on how much CO2 (a gas anti-solvent) dissolves in the liquid 

phase. The maximum CO2 dissolved in the solution is 655 mg/mlliquid, 
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Table 4-4 Experimental solubilities of p-carotene and acetaminophen in 
the GAS recrystallization process at 298°K 

p-carotene Acetaminophen 

p San· Spc·· P Sab SAM 
(atm) (mg/ml L) (mg/ml T) (alm) (ing/ml L) (mg/ml B) 

1.00 0.0 8.271 1.00 0.0 81.000 

28.21 149.3 8.025 31.60 - 79.250 

36.37 273.3 7.460 55.42 376.0 79.947 

48.62 420.2 7.250 58.82 417.2 68.800 

52.02 580.8 6.511 62.22 599.5 22.667 

55.42 631.1 4.329 69.03 639.2 21.757 

69.03 650.6 2.274 69.03 639.2 18.360 

89.44 655.0 2.117 75.83 646.8 18.903 

82.63 652.0 22.456 

89.44 656.5 17.036 

• determined using a Anton-Paar densitometer 

•• determined using a Blauch-Lamb type ABBA refractometer 

--------- ._.-.- .. _.- - .-- •..... -
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the minimum solubility of J3-carotene in the solution is 2.12 mg/ml toluene. 

This value was measured by the refractive index of the depleted solution at 

1 atm and 302.5°K. The percentage of J3-carotene salted-out at this 

operating condition is about 74.4%. A binary phase equilibria model and 

the change of partial molar volume of the solvent in liquid phase will be 

developed in order to explain these results. 

-----------.---------- - ---- ---- ---



CHAPTER 5 

Separation of p.Carotene Solid Mixtures 
Using the GAS Recrystallization Process 

100 

Supercritical fluids (SF) extraction has been suggested as a viable 

alternative to other separation techniques for difficult separations (ChrastiI, 

1982; Paulaitis et aI., 1983; McHugh and Krukonis, 1986). Separation 

processes in the biochemical and phannaceutical industrIes have been 

somewhat limited by the inherent reaction or nonselectivity of the preferred 

solvent (i.e. carbon dioxide) to the compounds of interest (Schaeffer et aI., 

1989; Dhalewadikar et aI., 1987; Chang and Randolph, 1989; Kurnik and 

Reid, 1982). Moreover, biomolecules and pharmaceutical compounds often 

have high melting points, and thus low solubilities in SF. 

In a previous chapter we showed that gas anti-solvent addition for 

liquid phase precipitation of solids from organic liquid solvents (the so

called GAS process) can be used to recrystallize p-carotene. A process of 

separation and purification using the GAS recrystallization process is 

described in this section. Separations which have been done involved the 

following families of hydrocarbons: (a) aromatics and polyaromatics (i.e. 

tetralin and diphenyl-methane, etc.); (b) cis- and trans-stereoisomers and 

other isomers (Le. cis- and trans-p-carotenes, 2,3- and 2,6-

dimethylnaphthalene, etc.); (c) purifying polymer solutions (i.e. removal of 

oligomers, etc.). Carotenoids as a class are susceptible to destruction by 

exposure to air and light (Bunnell et aI., 1958; Bauernfeind et aI., 1958; 
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Isler et al., 1958; Quackenbush and Smallidge, 1986; Tsukida and Saiki, 

1982; 1983). A ~-carotene mixture is an interesting model compound for a 

separations study. Once autoxidation occurs in pure ~-carotene, many less 

active materials are presented and the color changes. Such oxygenated 

compounds have little or no pro-vitamin A activity (Quackenbush and 

Smallidge, 1986) and have higher polarities than trans ~-carotene. In this 

work, we have investigated the GAS process to separate carotene from 

carotene oxidation products, these products (oxides) were generated from 

natural oxidation of raw ~-carotene stored one-year in the refrigerator. 

The process is based on dissolution of ~-carotene-oxide mixtures in a liquid 

solvent followed by the recrystallization of solids with gas anti-solvent 

addition. 

Separation by GAS Recrystallization 

A major factor for separation using the GAS recrystallization is the 

selectivity of the solvent to the solids. If a binary solvent mixture is used, 

different solvent expansion behavior may also play an important role. GAS 

recrystallization is done in the liquid phase to selectively precipitate the 

solids, often with a short retention time. The dissolved gas and solvent are 

separated from the precipitate by a simple depressurization and batch 

filtration process. GAS recrystallization can be carried out at a temperature 

close to ambient and CO2 liquefaction pressure (59 atm). At this condition 

labile molecules are not destroyed, retention time is closer to the time 

typical of a dissolved gas (a few minutes) than with a liquid solvent (of the 

--------~- ---. ~ .. -~~~-
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order of 1 br). Table 5-1 gives a comparison of these three crystallization 

processes. 

Experimental 

The apparatus, used in this investigation, is shown schematically in 

Figure 5-1. Bone-dry grade carbon dioxide (Alphagaz, 99.99%) was 

Iiquified in a chiller and fed into a metering pump. The compressed CO2 

was preheated and pumped to the desired condition in the surge tanks. 

Temperature and pressure were maintained by a Tescom back-pressure 

regulator and an on-off digital temperature controller. The gas was then 

charged to the crystallizer from the bottom through a micrometering valve 

(Whitey, model SS-31RS4). The batch crystallizer, which consisted of two 

12.7 mm to 6.35 mm swage 10k reducing unions attached to both ends of a 

long SS316 tube (200 mm long, 12.7 mm 0.0., 11.7 mm 1.0.), was 

preloaded with 16 ml solvent saturated with the solids. A filter, fonnedby 

four filter papers (W&R Balston Ltd., No. 50, 12.7 mm diameter) and two 

100 mesh SS 316 screen cloths (W.S. Tayler Inc., 12.7 mm diameter), was 

located inside the bottom reducing union of the crystallizer to hold a teflon

encased stirring bar (VWR Scientific Co., 10 mm long by 3 mm diameter) 

and to filter the solid particles after precipitation. The system was then 

pressurized slowly with mixing caused by the stirring bar activated by a 

magnetic stirrer located laterally to the crystallizer. The system was left to 

equilibrate at the desired condition for about 30 minutes, depending on the 

injection rate of the compressed gas. With the gas dissolution in the liquid 

- -- - ------ --- ------- ----- ----------------



Table 5-1 Comparison of conventional liquid, supercritical fluid, and GAS 
crystallization processes 

TYPE ADVANTAGES DISADVANTAGES 

-Low T and P -Long retention time 
-Easy preparation -Possible solvent 

Liquid -Low energy costs contamination as 
(cooling crystallization) occlusions 

-Difficult solution-
product separation 

-Low T and P -Difficult liquid 
-Short retention time solution recycling 

GAS process -Good mixing -Liquid solvent 
(gas salting-out from -Easy solution- contamination 
liquid solvent) product separation -High energy costs 

-LowT -HighP 
-Short retention time -Low productivity 
-Easy solution-product '~Problem of stationary 

Supercritical fluid separation phase 
.Highenergy costs 
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Figure 5-1 
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Schematic diagram of batch separation process (1) liquid C02 
cylinder, (2) chiller, (3) constant temperature bath, (4) 
metering pump, (5) surge tank, (6) temperature controller, 
(7) pressure indicator, (8) pressure regulator, (9) micrometering 
valve, (10) crystallizer, (11) magnetic stirrer, (12) separation 
flask, (13) wet test flow meter 
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the solids start to deposit out from the liquid. The undeposited material 

within the solution was then passed through the filter and a heated 

micrometering valve, and collected in a separation flask. At the same time 

fresh CO2 was charged from the top of the crystallizer through a regulating 

valve so that the crystallizer pressure and temperature remained at the 

desired condition. The depressurized gas was then passed through a wet test 

meter (precision Scientific Co.) for gas volume totalization. The refractive 

index of the depleted solution was immediately measured after sampling. 

From measurement of total mass of deposits and concentration of the 

depleted solution, the solid solubility in liquid solvent, as a function of T 

and P, could be calculated. In the continuous GAS recrystallization 

experiments (see Figure 7-1), the saturated liquid and the compressed gas 

were mixed in a specific volumetric ratio using two micrometering valves, 

one (for gas anti-solvent) located 2.54 cm below the liquid valve. The 

mixture was fed into a continuous crystallizer (100 mm long, 25.4 mm 1.0. 

50 mm 0.0.) to accommodate solvent expansion. 

The recrystallized products were quantitatively analyzed for carotene 

and trans p-carotene using a combination of spectrophotometric and high

performance liquid chromatography (HPLC) techniques developed at the 

Center of Analytical Chemistry, NIST, Gaithersburg, Maryland. The solid 

sample was dissolved in ethanol. Liquid chromatographic analysis used a 

single piston solvent delivery system (Varian, model 5000) equipped with a 

column temperature controller and a programmable UV Ivisible detector. 

The sample was injected by a manual injection valve (Rheodyne, model 

7125), analyzed at 450 nm light absorption using a ABI-Kratos (model 783) 
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detector equipped with a tungsten lamp. Signal was recorded by a computer 

control data system which permitted review and adjustment of the 

chromatographic baseline before integration. The mobile phase was 100% 

methanol at flow rate of 1 mVmin. Trans p-carotene was separated from its 

geometric isomer using a Vydac 201 TP column (Separations Group, CA) at 

a column temperature of 28°C. 

Results and discussion 

This process generates the same r -type particle size distribution as 

obtained from liquid crystallization but with a smaller size (see Figure 7-5). 

Figures 4-6 and 4-7(b) show particle morphology of precipitated p-carotene 

(and acetaminophen). The GAS recrystallization might be a substitute for a 

grinding process. 

The goal of this study was to separate total carotenes from carotene 

epoxides while purifying total carotene from p-carotene raw material. 

Figure 5-2 lists some compounds in raw p-carotene. Some oxycarotenoids, 

which have higher polarity than p-carotene, are classified in increasing 

order of polarity as p-cryptoxanthin (monohydroxyl-p-carotene), 

canthaxanthin (diketo p-carotene), zeaxanthin (dihydroxyl-p-carotene), 

violaxanthin (dihydroxyl-epoxyl-p-carotene), and etc. (Isler et aI., 1958; 

Khachik et al., 1986; Quackenbush and Smallidge, 1986; Thompson, 1986). 

Quackenbush and Smallidge (1986) used a reverse phase liquid 

chromatographic (LC) system to isolate p-carotene from biologically 

inactive zeinoxanthin (P, e-carotene-3-01) and from a pigment believed to be 
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a-cryptoxanthin (p,e- carotene-3'-01). In this study a simulated mixture, 

containing p-carotene and inactive oxides, was used as the experimental 

model mixture. Inactive oxides, which were analyzed by a mass 

spectroscopy (Hewlett Packard, model 5890GC, 5970MS), contain two major 

components. Figure 5-3 lists their chemical structures. An important 

consideration to obtain separation is to select a suitable liquid solvent to 

dissolve the mixture. Polar solvents dissolve polar compounds and nonpolar 

solvents dissolve nonpolar compounds. Butanol was found to dissolve 

3.45(10)-2 mole fraction inactive oxides, but didn't dissolve p-carotene. 

Toluene was found to have 1.64(10)03 mole fraction solubility for p-carotene 

but not for its oxides. Cyclohexanone was found to dissolve 6.15(10)-4 and 

2.24(10)"2 mole fraction p-carotene and inactive oxides, respectively. 

Therefore, a mixed solvent (butanol and toluene) and a single solvent 

(cyclohexanone) were used for separation studies using the GAS process. 

Batch GAS recrystallization was used for separation of total carotenes from 

oxides, batch and continuous GAS recrystallizatiolls were tested for the 

enrichment of trans p-carotene from raw p-carotene. 

Liquid-liquid separation is an effective means of separating a major 

compound from minor impurities. The GAS process also has this merit. 

Figure 5-4 illustrates that the yield of the solids, defined as the ratio of solids 

salting out to those in the feed, decreased exponentially as feed concentration 

decreased, regardless of solubility of the solids in the liquid solvent. In other 

words, separation of mUltiple compounds using the GAS process could be 

experimentally achieved based on a selective recrystallization of the solids. 

Acetaminophen dissolved as 1.60(10)-2 mole fraction in butanol, was 



Trans - {3 -carotene 

Cis- {3 -carotene 

a-carotene 

Figure 5-2 Chemical structure of some compounds in raw ~-carotene 
(i.e. trans ~-carotene, cis ~-carotene, and (X-carotene) 

------=. =,. "'~=.=-.---. -. ~-c , 

108 



HO 

Zeaxanthin 

o 
Canthaxanthin 

OH 

Figure 5-3 Chemical structure of oxycarotenoids (i.e. zeaxanthin, 
canthaxanthin), and oxidation products (i.e. epoxy oxides) 
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Figure 5-4 A generalized plot of yield from three solids in the GAS 
recrystallization process 
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recrystallized for comparison. The concentrations of feed and depleted 

solution were measured using refractive index (Bauch & Lamb, ABBA type 

refractometer). Concentration calibration curves are shown in Figure 5-5 

for acetaminophen/butanol, ~-carotene/toluene, and oxides/butanol, 

respectively. 

Product analysis of-the first two experiments (46 and 47) was carried 

out in our laboratory using a spectrophotometer (Bauch & Lamb Co., Model 

20). Feed and purified product compositions were determined using the 

absorption unit and concentration calibration curve shown in Figure 5-6. 

The remainder of the products were analyzed at the Center of Analytical 

Chemistry, National Institute of Standard Technology (NIST), Gaithersburg, 

Maryland. Total carotenes was detennined spectrophotometrically at the 

absorption maximum of the ~-carotene solution, 450 nm, using a 

spectrophotometer (Hewlett Packard, model 8457). HPLC chromatographic 

analysis was used to detennine the proportion of trans ~-carotene presented 

in the total carotenes. The proportion of trans ~-carotene in the GAS 

product was consistently higher than with the feed ~-carotene material 

(Figure 5-7). NMR spectra of authentic ~-carotene and the precipitate 

obtained from the GAS process are identical as shown in Figure 5-8. 

Separation of total carotene from oxides 

Separation of total carotenes from oxides was carried out with 

variable proportions of feed ~-carotene from 50% to 90%. The effect of 

concentration and other experimental conditions on the ability to separate 

carotenes was investigated and is listed in Table 5-2. For all these 
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Figure 5-7 Trans p-carotene analysis by LC chromatographic absorbance 
(PI) feed material, (P2) purified product obtained from a 
separation experiment 
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experiments the feed solution contained J3-carotene raw material and added 

inactive oxides. The efficiency of separation, defined by the ratio of the 

feed composition to that of the purifi~d product (the so-called separation 

factor), was used to evaluate the separation. The separation factors show 

that the higher the I3-carotene fraction, the lower the separation. The 

results showed that the GAS crystallization process operated at supercritical 

conditions gave better separation than at subcritical conditions. The 

separation was good for both total carotenes and trans I3-carotene. 

Experiments 60-65 and 67 show that two consecutive batch GAS 

crystallizations enriched the trans I3-carotene from 73.1 to 90.1 %. GAS 

crystallization is superior to liquid crystallization in the ease of separation. 

The Quackenbush and SmaUidge study (1986) recrystallized trans 13-
carotene from 88.7 to 94.5% in liquid solution, twice from chloroform

methanol and twice from chloroform-hexane. 

Purification of raw 6-carotene 

Experiments for purification of raw I3-carotene were operated at 

supercritical conditions. The results are listed in Table 5-3. A sample of 

raw material showed 96.8% purity by spectral measurement, and 86.4% 

trans I3-carotene by liquid chromatography. GAS recrystallization in batch 

(or continuous) mode purified both total carotenes and trans I3-carotene. 

GAS crystallization at supercritical conditions gave a better separation. 

Complete separation of carotenes and oxides was not possible under the 

conditions investigated, as shown by Tables 5-2 and 5-3, respectively. 

------.:::..:.::..--. -.--~ .. 
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Table 5-2 Separation of total carotenes from oxides 

Experiments 

Conditions 46 47 50 52 60-65 67 

temperature (OC) 25 25 25 25 32 33 

pressure (atm) 69 69 69 69 75 76 

liquid solvent • single mixed mixed mixed mixed mixed 

feed 

oxides concn. (%) b 50 50 100 100 100 100 

carotenes concn. (%) 50 50 20 5 5 4 

carotenes frac. (%) C 51 50.5 73.9 89.9 90.9 98.9 

trans a-c frac. (%) - - 68.2 75.8 73.1 88.7 

product 

carotenes frac. (%) 76.1 76.5 86.1 92.2 98.7 99.4 

trans a-c frac. (%) - - 72.8 77.3 88.7 90.1 

separation factor 

carotenes 3.05 3.19 2.19 1.33 7.60 2.18 

trans a-c - - 1.25 1.09 2.89 

b 

C 

Single solvent: (cyclohexanone). mixed solvent: (toluene!butanol). 

Concentration is given in weight percent of saturated solution. 

Fraction is given in weight percent of carotenes (i.e. ~-carotene and 
isomers) by spectrophotometric absorbance, and trans ~-carotene by 
HPLC chromatographic absorbance. 

1.16 
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Table 5-3 Purification of raw p-carotene 

Experiments 

Conditions 66 68 raw material 

mode batch continuous 

temperature (OC) 35 31 

pressure (atm) 96 75 

liquid solvent toluene toluene 

feed 

carotenes concentration (%) 100 100 

carotenes fraction (%) 96.8 93.1 96.8 

trans ~-carotene fraction (%) 86.4 74.8 86.4 

product 

carotenes fraction (%) 98.5 99.0 

trans a-carotene fraction (%) 89.6 81.6 

separation factor 

carotenes 2.17 7.34 

trans p-carotene 1.36 1.50 
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CHAPTER 6 

Modeling of The GAS Recrystallization Process 

For understanding the GAS recrystallization process, one needs a 

molecular-thennodynamic model which represents the phase equilibria and 

thennodynamic properties of fluids and fluid mixtures. The goals of this 

modeling effort were to attempt theoretical predictions of phase equilibria, 

solubility of compressed gas dissolved in liquid solvent for three 

asymmetric systems, and solubility of studied solutes in liquid phase in 

regions where experimental results are not available. Modeling phase 

equilibria for GAS recrystallization may be done conveniently by choosing 

a classical equation of state for the compressed gas dissolved in the liquid 

solvent. The Peng-Robinson equation of state with two adjustable binary 

parameters was used for the calculation of both liquid and vapor fugacities 

in phase equilibrium. Calculation of the solvent expansion coefficient, 

Il V N, and compressed CO2 solubility, XI, is detailed in the first section. As 

mentioned earlier the most important molecular interaction force in the 

GAS recrystallization process is the solvent/anti-solvent force. This 

assumes the presence of a small amount of solute has no effect on L'1e other 

two forces and doesn't introduce any additional adjustable parameters. 

Therefore, a model, coupling V -L phase equilibria calculations with the 

change of partial molar volume of liquid solvent, could be used to predict 

----------_ ..... - -- - .-._ .. --~- _.---.-._-_._---_ .. 
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solid solubility in the liquid phase. These calculated quantities are in good 

agreement with experimental values. 

Gas Solubility and ,1 V N Predictions using a Cubic Equation of State 

Gas solubility in liquid solvent 

At vapor-liquid eqUilibrium the fugacity of each component is equal 

and can be defined as follows (prausnitz et al., 1986): 

where 

Xi = mole fraction in the liquid phase 

Yi = mole fraction in the vapor phase 

P = pressure in the system 

<P i = fugacity coefficients for the vapor and 
the liquid phases. 

(6-1) 

The determination of the nonidealities in the fluid phase, as described by <Pit 

is the key challenge in this modeling. To describe a binary mixture for both 

liquid and vapor phases, the Peng-Robinson Equation of State (PR EOS) 

(McHugh and Krukonis, 1986) was used here, 

_ B' A 2:Exjajj B' (Z + 2.414B) 
Ln(<Pi) - b(Z-I) - Ln(Z-B) - 2.828B( a - b) Ln (Z + 0.414B) (6-2) 



and 
aP 

A = (R2T2) 

bP 
B = (RT) 

B' = 2 1: Xk ~i - b 
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(6-3) 

(6-4) 

(6-5) 

(6-6) 

The compressibility factor, Z, could be calculated by the following cubic 

equation, 

The Mixture parameters a, b, are defined by the mixing rules 

(6-8) 

(6-9) 

(6-10) 

(6-11) 



where 

T 
(Xi = 1+(0.37464 + 1.54226ooi -0.26992ooi2)(1_[-T j112) 

Cl 

b
i 

= 0.0778 R Tci 
Pci 

Solvent expansion coefficient 
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(6-12) 

(6-13) 

(6-14) 

In the case of the liquid phase, specific volume, y Ls, can be obtained 

from a molar volume calculation. The solvent expansion coefficient, A Y N, 

can be represented by the following equations; 

where 

AY yLs 
y-=y--l 

pL = mole fraction of liquid phase in mixture, defined by 
inverse level rule (Van Ylack, 1985) 

N'f = total number of moles in mixture, determined from 
experimental data 

yLm = molar volume of liquid phase in mixture, calculated 
from PR BOS 

Y = the specific volume of unexpanded liquid 

.-.. -------

(6-15) 

(6-16) 
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These equations could be used to predict gas solubility and solvent 

expansion coefficient for a gas dissolved into a liquid, given two binary 

interaction parameters, rl2 and k12. 

Comparison of experimental and calculated AYN 

Calculation of Ll V N is tabulated in Tables 6-1, 6-2, and 6-3 for 

COJtoluene, COiN-butanol, and COJcyclohexanone, respectively. The 

predicted solvent expansion behavior of the three binary systems 

cyclohexanone-C02, toluene-C02, and butanol-C02 is shown in Figure 4-4. 

These data are predicted accurately over most of the pressure range by the 

following model. Phase equilibria is described by Eq. 6-1; non idealities in 

the liquid and vapor phase is described by the Peng-Robinson equation of 

state, Eq. 6-2. 

Comparison of experimental and calculated CO2 solubilities 

Table 6-4 included calculated CO2 solubility data with respect to the 

CO2 vapor pressure. The vapor pressure of CO2 equals the CO2 fugacity in 

the vapor phase. Calculated CO2 solubilities in liquid phase of three binary 

mixtures were plotted against partial vapor pressure of C02, shown in 

Figure 6-1. The C02 solubility in liquid phase is described by Eq.6-1. It 

showed that gas absorption follows Henry's Law when the vapor pressure of 

CO2 is low but behaves nonlinearly at high vapor pressures. A similar plot 

was used by Bender et al. (1984) to compare experimental solubilities with 

the results of phase-equilibrium calculations using the Redlich-Kwong or 

Peng-Robinson equations. The predicted curves were correlated with 



Table 6·1 Calculation procedure of solvent Expansion coefficient for 
toluene/C02 system 

p ~ XI YI F- NT vIm V~ 

(aim) (mole) (mUmolc) (m!) 

1.00 0.0000 0.0000 0.957591 1.0000 0.1491 107.1520 15.9764 

27.53 0.4270 0.3500 0.997327 0.8810 0.2602 85.1793 19.5262 

28.21 0.4395 0.3590 0.997349 0.8739 0.2660 84.5000 19.6427 

34.33 0.5320 0.4420 0.997465 0.8380 0.3186 79.6210 21.2578 

36.37 0.5565 0.4720 0.997478 0.8392 0.3362 79.2764 22.3670 

43.52 0.6423 0.5870 0.997441 0.8653 0.4168 71.2538 25.6982 

48.62 0.7085 0.6920 0.997351 0.9460 0.5115 65.7252 31.8030 

48.62 0.7605 0.6920 0.99'1351 0.7757 0.6226 65.7252 31.7420 

49.30 0.7212 0.7090 0.997338 0.957" 0.5349 64.8986 33.2458 

52.02 0.8247 0.7900 0.997294 0.8326 0.8506 61.3834 43.4726 

52.70 0.8356 0.8140 0.997292 0.8822 0.9067 60.5310 48.4182 

53.72 0.8417 0.8490 0.997301 1.000 0.9418 59.5249 56.0606 

55.42 0.8440 0.9010 0.997379 1.000 0.9558 59.4500 56.8223 

55.96 0.8468 0.9140 0.997424 1.000 0.9733 59.4000 57.8140 

56.78 0.8479 0.8479 0.8479 1.000 0.9803 59.3743 58.2046 

62.22 0.8565 0.8565 0.8565 1.000 1.0388 58.8646 58.832 

63.58 0.8584 0.8584 0.8584 1.000 1.0528 58.7431 58.832 

75.83 0.8595 0.8595 0.8595 1.000 1.0610 58.0470 58.832 

89.44 0.864 0.864 0.864 1.000 1.0961 57.2366 58.832 
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llVN 

(%) 

0.0000 

22.2190 

22.948 

33.058 

40.000 

60.851 

99.062 

99.062 

108.093 

172.105 

203.061 

250.90 

255.66 

261.87 

264.32 

268.01 

268.01 

268.01 

268.01 



Table 6·2 Calculation procedure of solvent expansion coefficient for 
butanoVC02 system 

p ~ XI YI po NT vim vIM 

(attn) (mole) (mVmole) (mt) 

1.000 0.0000 0.000 0.991446 1.0000 0.1717 93.1644 15.9963 

18.01 0.2224 0.1150 0.998747 0.87847 0.2208 87.5522 16.9822 

28.21 0.3319 0.1910 0.998911 0.82560 0.2570 83.8343 17.7879 

43.18 0.4772 0.3260 0.998787 0.77526 0.3284 77.2560 19.6690 

48.62 0.5261 0.3890 0.998638 0.77511 0.3623 74.2195 20.8425 

53.72 0.6204 0.4640 0.998406 0.70734 0.4523 70.6592 22.6060 

55.42 0.6669 0.4970 0.998295 0.66108 0.5154 69.1206 23.5508 

56.10 0.7788 0.5120 0.998244 0.45130 0.7761 68.4284 23.9673 

58.82 0.6990 0.6160 0.997985 0.78218 0.5704 63.8056 28.4672 

62.22 0.8052 0.8052 0.8052 1.000 0.8814 56.9568 50.2017 

69.03 0.8258 0.8258 0.8258 1.000 0.9854 56.2408 55.4197 

82.63 0.8333 0.8333 0.8333 1.000 1.0298 55.5954 57.2521 

103.14 0.8306 0.8306 0.8306 1.000 1.0135 55.0085 55.7511 

106.44 0.8361 0.8361 0.8361 1.000 1.0474 54.7537 57.3490 
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IlVN 

(%\ 

0.00 

6.16 

11.20 

22.96 

30.30 

41.32 

47.23 

49.83 

77.96 

213.83 

246.45 

257.91 

258.52 

258.52 
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Table 6·3 Calculation procedure of solvent expansion coefficient for 
cyclohexanone/C02 system 

p ~ XI YI F- NT vim v~ 

(aim) (mole) (mVmole) (m!) 

1.00 0.0000 0.0130 0.996444 1.0132 0.1541 116.8210 16.00 

14.60 0.2750 0.1900 0.999614 0.8950 0.2126 102.2169 19.450 

28.21 0.4659 0.3850 0.999687 0.8684 0.2885 86.6690 21.713 

41.82 0.6548 0.6020 0.999653 0.8672 0.4464 70.3189 27.222 

43.18 0.6807 0.6260 0.999646 0.8536 0.4826 68.6052 28.262 

45.22 0.7320 0.6630 0.999633 0.7950 0.5750 66.0178 30.178 

50.66 0.8199 0.7690 0.999591 0.7793 0.8556 59.1349 39.427 

52.02 0.8333 0.7990 0.999579 0.8290 0.9246 57.4106 44.004 

55.42 0.8542 0.8790 0.999554 1.000 1.0567 53.8195 56.871 

58.82 0.8543 0.8543 0.8543 1.000 1.0578 54.0254 58.832 

60.18 0.8546 0.8546 0.8546 1.000 1.0602 53.9769 58.832 

61.54 0.8546 0.8546 0.8546 1.000 1.0602 53.9391 58.832 

62.22 0.8548 0.8546 0.8546 1.000 1.0613 53.9133 58.832 

65.62 0.8548 0.8546 0.8546 1.000 1.0613 53.8200 58.832 

69.03 0.8551 0.8551 0.8551 1.000 1.0637 53.7172 58.832 

75.83 0.8551 0.8551 0.8551 1.000 1.0637 53.5382 58.832 

82.63 0.8551 0.8551 0.8551 1.000 1.0637 53.3651 58.832 

86.24 0.8551 0.8551 0.8551 1.000 1.0637 53.2754 58.832 
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l%) 

0.000 

21.56 

35.71 

70.14 

76.64 

88.61 

146.42 

175.02 

255.44 

267.70 

267.70 

267.70 

267.70 

267.70 

267.70 

267.70 

267.70 

267.70 



Table 6·4 Calculated C02 solubility in toluene, butanol, and cyclohexanone at 
298°K 

Toluene/CO2 ButanoVC02 Cyclohexanone/C02 

p p
1
v&p Xl

cal P p
1
v&p Xl

cal P Pl
vlP Xl

cal 

(aim) (aim) (fraction) (atm) (aun) (fraction) (atm) (aim) (fraction) 

1.00 0.938 0.010 1.69 1.66 0.010 1.00 1.04 0.013 

16.31 14.82 0.172 21.41 18.87 0.139 14.60 13.43 0.190 

21.75 19.13 0.230 28.21 23.94 0.191 28.21 23.93 0.385 

28.21 23.88 0.301 35.01 28.50 0.248 41.82 32.56 0.602 

35.01 28.44 0.380 41.82 32.55 0.312 50.66 37.16 0.769 

48.62 36.10 0.575 49.98 36.82 0.407 52.02 37.81 0.799 

49.98 36.75 0.602 55.42 39.26 0.497 55.42 39.30 0.879 

55.42 39.19 0.866 58.82 40.60 0.616 58.82 40.50 0.945 

59.02 40.67 0.655 

------------ -----
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Figure 6-1 Prediction of compressed CO2 solubility in solvents at 298°K 
using an equation of state 
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experimental CO2 solubilities to generate two optimal binary parameters, 

r12 and k12' for each binary mixture. For the C02-cyclohexanone pair the 

values are 0.035 and -0.02, for the C02-toluene pair the values are 0.12 and 

0.00, and for the C02-butanol pair the values are 0.100 and -0.035. These 

optimal binary parameters were regressed with Eq.6-1. 

The model predicts solvent expansion and C02 solubility in three 

binary mixtures, with two adjustable binary parameters. Experimental data 

are easily measured at 25°C with the densitometer, and can be used to 

obtain the binary parameters for each system. It seems that this model may 

be valid for a supercritical gas dissolved in a liquid solvent. Activity

cofficient models are not ordinarily used for supercritical systems because it 

is not possible to select a truly useful standard state (Prausnitz et aI., 1986). 

There is room for improvement in the model to predict compressed C02 

solubility in the asymmetric binary system. The thermodynamic model 

presented here could be used as an approximation for scoping out solvent 

expansion behavior and thus recrystallization potential of the GAS 

recrystallization process. 

Solid Solubility Prediction using Solvent Partial Molar Volume 

Partial molar volume 

In order to predict the solubility of solute in the liquid phase, an 

analytical differentiation of the PR EOS can be performed to give the 

partial molar volume of each compound, Vh in the liquid phase (Walas, 

1985; Cheuh and Prausnitz, 1968; Van Ness, 1982). Thus 

._---_ .. _ .. _-_._- ._ .•. __ .. __ ..... _- .. __ .. _._-_._----_ .. -----_ .. _ .. ----.. -.---.-



where 

az 
RT {Z + [1 - Xi] [aiihiP} 

Vi - P i=I,3 

aA aB az _ [B - Z] ~ + [A-2B-3B2+2Z+6BZ-Z2] ~ 

i)Xl - {3Z2+2BZ-2Z+A-2B-2B2} 
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(6-17) 

(6-18) 

(6-19) 

(6-20) 

The equilibrium solubility of a solute in liquid phase, S2(T,P), may be 

calculated as the solubility at 1 atm, S2(T,1), multiplied by a ratio of solvent 

partial molar volume at T, P to that at T and 1 atm, where no gas 

absorption occurred in the solvent. Thus 

(6-21) 

The salting out of solid from liquid phase, which is a function of T and P, 

can be represented by 

(6-22) 
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substituted Eq.6-20 into Eq.6-21 to give 

(6-23) 

Comparison of experimental and calculated solid solubilities 

The solubility of J3-carotene in toluene and its salting out from liquid 

solution with the addition of C02, are quite complex in the GAS 

recrystallization process. Although there is no rigorous theoretical 

prediction to this process so far, solubility may be predicted qualitatively 

using the partial molar volume change of toluene in the liquid phase, along 

with a suitable description of the asymmetric binary mixture for vapor and 

liquid phases, i.g. the Peng-Robinsol1 equation of state. The calculation 

procedure starts with the detelmination of solubility of C02 in liquid phase 

from Eq.6-1, which assumes that the presence of a small amount 13-
carotene (acetaminophen) doesn't affect CO2 solubility. Solubility of CO2 

in liquid phase, Xh is substituted into Eq.6-17 along with the differentiation 

of the compressibility factor with respect to mole fraction to calculate the 

partial molar volumes of toluene and CO2 in liquid phase. Figure 6-2 

shows that solvent partial molar volume in liquid phase changed with gas 

solubility. The partial molar volumes of toluene and CO2 didn't change 

much at lower C02 mole fraction, but the slope of the partial molar volume 

of toluene did increase dramatically at higher CO2 mole fraction because of 

an increase of CO2 solubility in toluene. This might be explained as many 

CO2 molecules surrounding the surface of each toluene molecule. This 
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Figure 6-2 Calculated partial molar volume in liquid phase using Peng
Robinson equation of state 
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molecular attraction force assumes that one substance shares its molar 

volume with another substance. After complete miscibility between CO2 

and toluene, partial molar volumes didn't change even when the pressure 

was still increasing. The same explanation was used for the C02lbutanol 

system. These calculated partial molar volumes are listed in Table Fl. The 

relation between partial molar volume ratio and solid solubility was stated 

by Eq.6-21. Calculated solubilities are tabulated in Table 6-5 and are 

plotted with experimental data as shown in Figure 4-8. 

The model predicts the complex salting out and solubility of p
carotene remarkably well using the partial molar volume change of toluene 

in liquid phase, without any ternary data (Figures 4-8 and 4-9). These 

calculated and predicted solid solubilities are plotted in Figure 6-3. The 

average absolute deviation for the model is 8%. Since three-phase data of a 

three-component system and activity coefficient models for an asymmetric 

binary mixture are both rarely available, this predictive approach requiring 

only binary data from solvent and gas anti-solvent should be useful. 

----------_ .. _ .......... . 



Table 6-5 Relation between solvent partial molar volume ratio and solid 
solubility· in the GAS recrystallization process 

J3-carotene Acetaminophen 

p (V/~>r S2 p .(v/Vi)B 
(atm) (m.£Uml) (atm) 

1.00 1.000 8.271 1.69 1.000 

28.21 0.990 8.193 21.41 0.999 

36.37 0.981 8.114 28.21 0.998 

48.62 0.924 7.646 31.60 . 0.998 

52.02 0.843 6.969 35.01 0.998 

55.42 0.507 4.194 41.82 0.996 

55.96 0.409 3.380 49.98 0.993 

60.00 0.290 2.403" 55.42 0.986 

69.03 0.250 2.403 58.82 0.965 

89.44 0.169 2.403 62.22 0.842 

69.03 0.780 

75.83 0.374 

82.63 0.268 

89.44 0.268 

• calculated solubility data are selected from computer result 

•• extrapolated data 

----_._-----_. -.- .. -

S2 
(mg/ml) 

81.000 

80.903 

80.862 

80.838 

80.806 

80.700 

80.425 

79.874 

78.173 

21.700" 

21.700 

21.700 

21.700 

21.700 

134 



~ Predicted Acetaminophen 
E Solubility (mg/mi) ~ 
~IOO 20 40 60 80 

..§. 9 • ,8-corotene ~ 
Z" <) Acetaminophen L 
:'::8 
..0 
..27 

100 ~ 
looE 

~ 

90 ~ .-
80 -g -
70 fA 

o en 6 c: 
(J) 60 ~ 
a5 5 50 g-
-0 c: 
C 4 40·E 
u C 
I 3 30 Q3 c:o.. u 

E 2 20 <l: 
c: E I 10 -2 
·c 0 0 (J) 

~ 0 I 2 3 4 5 6 7 8 9 10 ~ 
~ Predicted {J-carotene ~ 

Solubility (mg/ml) ~ 

135 

Figure 6-3 A deviation plot of experimental and predicted solids solubilities 
in the GAS recrystallization process 
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CHAPTER 7 

Continuous GAS Recrystallization 

GAS recrystallization is a process to crystallize a solid from solution 

by a change of supersaturation level brought on by high pressure gas 

absoption. The supersaturation is generated depending on the dissolution 

of gas anti-solvent addition to the solution. The generation of 

supersaturation is faster than that of liquid crystallization processes where 

diffusion processes occur. The diffusion rate of gas in liquid is faster than 

that of liquid in liquid (or solid in liquid). Based on this attribute the GAS 

recrystallization process has the potential to generate small nuclei. 

However, nucleation and growth mechanisms of this process still occur in 

the liquid phase, therefore, population balance mechanics for continuous 

liquid crystallization (Randolph and Larson, 1988) could be tested and fully 

used to predict particle size distribution and detennine kinetics. 

In this section the configuration and operating parameters of the 

continuous GAS recrystallization process will be covered, the results of two 

experiments at different retention times and data reduction will be discussed. 
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Experimental 

System parameter calibration 

A new configuration for a continuous GAS recrystallization process 

was designed based on results from a batch process. The system was 

composed of a high pressure crystallizer, a crystal product collector, and a 

mixing device for expansion of liquid feed with a compressed gas. Details 

are shown in Figure 7-1. 

The crystallizer consisted of a 316 stainless steel vessel (100 mm 

long, 25.4 mm 0.0., and 25.4 mm 1.0.) with a stirring bar ( 10 mm long 

by 3 mm diameter) held by a 100 mesh stainless steel screen cloth which 

was located in the bottom of the vessel. The product collector was the 

miniexpansion column with a specially designed filter described in Chapter 

4. The mixing device consisted of two micrometering valves located at the 

bottom of the crystallizer. System volume including the crystallizer, 

collector, and piping was calibrated using liquid C02 at 69.03 atm and 

25°C. The calculated volume was 187 mI. The solution and CO2 pumps 

were calibrated at the same conditions. The flow rates of the two fluids 

were plotted against pump stroke, shown in Figure 7-2. 

An important factor influencing expansion behavior in a continuous 

GAS recrystallization process is the charge ratio of CO:z/liquid solution. 

Based on several batch experiments conducted at 69.03 atm and 25°C, the 

average charge ratio of CO:z/liquid solution is about 4.0. Therefore, at a 

given retention time and system volume the charge ratio and flow rates 
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13 

2 

Figure 7-1 Flow diagram of continuous GAS recrystallization (1) liquid CO2 

cylinder, (2) graduated burette, (3) chiller, (4) constant 
temperature bath, (5) duplex metering pump, (6) micrometering 
valve, (7) magnetic stirrer, (8) continuous crystallizer, (9) 
pressure indicator, (10) temperature controller, (11) pressure 
regulator, (12) batch filtering vessel, (13) separation flask, (14) 
wet test flow meter 
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Figure 7-2 Calibration of flow rate with pump stroke for continuous GAS 
recrystallization 

... , .. -.-~ .. --



140 

were detennined for the continuous GAS process. Table 7-1 lists operating 

parameters for two continuous experiments. 

Operation procedures 

In order to reduce the effect of the initial startup (i.e. batch process) 

on the overall results, the system was initially pressurized to the desired 

pressure at room temperature using saturated J3-carotene/toluene solution 

alone. Once the pressure and temperature were stable the operation was 

switched to the desired feed ratio with calculated CO2 and liquid solution 

flow rates. The CO2 and liquid solution were charged into the crystallizer 

from the bottom through two micrometering valves (Whitey, Model SS-

31 RS4). The CO2 charge valve was located one centimeter below the 

toluene solution charge valve to ensure fully expanded operation. Mixing, 

in addition to gas bubble-liquid blending, was created by the stirring bar 

described in the batch process. Measurement of total retention time was 

started once the initial feed solution was depleted. CO2 and liquid solution 

flow rates were monitored every 10 minutes and· average values were used 

for the calculation of real retention time and the number of turnovers. 

During continuous operation the refractive index of depleted solution was 

measured to monitor expansion behavior and the production yield. Figure 

7-3 shows transient refractive index versus elapsed time. In the draining 

and drying process the procedures were similar to the batch process 

described in Chapter 4. Upon complete drying the particles were picked 

up by a retriever and the sample was taken for particle size analysis. 



Table 7-1 Operating parameters for two continuous GAS 
recrystallization processes 

Parameters GAS #59 

P (atm) 69.03 

T (OC) 25.0 

QlSTP (ft3/hr) ...... 2.165 

Ql (ml/hr)'" 149.55 

Q3 (ml/hr)'" 33.70 

QdQ3 4.44 

Retention time (min.) 61.3 

Number of turnovers 3.73 

... average flow rates measured at 1 atm and 25°C . 

GAS #68 

69.03 

25.0 

5.734 

396.10 

103.44 

3.83 

22.5 

5.16 

...... calculated flow rates at 69.03 atm and 25°C based on PC02= O.7447g!ml 
and PlOluene = 0.8626 g/ml 
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Figure 7-3 Monitor of solids concentration in a continuous recrystallization 
process using refractive index of the depleted solution 
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Particle size measurement 

To estimate particle growth and nucleation rates in the GAS 

crystallizer, a 200 ml mininucleator with particle size counter 

(Electrozone, Model 80XY) was used for measuring the particle size 

distribution. About 5 mg of the GAS recrystallization sample was weighed 

using an analytical balance (Mettler, Model B6). The sample was dispersed 

into a saturated Tween 40 aqueous solution and was sonicated using an 

ultrasonic vibrator ( Branson, Model B-220) for at least 5 minutes. The 

dispersed particle solution was transferred into the mininucleator equipped 

with a glass impeller. The measurement of particle size distribution 

followed Electrozone's operating manual. Raw particle size data obtained 

from the mininucleator experiments are listed in Table 7-2 for samples of 

GAS #59 and GAS #68. 

Data Reduction for Particle Size Measurement 

The mininucleator experiments gave raw particle data from channel 

1 to channel 128, log (population) versus mean size. Differential number 

density versus mean size could be obtained from reduction of these raw 

particle data. Three-channel intervals were used to obtain a particle size 

distribution which is listed in Tables G3 and G4 for GAS #59 and GAS 

#68, respectively. The smoothed data for calculation of differential 

number densities of GAS #59 and GAS #68 are listed in Table G5. Figure 

7-4 shows population density on a logarithmic scale versus particle size for 

two experiments. Both curves exhibit steady state behavior in the small 
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Table 7-2 Raw data obtained from a mininucleator and the GAS experiments 

Raw data GASN59 GASN68 

Samj)Ie weight, (mg) 5.0 4.6 

Po~ulation mean,(J,lm) 13.95 13.16 

1 ml counts,_(#/ml) 11228 9277 

Total counts, (N) 39234 44285 

Product yield, (9bJ_ 0.725 0.665 

Solution used, (mll 187.5 230 

Product wei~ht, ~"'lg)_ 1124.3 1265.1 

Multiple factor, (ml·) 68.83 61.62 

Crytr. count, (N/ml) 2.70034(10)6 2.72863(10)6 
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Figure 7-4 Kinetics detennination for the GAS recrystallization process 
using a semi-log plot of population density versus size 

- -----.~~-.-~ .. ~ -',---'--------------------- --- -
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particle size region. The longest retention time run (GAS #59) gave a 

larger portion of large particles than the short retention time run (GAS 

#68). The differential number density of these two experiments is plotted 

against mean particle size in Figure 7-5. These two distributed curves have 

almost the same shape. An explanation for this phenomenon is given in the 

next section. 

Kinetics Determination 

In a continuous Mixed Suspension Mixed Product Removal (MSMPR) 

crystallizer the intercept of a population density versus size plot gives nuclei 

density, nO, which is the ratio of nucleation to growth rate. The slope of the 

plot gives a value of -l/(G't) where G is the growth rate and 't is the 

retention time. From Figure 7-4, the order of magnitude of growth rate in 

continuous GAS recrystallization is about 0.08-0.20 (Ilm/min) and the order 

of magnitude of nucleation rate is about 4.0 (10)8 (#/L-min). Nucleation 

and growth rates are of comparable kinetic order as the particle size is 

virtually constant even with a three-fold change in retention time (Randolph 

and Larson, 1988). The small difference of the two mean sizes is typical of 

low-order secondary nucleation kinetics. As with conventional liquid 

crystallization the time required for steady state of the particle size 

distribution is much longer than thermodynamic equilibrium . 

. _-----------_ .. -....... --- ---_ ... _._-------
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Figure 7-5 Differential particle-size distribution for raw J3-carotene and 
precipitates from a continuous GAS recrystallization process 

" 
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CHAPTER 8 

Conclusions and Recommendations 

Receystallization from rapid expansion of SF solutions 

fi-carotene (a food additive and prospective cancer-inhibiting 

material) was studied for dissolution in SF carbon dioxide, SF ethylene, 

and SF ethane. Data show that CO2 acted as an oxidizer and reacted with 

fi-carotene at supercritical conditions to produce a fi-carotene-related 

epoxy compound. Precipitates nucleated by rapid expansion of different 

SF solutions are not likely to have different crystalline structures, as shown 

by X-ray diffraction analyses. Increased golubility was obtained by 

addition of toluene as a cosolvent in SF ethylene. A phase eqUilibrium 

diagram is necessary to estimate the maximum co-solvent addition to the SF 

solvent to still maintain a single-phase precipitation process in the 

expansion orifice. For low volatility compounds (such as fi-carotene) the 

modified PR EOS gave a reasonable fit to experimental solubility data with 

only two solute-related parameters. 

SF dispersive precipitation generates a narrow particle size 

distribution of micro-sized particles if expansion occurs as a single vapor 

phase. The controlling factor detennining crystallinity of a precipitate is 

probably the nucleation rate, which in tum is controlled by solute 

concentration in the SF. SF dispersive precipitation in a ge!/H20 solution 

using a cosolvent might be a feasible way to obtain microsize particles with 
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high production rates, provided the cosolvent concentration and expansion 

temperature provide single-phase expansion through the expansion orifice. 

Two-phase expansion would provide higher productivities (up to 9-fold), 

but at the price of a larger wider particle size distribution. Modelling of 

eupercritical fluid precipitation through a rapid expansion nozzle, using the 

moment equations for a batch plug flow reactor (Randolph and Larson, 

1988), could be used for studying nucleation phenomena and the 

supercritical fluid expansion process. 

Recrystallization from high pressure gas-expanded organic solvents 

The solubility of J3-carotene (or acetaminophen) in liquid toluene (or 

butanol) with absorbed CO2 as a gas anti-solvent was predicted from 1 to 

90 atm using an appropriate equation of state for both vapor and liquid 

phases. For any gas and liquid pairs which show miscibility, the 

densitometer technique provides accurate expansion behavior and solubility 

of gas in the liquid. The solubility of organic solids (thus the salting out of 

solids from solution) is sensitive to pressure in the region where liquid 

carbon dioxide becomes miscible with the solvent and the compressibility 

of the mixture decreases. At low pressures, the solubility of solids 

decreases linearly with increasing CO2 solubility. When the liquid mixture 

density approaches incompressibility, the solubility of solids decreases 

rapidly. The partial molar volume of solvent in the liquid phase decreases 

sharply in this region. The shape of the solids solubility curve is due 

primarily to the partial molar volume change of solvent in the liquid phase, 

rather than to the interaction of solid/liquid and solid/vapor phases. 
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The model used for the GAS recrysta1lization process, which 

employs the Peng-Robinson EOS (liquid and vapor phases) for partial 

molar volume calculations in the liquid phase, predicts the solubility of p
carotene (or acetaminophen) semi-quantitatively over a wide range of 

pressure using only two binary interaction parameters. The solubility of 

CO2 in three organic liquids has the increasing order of butanol, toluene, 

and cyclohexanone. Even though CO2 has lower solubility in butanol than 

toluene and cyclohexanone, it still achieved full expansion of the CO2-

butanol system at high pressure. An advantage of the GAS recrystallization 

process, other than the manipulation of particle size and particle 

morphology (Gallagher et al., 1989), is the low operating pressure and 

temperature (i.e. 298°K and 65 atm) compared to conditions used for SF 

recrystallization (Chang and Randolph, 1989), while still giving the high 

yields characteristic of recrystallization from liquids. A continuous GAS 

recrystallization process, with batch product filtering, was developed to 

recrystallize organic solids. Growth and nucleation rates were determined 

from log population density vs. size plots as per conventional population 

balance mechanics. The predictive population balance theory (Randolph 

and Lanson, 1988) should model particle formation in the GAS 

recrystallization process. 

The GAS process could be used for fractional crystallization if 

widely different solubilities are observed for two solutes in the same 

solvent after CO2 absorption. Purification of J3-carotene raw material and 

fractionation of J3-carotene mixtures was performed using the GAS 

process. The study separated J3-carotene from carotene epoxides as well as 
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isomers. As compared with literature data, the proposed method shows 

potential for industrial application since the retention time is low and it 

operates at room temperature. Based on different solute solubilities in the 

same solvent or in a mixed solvent, different salting out percentages gave 

purification and fractionation. Thus, if the solvent is chosen to have 

suitable polarity to distinguish compounds, it is possible to purify one 

compound from another because the solids have different polarity-related 

solubilities in the solvent. The purification or fractionation of an isomer 

mixture might be done better in a mixed solvent, if the desired compound 

dissolved in a highly expanded solvent and the undesired compound 

dissolved in a less expanded solvent. 

-- ---- ------ -----.--
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Appendix A 

Solubility Correlation Model 

In the SF extraction process thennodynamic description could be 

used to model the equilibrium of SF phase and solid phase. In this study a 

modified Peng-Robinson equation of state was developed to correlate p
carotene solubility in SF C2~. At equilibrium the fugacities of the solute 

in the compressed gas and solid phases can be defined respectively as 

follows 

(A-I) 

(A-2) 

where 

«P ~Ub = fugacity coefficient of the solute in sublimation state (::1.0) 

p~ub = vapor pressure of the solute in sublimation state (1 atm, 

25°C) 
V~ = molar volume of the solute 

P = system pressure 

«P2 = fugacity coefficient of the solute in SF phase 

---------- ---- - --------------
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Y2 = solubility of the solute in SF phase 

Sublimation state can be dermed as 1 attn and TOK. Equating Eq(A-l) and 

Eq(A-2) the solubility of the solid in supercritical fluid is given by 

P sub (Y2s P) 
Y2=~'exPl RT (A-3) 

Reasonable assumptions that have been made in this equation are that the 

solid volume is constant, the solid phase is pure, and system pressure is 

much greater than the sublimation vapor pressure of the ~olute. 

In almost all instances, <P2 is determined from an equation of state 

applicable to the solute-solvent mixture. The use of a modified Peng

Robinson equation applied to solute solubility correlation in SF solvent 

assumes, in essence, that the solid is a subcooled liquid, the elimination of 

the solute-solvent binary interaction parameter, and two pure-component 

parameters of the solute as variables. With these assumptions classical 

thermodynamics to obtain <P2, in terms of the solute critical properties, 

acentric factor, and a characteristic binary interaction parameter, could be 

converted in terms of the solute parameters a2 and b2 which are determined 

by linear re~ression of the experimental solid solubilities in SF solvent. 

The relation for <P2 becomes 

----.-.--.-.-.. - -_._-_. -----_._----_._._ .. 
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!!2. [P(V 1 - b)] Ln(<<!>2) = b (ZI - 1). - Ln RT -

a {2(aI2Y1 + a2Y2) 1?2.} L [VI + 2.414b] 
2.828 RTb a - b n VI - 0.414b (A-4) 

The mixture parameters a and b defmed by Van der Waals mixing rule 

become 

and 

a = (Yl ~ + Y2 ...J a2) 

b = (YI bl + Y2 ~) 

2 2 
0.45724 R T cl _ 

a, = p {I + a(1 - -V iJ2 
cl 

a = 0.37464 + 1.54226 COl - 0.26992 C012 

b 
_ 0.0778 RTcl 

1- P cl 

PV t 
ZI = RT 

----_. _. __ .-_.-._ ............ _ .. _ ......... _-.. _----_. 

(A-5) 

(A-6) 

(A-7) 

(A-8) 

(A-9) 

(A-I0) 

(A-It) 
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The compressibility factor for the supercritical solvent (component 1), Zl, 

can be calculated by the following cubic equation. 

where 

blP 
BI = RT 

(A-I2) 

(A-I3) 

(A-I4) 

For the solute studied «(3-carotene), the experimental solubilities were 

sufficiently small (i.e. Y2 =10-4 mole fraction) that q,2 could be written as 

q,2-, the infinite-dilution fugacity coefficient for the solute, in the following 

form. 

(A-IS) 

The relation between q,2 and q,; is 

(A-I6) 
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Where k is a function of temperature and pressure as shown elsewhere 

(Debenedetti and Kumar, 1986), k has the value from 0 to lIY2. In the 

correlation of J3-carotene solubility, k was found to be insensitive to 

temperature and pressure. Equating (A-IS) and the logarithmic form of 

(A-3). 

V~P 
sub ~ V t - bt 

Ln(Y2) = Ln(P:z ) + RT + b
l 
\1 - Z) + Ln( RT ) 

2-{8; L{VJ + 2.414bt]..,fa;" 
+ 2.828RTbt V t - 0.414bt a2 

at L{Vt + 2.414bt] ~ 
- 2.828RTbI2 V t - 0.414bt 

(A-17) 

Rearranged Eq(A-17) for linear regression of a2 and b2, with dependent 

variables of XI and X2, independent variable of Y. 

(A-18) 

where 

(A-19) 

(
1 - Zt) al {VI + 2.414bt] 

Xl = bt T - 2.828Rbt2 L V t - 0.414bt 
(A-20) 

(A-21) 

.-.... - --.-----
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For each temperature it has six data for regression (i.e. five 

experimental solubilities at P atm and one vapor pressure in sublimation 

state, calculation shown in Appendix B). Regressed parameters (a2 and b2) 

and R squared obtained from SPSS simulation package are listed in Table 

AAl. 

_. - --- .- - ---. --
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Table AAI The listing of parameters (a2 and ~) regressed from SPSS 
simulation package 

parameter for 50°C data foJ' 70°C data 

a2 18.12 8.07 

b2 382 264 

b2la2 21.08 32.71 

R2 0.998 0.985 
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Appendix B 

Estimation of f3-Carotene Vapor Pressure in Sublimation State 

Vapor pressure of J3-carotene in ethylene could be detennined from 

thennodynamic equilibrium between the solid phase (f3-carotene) and the 

pseudo-liquid phase (solution). Prausnitz et al. (1986) mentioned that an 

expression for the ideal solubility of a solid solute in a liquid solvent has 

already been developed with the following assumptions (a) there is 

negligible solubility of the solvent in the solid phase and solvent is treated 

as a pure-subcooled liquid. (b) Chemical nature of the solute is similar to 

that of the solvent. The equilibrium equation of fugacities for solid 

component can be written as 

f S-x 'Y: fL .. 2 - 2 2 2 (pure.subcoolcd liquid) (B-1) 

Where 

X2 = the solubility (mole fraction) of the solute in the solvent which 
also is vapor pressure of the solid at 1 atm and 25°C. 

12 = the liquid phase activity coefficient (It is unity for a ideal 
solution). 

These two fugacities depend only on the properties of the solute 

(component 2), they are independent of the nature of the solvent. The ratio 

--- ------------------
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of these two fugacities can be calculated by the thennodynamic cycle 

indicated in Chapter 9 of Prausnitz et al. (1986). With two simplications, 

first, for most substances there is little difference between the triple-point 

temperature and the nonnal melting temperature. Second, in many cases it 

is sufficient to consider only the tenn which includes the enthalpy of fusion 

and to neglect the tenns which include the heat capacity. A reasonable 

method for estimating solubilities (or vapor pressure) of solids in ideal 

solution (1 atm and 25°C) can be written as 

(B-2) 

where 

~Hl = the enthalpy of fusion at the nonnal melting point 

T = solution temperature 

T m = nonnal melting temperature 

R = gas constant 

The enthalpy of fusion and nonnal melting temperature of 13-
carotene were detennined from a differential scanning caloremetry, the 

spectrum was listed in Figure 2-1 O. ~Hl and T m for I3-carotene are + 144 

KJ/gmole and 178°C, respectively. Calculation from Eq(B-2) showed that 

vapor pressure of f3-carotene in sublimation state (1 atm, 25°C) is 

2.94464(10)-9 atm and solubilities of f3-carotene on ethylene at 1 atm/50°C 



and 1 atm/70°C are 2.602(10)-7 and 5.864(10)-6 mole fractions, 

respectively. 

------------------ ---- ----- -
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Appendix C 

Nucleation Rate Calculation for Isothermal SF Precipitation 

Solid precipitation, from rapid expansion of a supercritical fluid gas 

solution through a nozzle with specific geometry, could be modeled using 

moment equations in the plug-flow reactor (or crystallization) (Kodas and 

Friedlander, 1987; 1988; Turner et al., 1988; Pratsinis et aI., 1986). The 

gas dynamics for steady one-dimensional flow with condensation can be 

described by a set of well-known equations (Shapiro, 1953). The dynamics 

of the precipitated can be described in terms of moments of the particle 

size distribution (Randolph and Larson, 1988; Friedlander, 1983). The 

precipitated properties (number concentration, mean size, and width of the 

size distribution) can be determined without calculating a detailed size 

distribution using a coupled set of moment equations. 

In this study the calculation is concentrated on particle formation 

(nucleation) in the nozzle. 'The basic assumptions are: particle formation is 

described by classical nucleation theory (Abraham, 1974); nucleation takes 

place at the outlet of the nozzle (i.e. maximum nucleation rate); and rapid 

expansion is obtained at isothermal conditions. The equation, described in 

the study of Matson et al. (1987), used to calculate the nucleation rate is as 

follows: 
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(PVIP)[2...[G u,l {-16n: ( a ,p ( U ,'p} 
BO = lk'T 2vn:mJ exp -3- lk'T) lLn(s») (C-l) 

where s is the supersaturation ratio given by s = C/C .. ,. This number 

represents the potential for the formation of primary nucleation. One 

example of (i-carotene solid, having 8.92(10)022 molecular volume (u), 18.0 

surface tension (a), 5.94 vapor pressure (PVlP), and 8.92(10)"22 molecular 

weight (m), precipitating from a supercritical fluid ethylene solution which 

is expanded from 306 to 1 atm through a nozzle (15 11m I.D. and 250 11m 

thickness) at isothermal condition of 70°C. Inlet and outlet concentration 

of (i-carotene (C, CIII) can be obtained from the product of solubility in 

mole fraction with carrier ethylene density. They are 1.46(10)"6 and 

2.09(10)010 gmole/ml C2H4, respectively. Under these conditions, the value 

of nucleation rate (BO) is 8.4(10)18 #/L-min. 

------------ ~.~ .. ~ ..... --- - ._ ... _- -_. --
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Computer Programs Listing for Correlation of 
~-Carotene Solubility in Supercritical Ethylene 

-----------------.... -- .. -_._-.-.- -- . __ .. - ._- ._._- ----
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C This SPSS fonnat program is used to compute dependent and independent 
variables (XI,X2,Y). AI, BI, Zl, and VI are implicit data, calculated from Peng
Robinson equation of state. 

C (For 50°C data computation) 
C Listing of input data 

DATA LIST / Y2 1-10 P 12-18 ZI 26-36 VI 38-48 
BEGIN DATA 
0.260E-6 1.0000 
1.321E-5 102.04 
5.419E-5 170.07 
6.013E-5 238.10 
7.374E-5 306.12 
8.808E-5 374.15 
END DATA 

0.9948133 
0.4807248 
0.5332778 
0.6445885 
0.7606502 
0.8761556 

26366.94 
124.8660 
83.10822 
71.75322 
65.85793 
62.06599 

C Start of computation 

COMPUTE P2VAP=2.602E-7 
COMPUTE R=82.057 
COMPUTE T=323.0 
COMPUTE V2S=536.9 
COMPUTE Bl=36.27467 
COMPUTE A1=4600095.0 
COMPUTE H1=LN(P2VAP/R) 
COMPUTE J=V2S/R 
COMPUTE H2=LN(VI-Bl) 
COMPUTE I=(1.0-Z1)/B1 
COMPUTE K1=LN«Vl+2.414*B1)/(V1-0.414*B1» 
COMPUTE K2=2.0* A l/(SQRT(8)*R *B 1 *SQRT(A1 »)*K1 
COMPUTE L=Al/(SQRT(8)*R*B1**2)*K1 
COMPUTE Y=LN(Y2)*T 
COMPUTE C=(H1+H2+J*prr-LN(T»*T 
COMPUTE Y=Y-C 
COMPUTE X1=I*T-L 
COMPUTE X2=K2 

C End of computation 

PRINT FORMATS Y Xl X2 (F15.8) 
LIST VARIABLES=Y Xl X2 
FINISH 

C (For 70°C data computation) 
C Listing of input data 

---- -------- ---- ------- ----- -------



DATA LIST /Y21-1OP 12-18 ZI26-36VI38-48 
BEGIN DATA 
0.5864E-5 1.0000 
O.722E-5 102.04 
3.781E-5 170.07 
6.613E-5 238.10 
1O.480E-5 306.15 
12.120E-5 374.15 
END DATA 

C Start of computation 

0.9956754 28023.83 
0.5923912 163.3984 
0.5852780 96.85994 
0.6731047 79.56699 
0.7757937 71.32813 
0.8812634 66.29331 

COMPUTE P2V AP=5.864E-6 
COMPUTE R=82.057 
COMPUTE T=343.0 
COMPUTE V2S=536.9 
COMPUTE B 1=36.27467 
COMPUTE A1=4444788.0 
COMPUTE HI=LN(P2VAP/R) 
COMPUTE CJ=V2S/R 
COMPUTE H2=LN(V1-B1) 
COMPUTE CI=(1.0-Z1)/B1 
COMPUTE CK1=LN«V1+2.414*BI)/(VI-0.414*B1» 
COMPUTE CK2=2.0* A 1!(SQRT(8)*R *B 1 *SQRT(A 1 »*CKI 
COMPUTE CL=A 1!(SQRT(8)*R *B 1 **2)*CK1 
COMPUTE Y=(LN(Y2»*T 
COMPUTE C=(H I +H2)*T -T*LN(T)+CJ*P 
COMPUTE Y=Y-C 
COMPUTE X1=CI*T-CL 
COMPUTE X2=CK2 

C End of compmation 

PRINT FORMATS Y Xl X2 (F15.8) 
LIST VARIABLES=Y Xl X2 
FINISH 
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C This SPSS format program is used to regress two parameters (A2 and B2) using 
linear regression 

C (For 50°C data regression) 
C Input data file 

FILE HANDLE DATA /NAME="NLRSO.DAT" 
DATA LIST FILE=DATA FREE IY Xl X2 
COMPUTE T=323.0 
PRINT FORMATS Y Xl X2 (F15.8) 
LIST VARIABLES=Y Xl X2 

C Initial guess for parameters 

---------------------- -----



MODEL PROGRAM A2=3.60E+6 B2=200.0 

C Start of linear regression 

COMPUTE PRED= Xl *B2 + X2*SQRT(A2) 
NLR YWITHXI X2 
/pRED=PRED ISA VE PRED 

C End of linear regression 

PWf 
FORMAT=OVERLA YI 
PLOT=Y WITH Xl; PRED WITH Xl 
FORMAT=OVERLAYI 
PLOT=Y WITH X2; PRED WITH X2 
LIST VARIABLES=Y PRED T 
FINISH 

C (For 70°C data regression) 
C Input data file 

FILE HANDLE DATA /NAME=INLR70.DAT" 
DATA LIST FILE=DATA FREE IY Xl X2 
COMPUTE T=343.0 
PRINT FORMATS Y Xl X2 (F15.8) 
LISTVARIABLES=YXI X2 

C Initial guess for parameters 

MODEL PROGRAM A2=5.0E+5 B2=300.0 

C Start of linear regression 

COMPUTE PRED= Xl *B2 + X2*SQRT(A2) 
NLR Y WITH Xl X2 
/PRED=PRED 
ISAVEPRED 

C End of linear regression 

PLOT 
FORMAT=OVERLA YI 
PLOT=Y WITH Xl; PRED WITH Xl 
PLOT 
FORMAT=OVERLAYI 
PLOT=Y WITH X2; PRED WITH X2 
LIST VARIABLES=Y PRED T 
FINISH 

167 
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C This FORTRAN program is written to calculate AI, BI, ZI, VI for supercritical 
gas, and Y2 for p-carotene solid, using Peng-Robinson equation of state. 

CHARACI'ER*20 INFILE,OUTFILE 
DIMENSION XF(2),Y(2) 
COMMON/REGRESSl/ ZI, VM 
COMMON/REGRESS2I BAI(2), BBI(2) 
COMMON /INPUT! TC(2),PC(2),OMEG(2) 

C Input critical property of ethylene 

DATA TC(I),PC(1),OMEG(1)/282.4, 49.7, 0.085! 

C Open input and output fIles 

WRITE(*, *) , ENTER TEXT INFILE FOR PHASE EQUILmRIUM PROGRAM' 
READ(*, '(A)' ) INFILE 
WRITE(*, *) , ENTER TEXT OUTFIl..E FOR PHASE EQ. PROGRAM' 
READ(*, '(A)' ) OUTFILE 
OPEN(UNIT=5,STATUS='OLD',FILE= INFILE) 
OPEN(UNIT=6,STA TUS='NEW' ,FILE= OUTFILE) 

C Read data 

READ(5, *) NOC 
READ(5, *) TEMP 
READ(S,*) P2VAP, V2S 
READ (5, *) BBI(2), BAI(2) 
READ(5,*) XF(1) 

I READ(5,*) P 
R=82.057 . 
D02I=I,NOC 
Y(I)=XF(I) 

2 CONTINUE 

C Calculate solid fugacity coefficient and solubility at T and P 

CALL PHISOLID(TEMP, P, NOC, Y, FP2) 
Y2= (P2V APIP)*(1.01FP2)*EXP(V2S*P/RfI'EMP) 
WRITE(6, *) 'SOLUBILITY AT', P, TEMP, '= " Y2 
IF (P. LE. 0.0) THEN 
STOP , 
ELSE 
GO TO I 
END IF 
END 

C Defmitions of the subroutines: 
PHISOLID: calculates solid fugacity coefficient . 

. __ ._._. __ ._----
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AB: calculates compressibility factor using a cubic equation. 
CUBIC: solves the cubic equation using Newton-Raphson method. 

SUBROUTINE PHISOLID(TEMP,P,NOC,Y,FP2) 
DIMENSION Y(2) 
COMMON /CK/ SAA,SBB 
COMMON /lNPUT/TC(2),PC(2),OMEG(2) 
COMMON/REGRESSl/ Zl, VM 
COMMON/REGRESS2/ BAI(2), BBI(2) 
IQ=O 
SQ2=2.0**O.5 
QI=1.0+ SQ2 
Q2= SQ.2-1.0 
Q3=2.0*SQ2 
CALL AB(TEMP,P ,NOC,Y ,IQ) 
BPRIME=BBI(2) 
TERMI=BPRIME*(ZI-I.O)IBBI(I)-ALOG(ZI-SBB) 
TERM2=BPRIME*SAA"'ALOG«ZI+QI"'SBB)/(ZI-Q2"'SBB» 

& IBBI(1 )/SBB/Q3 
TERM3=SAA * ALOG«ZI +Q I "'SBB)/(ZI-Q2*SBB»*2.0 

& "'SQRT(BAI(2)IBAI(1» /SBB/Q3 
FP2=TERMI + TERM2-TERM3 
FP2=EXP(FP2) 
RETURN 
END 

SUBROUTINE AB(TEMP,P,NOC,Y,IQ) 
DIMENSION Y(2) 
DIMENSION PQR(4),FP(2), ROOT(3), Z(10,2), AL2(2) 
DIMENSION AL(2), FF(2) 
COMMON /lNPUT/ TC(2),PC(2),OMEG(2) 
COMMON /CK/ SAA,SBB 
COMMON /REGRESS IIZI, VM 
COMMON/REGRESS2/ BAI(2), BBI(2) 
IF(NOC.EQ.I)Y(1)=1. 
T=TEMP 
R=82.057 
ZM=O. 
SAA=O. 
SBB=O. 
DO 12 I=I,NOC 
TR=TrrC(I) 
FP(I)=(O.37 464+ 1.54226*OMEG(I)-.26992 *OMEG(I)"''''2) 
FF(I)=(1.+FP(I)"'(I.-SQRT(TR»)*"'2{I'R 
AL(I)=SQRT(FF(I)*TR) 
AL2(I)=AL(I)* AL(I) 
BAI(I)=0.4572*R *R *TC(I)"''''2IPC(I)* AL2(I) 
BBI(I)=O.07780*R *TC(I)IPC(I) 

12 CONTINUE 
SBB=BBI(1 )"'P/RIT 
SAA=BAI(I)"'p/R/RITrr 

----_._--_ ... -.---



PQR(4)=1. 
PQR(3)=SBB-1. 
PQR(2)=SAA-2.0"'SBB-3.0"'SBB"'SBB 
PQR(I)=SBB"''''3 + SBB ...... 2 - SAA"'SBB 
CALL CUBIC(PQR,3,Z,IER) 
DO 140J=I,3 
IF (Z(J,2» 130,135,130 

130 ROOT(J)=-1.0E+9 
GO TO 140 

135 ROOT(J)=Z(J,I) 
140 CONTINUE 

DO 145 J=I,3 
IF(ROOT(J).LT.O.AND.IQ.EQ.l) ROOT(J)=1.0E+I0 

145 CONTINUE 
IF(lQ .EQ. 0) TIffiN 
ZI=AMAXI (ROOT(I),ROOT(2),ROOT(3» 
VM= ZI *R"'T/p/l.O 
ELSE 
ZI =AMIN 1 (ROOT(1), ROOT(2), ROOT(3» 
VM=Zl *R*T/p/l.O 
END IF 
WRITE(6,111) 

111 FORMA T( 15X,'COMP.', lOX,'TC(K)" lOX,'PC(A TM)',l OX ,'OMEG') 
WRITE(6,*) 
DO 113 l=l,NOC 

113 WRlTE(6,112)I,TC(I),PC(I),OMEG(I) 
112 FORMAT( 12X,16, 7X,FlO.6, 7X,FlO.6,4X,FlO.6) 

WRlTE(6,"')'TEMP=',TEMP 
WRITE(6,*) 'Zl FOR COMPONENT 1 =', ZI 
WRITE(6,*) 'VI FOR COMPONENT1= " VM 
WRITE(6,*) 'AI FOR COMPONENT1= " BAI(I) 
WRITE(6,*) 'B1 FOR COMPONENT1= " BBI(1) 
RETURN 
END 

SUBROUTINE CUBIC(XCOF,M,Z,IER) 
DIMENSION XCOF( 4),COF( 1 O),ROOTR(l O),ROOTI( 1 0),Z(10,2) 
N1=M+l 
IFIT=O 
N=M 
IER=O 

35 NX=N 
NXX=N+1 
N2=1 
KJ1=N+l 
DO 40 L=1 ,KJ1 
MT=KJI-L+l 

40 XO=0.00500101 
YO=O.OlOOOlOl 
IN=O 

50 X=XO 
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XO=-10.0*YO 
YO=-lO.O*X 
X=XO 
Y=YO 
IN=IN+l 
GO TO 59 

55 IFIT=1 
XPR=X 
YPR=Y 

59 ICf=D 
60 Ux=o.O 

UY=O.O 
V=D.O 
YT=D.O 
XT=1.0 
'U=COF(N+l) 
IF(U)65,130,65 

65 DO 70 I=I,N 
L=N-I+l 
TEMP=COF(L) 
XT2=X*XT-Y*YT 
YT2=X*YT+Y*XT 
U=U+TEMP*XT2 
V=V+TEMP*YT2 
FI=I 
UX=UX+FI*XT*TEMP 
UY=VY-FI*YT*TEMP 
XT=XT2 

70 YT=YT2 
SUMSQ=UX*UX+UY*UY 
IF(SUMSQ)75,11O,75 

75 DX=(V*UY-U*UX)/SUMSQ 
X=X+DX 
DY=-(U*VY +V*UX)/SUMSQ 
Y=Y+DY 

78 IF(ABS(DY)+ABS(DX)-1.0E-05) 1 00,80,80 
80 ICf=ICf+l 

IF(ICf -500)60,85,85 
85 IF(IFIT) 100,90, 100 
90 IF(IN-5)50,95,95 
95 ffiR=3 
100 DO 105 L=l,NXX 

MT=KJI-L+l 
TEMP=XCOF(MT) 
XCOF(MT)=COF(L) 

105 COF(L)=TEMP 
ITEMP=N 
N=NX 
NX=ITEMP 
IF(IFIT)120,55,120 

110 IF(IFIT)115,50,115 
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115 X=XPR 
Y=YPR 

120 IFIT=O 
122 IF(ABS(Y)-1.0E-04*ABS(X»135,125,125 
125 ALPHA=X+X 

SUMSQ=X*X+Y*Y 
N=N-2 
GO TO 140 

130 X=O.O 
NX=NX-l 

135 Y=O.O 
SUMSQ=O.O 
ALPHA=X 
N=N-l 

140 COF(2)=COF(2)+ALPHA*COF(1) 
145 DO 150 L=2,N 
150 COF(L+ 1 )=COF(L+ 1)+ALPHA *COF(L)-SUMSQ*COF(L-l) 
155 ROOTI(N2)=Y 

ROOTR(N2)=X 
N2=N2+1 
IF(SUMSQ) 160, 165, 160 

160 Y=-Y 
SUMSQ=O.O 
GO TO 155 

165 IF(N)20,20,45 
20 CONTINUE 

DO lIIT=I,3 
Z(ITI, 1 )=ROOTR(lIT) 
Z(ITI,2)=ROOTI(ITI) 

1 CONTINUE 
RETURN 
END 
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Appendix E 

Computer Program Listing for Calculations of 
Partial Molar Volume and Gas Solubility for a Binary Mixture 



C This program uses Peng-Robinson equation of state to calculate phase 
equilibrium and partial molar volume for a binary mixture. 

C Define necessary arrays 

CHAR.<\CfER"'20 INFILE,OUTFILE 
DIMENSION XF( lO),X(lO), Y(10),EK(10),CN(10) 
DIMENSION FUGL(lO),FUGV(lO), FUGLCOF(lO), FUGVCOF(lO) 
COMMON /lNPUTI TC(lO),PC(lO),OMEG(lO) 
COMMON /Dill DELTA, RK12 
COMMON /PTI ZVP(2),ZLP(2), PVL(2) 
COMMON ffiTLE/FUGL, FUGV, FUGLCOF, FUGVCOF 
DATA EPS 10.00001/ 

C Input critical property of each component 

c 

DA TA TC(2),PC(2),OMEG(2)/591. 7, 40.6, 0.2571 
DATA TC(1),PC(1),OMEG(1)/304.2, 72.8, 0.2251 

c Open input and output files 
c 

WRITE("',"')' ENTER NAME OF INPUT FILE' 
READ("', '(A)' ) INFILE 
WRITE("', "') , ENTER NAME OF OUTPUT FILE' 
READ("', '(A)' ) OUTFILE 
OPEN(UNIT=5,STA TUS='OLD',FILE= INFILE) 
OPEN(UNIT=6,STA TUS='NEW' ,FILE= OUTFILE) 

C Read data 

READ(5,"') NOC 
READ(5,"')DELTA, RK12 
TEMP=298.00 

C Echo-print of input data 

WRITE(6,3) 
3 FORMAT(,1',32X,' BINARY SYSTEM PHYSICAL PROPERTIES ') 

WRITE(6,"') 
WRITE(6,"') 
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WRITE(6,"')' ENERGY INTERACTIONAL COEFFICIENT=',RK12 
WRITE (6,"')' SIZE INTERACTION COEFFICIENT=', DELTA 
WRITE(6,"') 
WRITE(6,"') 
WRITE(6,"') 
WRITE(6,111) 

111 FORMAT(15X,'COMP.',lOX,'TC(K)',lOX,'PC(ATM)',lOX,'OMEG') 
WRITE(6,"') 
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DO 113 1=I,NOC 
113 WRITE(6,112)I,TC(I),PC(I),OMEO(I) 
112 FORMAT( 12X,16, 7X,Fl 0.6, 7X,Fl 0.6,4X,Fl 0.6) 

C Input initial values 

XF(I)=O.OI 
9 XF(2)= 1.0000000-XF( 1) 

IF(XF(I) .OT. 0.960) mEN 
STOP 
ELSE 
CONTINUE 
END IF 
DO 1151=1, NOC 
Y(I)=XF(I) 

115 X(I)=XF(I) 
NCO=NCO+l 
IT=O 
P=1.0 

210 IT=IT+l 
IF (IT .OT. 150) GO TO 90 

53 CALL PREQK(TEMP, P, NOC, X, Y, EK) 

C test to detennine if the fugacity of each, individual component 
is equal in both phases 

IF (EK(I) .EQ. EK(2» GO TO 51 
GO TO 52 

C Increment pressure for next trial 

51 P=P+O.l 
GO TO 53 

C Adjust pressure for next trial 

52 S=O. 
SY=O. 
DO 22 I=I,NOC 
CN(I)=EK(I)*X(I) 

22 S=S+CN(I) 
DO 23 I=I,NOC 
Y (1)= CN (I)/S 

23 SY=SY+Y(I) 
p=p*S 
IF(P .LT. 1.0E-7 .OR. P .OT. 500.0) GO TO 91 
IF( ABS(S-1.0) .OT. EPS) GO TO 210 

C Print equilibrium data 

IF(NCO .EQ. 1) WRITE(6,30) 
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30 FORMAT('1',40X,'*** EACH FINAL ITERATION AND DATA ***'/1) 
WRITE(6,50) 

50 FORMAT(lOX, 'IT',7X,'P',6X,'COMP.',5X,'K',9X,'X',8X,'ZL',9X, 
* 'FUGL ',9X, 'Y', 8X, 'ZV',8X, 'FUGV', 9X, 'FLCOF', 
* 5X, 'FVCOF') 

WRITE(6,15)('-',I=1,125) 
15 FORMA T(l25A) 

DO 23 I=l,NOC 
23 WRITE(6,53) IT,P,I,EK(I),X(I),ZLP(I),FUGL(I),Y(I),ZVP(I),FUGV(I), 

* FUGLCOF(I), FUGVCOF(I) 
WRITE(6,55) PVL(l), PVL(2) 

53 FORMAT(10X,13,2X,FlO.6,3X,12,2X,FlO.6,lX,FlO.6,lX,FlO.6,lX,FlO.6 
* ,2X,FlO.6,lX,FlO.6,lX,FlO.6,lX,FlO.6,lX,FlO.6) 

55 FORMAT(lOX, E12.6, lOX, E12.6) 
WRITE(6,1500) ('-',1=1,125) 

C Increment composition for next tie line after equilibrium 

c 

XF( 1 )=XF( 1 )+0. 00 1 
GOT09 

90 WRITE(*,*)' ITERATION NO. EXCEED 150, NO SOULUTION' 
91 WRITE(* ,*)' PRESSURE OUT OF RANGE',P 

END 

C Definition of the subroutines: 
PREQK: calculates the fugacity and the eqUilibrium constant for each 

component. 
PHI: calculates the fugacity coefficient and the partial molar volume for 

each component in one phase. _ 
CUBIC: solve the cubic equation using Newton-Raphson method. 

SUBROUTINE PREQK(T, P, NOC, X, Y, EK) 
DIMENSION X(l),Y(l),EK(1),FR(lO) 
DIMENSION FUGL(lO),FUGV(lO), FUGLCOF(10), FUGVCOF(lO) 
DIMENSION FPV(2), FPL(2) 
<""'OMMON /CK/ ZM 
COMMON /DU/DELTA, RK12 
COMMON /lNPUT/ TC(lO),PC(lO),OMEG(lO) 
COMMON mTLE/ FUGL,FUGV, FUGLCOF, FUGVCOF 
COMMON /PT/ ZVP(2), ZLP(2), PVL(2) 
NNN=O 
CALL PHI(T,P,Y,FPV,VM,NNN) 
VMV=VM 
NNN=1 
CALL PHI(T,P,X,FPL,VM,NNN) 
VML=VM 

C calculate the fugacities of both components in both phases 

FUGL(1)=X(I)*P*EXP(FPL(1» 



FUGL(2)=X(2)*P*EXP(FPL(2» 
FUGV(I)=Y(I)*P*EXP(FPV(I» 
FUGV(2)=Y(2)*P*EXP(FPV(2» 

500 DO SOOI=l,NOC 
FUGLCOF(I)=EXP(FPL(I» 
FUGVCOF(I)=EXP(FPV(I» 
IF (FUGV(I). EQ. 0.0 .OR. X(I) .. EQ. 0.) GO TO 700 
EK(I)= Y(I) *FUGL(I)IFUGV (I)IX(I) 
GO TO SOO 

700 EK(I)=O.O 
WRlTE(*,*)'FUGV(GAS FUGACITY) OF X(LIQID COM.)=O: 

SOO CONTINUE 
RETURN 
END 

SUBROUTINE PHI(T, P, Y, FP, VM, NNN) 
DIMENSION Y(2),FP(2),B(2,2),A(2,2) 
DIMENSION TERM 1 (2),TERM2(2),TERM3(2),G(2),TR(2) 
DIMENSION ROOT(3),PQR( 4),Z(10,2) 
COMMON /lNPUTI TC(lO),PC(lO),OMEG(lO) 
COMMON ICK/ ZM 
COMMON /Dill DELTA, RK12 
COMMON IPTI ZVP(2),ZLP(2), PVL(2) 
IF(NOC.EQ.l)Y(1)=1. 
BM=O.O 
AM=O.O 
R2=S2.06 
SQ2=2.0**0.5 
Ql=1.0+SQ2 
Q2=SQ2-1.0 
Q3=2.0*SQ2 

C Load in the pure components' A,B,critical properties, & g 

DO 1201=1,2 
B(I,I)=O.077 S *R2 *TC(I)IPC(I) 
TERM3(1)=0.0 
TR(I)=T/1lC(I) 
G(I)=(1. +(0.37464+ 1.54226*OMEG(I)-0.26992*OMEG(I) 
X **2)*(1.-TR(I)**0.5»**2 
A(I,I)=0.45724*R2**2*TC(I)**2IPC(I)*G(1) 

120 CONTINUE 

C Apply the mixing rules to calculate A & B of the mixture. 

A(1,2)=(A(1,1)*A(2,2»**0.5*(1.0-RKI2) 
A(2,1)=A(1,2) 
B(1,2)=«B(I,1)+B(2,2»/2.0)*(I.-DELTA) 
B(2,1)=B(1,2) 
DO 1251=1,2 
DO 125 J=I,2 
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AM=AM+ Y(I)"'Y(J)'" A(I,J) 
BM=BM+ Y(I)"'Y(J)"'B(I,J) 

125 CONTINUE 
AA=AM"'PIR2"''''2IT''''''2 
BB=BM"'PlR2rr 

C Calculate particalliquid volume here 

DA=2.0"'Y(I)"'A(I,l)-2.0"'Y(2)"'A(2,2)+2.0"'(1.0-2.0"'Y(I»"'A(1,2) 
DB=2.0"'Y(I)"'B(I,I)-2.0"'Y(2)"'B(2,2)+2.0"'(1.0-2.0"'Y(I»*B(I,2) 
DA=DA "'PIR2"''''2If''''''2 
DB=DB"'P/R2ff 

C the pr-eos can be rewritten in terms of a cubic in z resultint in 
3 roots. roots of z are calculated here; however, only one is actually used 
in the rest of this implimentation of the subroutine. 

PQR(4) = 1. 
PQR(3)=BB-1. 
PQR(2)=AA-2.0"'BB-3.0"'BB"'BB 
PQR(I)=BB"''''3+BB''''''2-AA "'BB 
CALL CUBIC(PQR,3,Z,IER) 
DO 140 J=I,3 
IF (Z(J,2» 130,135,130 

130 RooT(J)=-1.0E+9 
GO TO 140 

135 ROOT(J)=Z(J,I) 
140 CONTINUE 

DO 145 J=I,3 
IF(ROOT(J).LT.O.O .AND. NNN.EQ.1) ROOT(J)==l.OE+lO 

145 CONTINUE 
IF(NNN .EQ. 0) THEN 
ZM=AMAXl (RooT(l ),ROOT(2),ROOT(3» 
DO 1 1=1,2 

1 ZVP(I)=ZM 
VM=ZM"'R2"'T/p/lOOO. 
ELSE 
ZM=AMINI (ROOT(1),RooT(2),ROOT(3» 
DO 21=1,2 
ZLP(I)=ZM 

2 ZL=ZLP(I) 
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VM=ZM"'R2"'T/P/lOOO. 
DZl=(BB-ZL)*DA+(AA-2.0*BB-3.0*BB**2+2.0*ZL+6.0*BB"'ZL-ZL"''''2)*DB 
DZ2=3.0*ZL**2+2.0*BB*ZL-2.0*ZL+AA-2.0*BB-3.0*BB"''''2 
DZ::DZl/DZ2 
PVL(1 )=R2*T/P*(ZL+ Y(2) "'DZ) 
PVL(2)=R2*T/P*(ZL-Y(1)*DZ) 
END IF 

C the actual fugacity coefficient for each component is 
now calculated. 



DO 1551=1,2 
IF(I.EQ.l )BJJ=B(2,2) 
IF(I.EQ.2)BJJ=B(I,1 ) 
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BPRIME= Y(I)*B(I,I)*(2.-Y(I»+«I.-Y(I»**2)*(2*B(1 ,2)-BJJ) 
TERMl(!)=BPRIME*(ZM-l.0)IBM-ALOG(ZM-BB) 
TERM2(1)=BPRIME* AA * ALQG«ZM+Ql *BB)/(ZM-Q2*BB»IBM/BB/Q3 
DO 150J=I,2 

150 TERM3(I)==TERM3(1)+2.0*Y(J)*A(I,J) 
TERM3(1)=AA * ALOG«ZM+Q1 *BB)/(ZM-Q2*BB»*TERM3(1)IBB/AMlQ3 
FP(I)=TERMI (1)+ TERM2(I)-TERM3(1) 

155 CONTINUE 
RETURN 
END 

SUBROUTINE CUBIC(XCOF,M,Z,mR) 
DIMENSION XCOF( 4),COF(10),ROOTR(10),ROOTI(1 0),Z(10,2) 
Nl=M+l 
IFIT=O 
N=M 
mR=O 

35 NX=N 
NXX=N+l 
N2=1 
KJ1=N+l 
DO 40 L=I,KJI 
MT=KJI-L+l 

40 COF(MT)=XCOF(L) 
45 XO=O.00500101 

YO=O.OlOOOlOl 
IN=O 

50 x=XO 
XO=-lO.O*YO 
YO=-lO.O*X 
X=XO 
Y=YO 
IN=IN+l 
GO TO 59 

55 IFIT=l 
XPR=X 
YPR=Y 

59 ICT=O 
60 UX=O.O 

UY=O.O 
V=O.O 
YT=O'O 
XT=1.0 
U=COF(N+l) 
IF(U)65,130,65 

65 DO 70 I=I,N 
L=N-I+l 

-------------_._-_. __ . __ ._-_ ... 



TEMP=COF(L) 
XT2=X*XT-Y*YT 
YT2=X*YT+ y*XT 
U=U+TEMP*XT2 
V=V+TEMP*YT2 
FI=I 
UX=UX+FI*XT*TEMP 
UY=UY-FI*YT*TEMP 
XT=XT2 

70 YT=YT2 
SUMSQ=UX*UX+UY*UY 
IF(SUMSQ)75,llO,75 

75 DX=(V*UY-U*UX)/SUMSQ 
X=X+DX 
DY=-(U*UY +V*UX)/SUMSQ 
Y=Y+DY 

78 IF(ABS(DY)+ABS(DX)-1.0E-05) 1 00,80,80 
80 ICf=ICf+1 

IF(ICf -500)60,85,85 
85 IF(IFIT)100,90,loo 
90 IF(IN-5)50,95,95 
95 IER=3 
100 DO 105 L=l,NXX 

MT=K11-L+1 
TEMP=XCOF(MT) 
XCOF(MT)=COF(L) 

105 COF(L)=TEMP 
ITEMP=N 
N=NX 
NX=ITEMP 
IF(IFIT)120,55,120 

110 IF (IFI T) 115,50, 115 
-115 X=XPR 

Y=YPR 
120 IFIT=O 
122 IF(ABS(Y)-1.0E-04*ABS(X» 135,125,125 
125 ALPHA=X+X 

SUMSQ=X*X+ y*y 
N=N-2 
GO TO 140 

130 X=O.O 
NX=NX-l 

135 Y=D.O 
SUMSQ=D.O 
ALPHA=X 
N=N-1 

140 COF(2)=COF(2)+ALPHA*COF(1) 
145 DO 150 L=2,N 
150 COF(L+ l)=COF(L+ l)+ALPHA *COF(L)-SUMSQ*COF(L-1) 
155 ROOTI(N2)=Y 
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ROOTR(N2)=X 
N2=N2+1 
IF(SUMSQ) 160, 165, 160 

160 y=-y 
SUMSQ=O.O 
GO TO 155 

165 IF(N)20,20,45 
20 CONTINUE 

DO 1 III=1,3 
Z(III, 1 )=ROOTR(III) 
Z(ll,2)=ROOTI(III) 

1 CONTINUE 
RETURN 
END 

181 



Appendix F 

Chapter Data 

182 



183 

Table B 1 Data for Figure 2-3 

Experimental solubility, Mole fraction (:d04) 

Tsekhanskaya, et al (1964) This study 

P 298 P 318 P 298 P 318 
(atm) (OK) (atm) (OK) (atm) (OK) (atm) (OK) 

60.0 8.1 50.0 7.5 81.63 52.7 81.63 24.7 

65.0 21.4 60.0 8.5 102.04 86.0 102.04 92.4 

70.0 33.4 65.0 9.7 149.66 345.3 

75.0 51.3 70.0 13.0 

80.0 59.2 75.0 19.0 

85.0 71.8 80.0 26.3 

90.0 82.6 85.0 39.5 

100.0 99.0 90.0 56.8 

111.0 121.0 100.0 111.0 
" 

125.0 139.0 120.0 211.0 

190.0 209.0 150.0 365.0 

240.0 246.0 180.0 532.0 

270.0 262.0 200.0 595.0 

300.0 285.0 230.0 685.0 

270.0 808.0 

300.0 843.0 
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Table B2 Data for Figure 2·12 

p-carotene solubility in SF C2~t mole fraction (xlOS) 

Experimental data Correlated data 

p 323 P 343 P 323 P 343 
(atm) (OK) (atm) (OK) (atm) (OK) (atm) (OK) 

102.04 1.321 102.04 0.7223 1.00 0.02823 1.00 0.6176 

170.07 5.419 170.07 3.781 5.00 0.00784 5.00 0.1521 

238.10 6.013 238.10 6.613 10.00 0.00593 10.00 0.0987 

306.12 7.374 306.12 10.480 15.00 0.00602 15.00 0.0855 

374.15 8.808 374.15 12.120 20.00 0.00692 20.00 0.0835 

30.00 0.01103 30.00 0.0944 

40.00 0.02036 40.00 0.1205 

50.00 0.04131 50.00 0.1641 

68.03 0.17193 68.03 0.3104 

102.04 1.53578 102.04 0.9854 

150.00 3.81482 150.00 2.4894 

170.07 4.45210 170.07 3.1365 

200.00 5.22726 200.00 4.1536 

238.10 6.07304 238.10 5.6503 

306.12 7.53252 306.12 9.3526 

350.00 8.57001 350.00 12.8512 

374.15 9.19852 374.15 15.3105 

380.00 9.35816 380.00 15.9755 

390.00 9.63823 390.00 17.1814 

400.00 9.92787 400.00 18.4809 
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Table Cl Data for Figure 3·3 

Raw ~·carotene Expanded to 1 atm Expanded in gelatine 

Size N Size N Size N 
(urn) (fraction) (urn) ifraction) (urn) (fraction) 

12.89 0.01 0.1 0.0 0.1 0.0 

13.47 4.17 0.147 0.0 0.147 1.0 

14.8 26.91 0.215 0.2 0.215 5.0 

18.38 33.73 0.316 2.0 0.316 14.0 

22.85 19.73 0.464 11.0 0.464 25.0 

28.41 8.94 0.681 28.0 0.681 27.0 

35.3 3.94 1.0 33.0 1.0 18.0 

43.88 1.73 1.47 19.0 1.47 7.0 

54.54 0.84 2.15 5.0 2.15 2.0 

3.16 0.7 3.16 0.3 

4.64 0.05 4.64 0.0 

6.81 0.0 6.81 0.0 

10.0 0.0 10.0 0.0 

._----_._---... - -.--
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Table C2 Data for Figure 3-4 (40°C) 

Xl peal Yl
cal 

0.055 4.3711 0.9803 

0.077 6.1194 0.9854 

0.245 20.0675 0.9939 

0.322 26.8107 0.9946 

0.429 36.5155 0.9948 

0.471 40.4152 0.9947 

0.511 44.1648 0.9945 

0.550 47.8436 0.9942 

0.592 51.8152 0.9938 

0.571 49.8294 0.9940 

0.696 61.5349 0.9917 

0.735 65.0499 0.9903 

0.915 77.8274 0.9623 
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Table C3 Data for Figure 3-4 (73.5°C) 

Xl pexp YI'xP pCal Yl
c11 

0.055 7.501 0.948 6.4311 0.9466 

0.077 9.968 0.968 8.9343 0.9598 

0.245 29.904 0.978 29.1140 0.9820 

0.322 39.083 0.988 39.0175 0.9834 

0.429 52.604 0.988 53.4655 0.9831 

0.471 57.736 0.982 59.3418 0.9824 

0.511 63.262· 0.982 65.0317 0.9812 

0.550 69.184 0.976 70.6526 0.9797 

0.592 74.218 0.970 76.7610 0.9774 

0.571 74.612 0.968 73.7016 0.9786 

0.696 86.752 0.967 91.8093 0.9671 

0.735 97.608 0.960 97.2074 0.9604 

0.830 108.282 0.930 108.2822 0.9298 

-_ .. _-_ .. _-_. 
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Table C4 Data for Figure 3-4 (100°C) 

Xl peal Yl
cal 

0.055 8.2994 0.8993 

0.077 11.3922 0.9231 

0.245 36.3670 0.9640 

0.322 48.6371 0.9666 

0.429 66.5114 0.9654 

0.471 73.7546 0.9637 

0.511 80.7400 0.9613 

0.550 87.5997 0.9581 

0.592 94.9867 0.9535 

0.571 91.2977 0.9560 

0.696 112.6036 0.9340 

0.735 118.5223 0.9221 

0.757 121.5335 0.9136 

----------.-.-----.. -
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Table C5 Data for Figure 3-5 

One-phase with One-phase with Two-phase 
0.6 mole % toluene 1.4 mole % toluene 3.5 mole % toluene 

Si7.e N Size N Size N 
(Jlm) (fraction) (Jlm) (fraction) . {Jlm} (fraction) 

0.003 0.0 0.003 0.0 0.1 0.0 

0.0053 0.001 0.0053 0.00 0.147 0.0 

0.0095 0.09 0.0095 0.0 0.215 0.0 

0.0169 0.5 0.0169 0.0 0.316 0.0 

0.03 0.1 0.03 0.0 0.464 0.10 

0.0533 0.002 0.0533 0.0 0.681 0.7 

0.0949 0.06 0.0949 0.0 1.0 3.0 

0.169 2.0 0.169 0.60 1.47 8.0 

0.3 22.0 0.3 11.0 2.15 16.0 

0.533 48.0 0.533 42.0 3.16 28.0 

0.949 24.0 0.949 38.0 4.64 29.0 

1.69 3.0 1.69 8.0 6.81 15.0 

3.0 0.08 3.0 0.40 10.0 3.0 
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Table D 1 Data for Figure 4-2 

P 't'toluene 't'1OO ptoluene PIOO K 

(atm) (g/ml) (g/ml) (xl0·11) 

1.00 794710 800935 0.8625959 0.9970900 1.3540278 

14.61 794797 801000 0.8636229 0.9977114 1.3546032 

16.31 794805 801013 0.8637508 0.9977924 1.3530209 

21.75 794830 801035 0.8641561 0.9980350 1.3519922 

28.22 794864 801063 0.8646424 0.9983312 1.3513267 

35.02 794900 801100 0.8651493 0.9986358 1.3490025 

38.42 794915 801115 0.8654020 0.9987881 1.3479625 

41.83 794930 801130 0.8656544 0.9989491 1.3470135 

48.63 794965 801156 0.8661575 0.9992529 1.3469033 

49.99 794975 801165 0.8662609 0.9993154 1.3466909 

50.67 794980 801170 0.8663126 0.9993511 1.346.5205 

52.03 794985 801175 0.8664084 0.9994136 1.346175 

55.44 795000 801185 0.8666589 0.9995652 1.3462404 

56.80 795010 801190 0.8667619 0.9996276 1.3469054 

58.84 795020 801200 0.8669088 0.9997167 1.3463026 

60.20 795025 801205 0.8670117 0.9997790 1.3458826 

61.56 795030 801210 0.8671143 0.9998413 1.3454656 

62.24 795035 801210 0.8671583 0.9998680 1.3463753 

65.64 795050 801225 0.8674073 1.000019 1.3453558 

69.04 795065 801240 0.8676559 1.000180 1.3444418 

75.85 795095 801270 0.8681517 1.000481 1.3424151 

82.65 795130 801292 0.8686456 1.000792 1.3433399 

89.46 795160 801320 0.8691449 1.001093 1.3417108 

96.26 795190 801346 0.8696351 1.001403 1.3407021 

109.87 795248 801400 0.8706101 1.002012 1.3377536 
. 123.48 795308 801450 0.8715779 1.002610 1.3360686 
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Table D2 Data for Figure 4-3 

Pure toluene Toluene/COl Butanol/CO2 CX/C02 

p PL P PL P PL P PL 
(atm) (g/ern3) (atm) (glern3) (atm) (g/ern3) (atm) (g/ern3) 

1.00 0.8625959 1.00 0.8625959 1.00 0.8055740 1.00 0.9452856 
14.61 0.8636229 11.20 0.8700000 21.41 0.8265864 14.60 0.9562474 
16.31 0.8637508 16.31 0.8771769 28.21 0.8321919 28.21 0.9643372 
21.75 0.8641561 21.75 0.8800003 35.01 0.8388120 41.82 0.9684366 
2[1.22 0.8646424 28.21 0.8826111 41.82 0.8453217 50.66 0.9549620 
35.02 0.8651493 35.01 0.8892936 49.98 0.8544671 52.02 0.9546268 
38.42 0.8654020 36.37 0.8895000 55.42 0.8628064 55.4:l 0.9510969 
41.83 0.8656544 48.62 0.8924109 58.82 0.8635269 58.582 0.9507290 
48.63 0.8661575 49.98 0.8869786 62.22 0.8645681 60.18 0.9506342 
49.99 0.8662609 52.02 0.8835000 69.03 0.8673780 61.54 0.9509909 
50.67 0.8663126 55.42 0.8784358 75.83 0.8700730 62.22 0.9515439 
52.03 0.8664084 56.78 0.8785660 82.63 0.8727050 69.03 0.9534704 
55.44 0.8666589 58.82 0.8803147 89.44 0.8755047 75.83 0.9551489 
56.80 0.8667619 62.22 0.8801153 105.00 0.8800510 82.63 0.9576391 
58.84 0.8669088 65.62 0.8821745 120.00 0.8821000 96.24 0.9613114 
60.20 0.8670117 69.03 0.8838470 110.00 0.9651050 
61.56 0.8671143 75.83 0.8870329 120.00 0.9660020 
62.24 0.8671583 100.0 0.8931200 
65.64 0.8674073 120.00 0.8951100 
69.04 0.8676559 
75.85 0.8681517 
82.65 0.1l686456 
89.46 0.8691449 
96.26 0.8696351 
109.87 0.8706101 
123.48 0.8715779 
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Table D3 Data for Figure 4-5 

Toluene/CO2 ButanoVC02 Cyclohexanone/C0 2 

p Xl P XI P XI 

(attn) (fraction) 

1.00 0.0000 1.00 0.000 1.00 0.0000 

16.31 0.1662 21.41 0.1198 14.60 0.1784 

21.75 0.2199 28.21 0.1461 28.21 0.3483 

28.21 0.2989 35.01 0.1793 41.8.2 0.5859 

35.01 0.4213 41.82 0.2587 50.66 0.8125 

36.37 0.4600 49.98 0.3500 52.02 0.8290 

48.62 0.6507 55.42 0.5654 55.42 0.8543 

49.98 0.7273 58.82 0.6116 58.82 0.8544 

52.02 0.8100 62.22 0.7920 60.18 0.8547 

55.42 0.8424 69.03 0.8251 61.54 0.8546 

56.78 0.8472 75.83 0.8299 62.22 0.8548 

58.82 0.8531 82.63 0.8326 69.03 0.8560 

62.22 0.8531 89.44 0.8347 75.83 0.8563 

65.62 0.8535 82.63 0.8563 

69.03 0.8538 96.24 0.8560 

75.83 0.8544 
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Table El Data for Figure 5-4 

Acetaminophen/ 
p-carotene/toluene Oxides/butanol butanol 

(C/Cnl)i Yield (C/C.11), Yield (c/enl), Yield-

10.0 0.0 13.0 0.0 12.0 0.0 

15.0 23.5 15.0 10.0 15.0 20.0 

25.0 46.0 25.0 39.0 25.0 42.8 

30.0 55.0 28.0 45.0 27.5 48.0 

58.5 66.7 50.0 61.0 27.5 42.5 

89.6 69.3 90.0 70.0 58.0 68.1 

100.0 72.5 58.0 70.0 

100.0 76.6 85.7 76.7 

85.7 79.0 

88.0 73.14 

88.0 77.34 

89.0 72.3 

- both concentration and yield are in the units of weight percent. 
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Table E2 Data for Figure S-S 

Acetaminophen! 
p-carotene/toluene Oxides/butanol butanol 

C/CII, 11 C/C.al 11 . C/C.al 11 
(%) (%) (%) 

0 1.49240 0 1.39620 0 1.39634 

19 1.49317 3 1.39665 10 1.39757 

21 1.49330 20 1.40010 20 1.39897 

43 1.4942 40 1.4039 40 1.40147 

76 1.4956 60 1.4075 50 1.4030 

85 1.4960 85 1.41235 60 1.4041 

100 1.49662 100 1.41515 70 1.40557 

80 1.4069 

90 1.4084 

100 1.40976 

I, ., 



Table E3 Data for Figure 5-6 

Raw p-carotene 

Concentration Absorption 

(mg/ml)x 1 ()4 x1()2 

0.00 0.00 

1.25 3.38 

2.50 6.30 

5.00 12.49 

10.00 24.41 

15.00 36.55 

20.00 48.15 

23.81 55.75 

25.00 64.21 

33.33 79.05 

38.46 93.18 

47.62 108.62 

50.00 117.39 

195 

Epoxy oxides 

Concentration Absorption 

(mg/ml)xl()4 

0.00 

lO.lO 

92.73 

340.00 

5lO.00 

770.5 

1020.00 

xlO2 

0.00 

l.lO 

8.88 

33.00 

49.49 

74.50 

97.88 

~ . ... . ... 
-"-"'--~-
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Table Fl Data for Figure 6-2 

ButanoVC02 system Toluene/C02 system 

p Vroz - p - -Vbutanol VC02 Vtolueno 
(atm) (mVmole) (mg/mole) (atm) (mVmole) (mg/mole) 

1.69 45.40 93.16 1.00 44.10 107.15 

21.41 45.06 93.05 16.28 45.10 106.82 

28.21 45.01 93.00 21.75 45.56 106.58 

35.01 45.02 92.93 28.21 46.22 106.14 

41.82 45.12 92.82 35.01 47.12 105.35 

49.98 45.47 92.50 48.62 50.89 99.07 

55.42 46.10 91.87 49.98 51.75 96.80 

58.82 47.53 89.91 55.42 59.36 54.33 

57.59 51.93 78.43 

57.16 53.31 72.66 

57.04 57.87 42.09 

57.37 59.51 24.96 
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Table F2 Data for Figure 6-3 

Solubility, (mg/ml) 

p-carotene in toluene/CO2 Acetaminophen in butanoVC02 

Experimental Predicted Experimental Predicted 

8.271 8.271 81.00 81.000 

8.025 8.193 79.250 80.838 

7.460 8.114 79.947 79.874 

7.250 7.646 68.800 78.173 

6.511 6.969 22.667 21.700 

4.329 4.194 21.757 21.700 

2.274 2.403 18.360 21.700 

2.117 2.403 18.903 21.700 

0.00 0.00 22.456 21.700 

17.036 21.700 

0.00 0.00 
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Table G 1 Data for Figure 7-2 

Solution pump CO2 Pump 

Stroke Flow rate Stroke Flow rate'" 
(%) (ml/hr) (%) (ft3/hr) 

10 0.0 0 0.0 

16 27.5 10 0.75 

17 38.0 20 1.51 

19 50.3 30 2.13 

21 56.0 40 2.85 

25 84.0 50 3.61 
.; ... 

29 104.0 70 4.95 

30 110.0 80 5.73 

... C02 Flow rates were measured by a wet test meter at 1 abn and 25°C. 

-------_. _ ... - .. _ ... -
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Table 02 Data for Figure 7-3 

Time elapsed Refractive index Concentration· 
(minutes) c/e .. t , (%) 

1 1.49600 85.1 

39 1.49393 35.3 

95 1.49348 24.7 

139 1.49342 24.2 

186 1.4934 23.4 

229 1.4934 23.4 

255 1.4934 23.4 

• feed material is 100% saturated solution. 

------" ----
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Table 03 Data for Figure 7-4 (OAS#59) 

AN ~L nm1nl L LavG nCIYlUl 

(dO·') 

0 0 8.10 8.10 0 

1061 0.32 3315.625 8.26 
1180 0.33 5696.97 8.59 8.59 3.20447 

1734 0.35 4954.28 8.93 
1667 0.36 4630.56 9.28 9.28 3.28441 

1801 0.38 4739.47 9.65 
2033 0.39 5212.82 10.03 10.03 3.55559 

2218 0.40 5545. 10.43 
2411 0.42 5740.48 10.84 10.84 3.94344 

2597 0.44 5902.27 11.27 
2790 0.45 6200. 11.71 11.71 4.15996 

2894 0.48 6029.17 12.18 
2929 0.49 5977.55 _12.66 12.66 4.05981 

2901 0.51 5688.24 13.16 
2824 0.53 5328.30 13.68 13.68 3.69851 

2807 0.55 5103.64 14.22 
2731 0.57 4791.23 14.78 14.78 3.24454 

2548 0.60 4746.67 15.37 
2339 0.62 3772.58 15.98 15.98 2.59489 

2139 0.65 3290.77 16.61 
1933 0.67 2885.07 17.27 17.27 1.99850 

1749 0.69 2534.78 17.95 
1581 0.73 2165.75 18.66 18.66 1.51147 

1408 0.75 1887.33 19.40 
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Table 03 (continued) 

4N AL nmini L Lay, nCl')'lUl 

(x1O·!i) 

1261 0.78 1616.67 20.17 20.17 1.11647 

1117 0.82 1362.20 20.97 
944 0.84 1123.81 21.80 . 21.80 0.77843 

798 0.88 906.82 22.66 -
692 0.92 752.17 23.56 23.56 0.52819 

611 0.95 643.16 24.49 
510 0.99 515.15 25.46 25.46 0.36020 

424 1.03 411.65 26.47 
344 1.06 324.53 27.51 27.51 0.22450 

269 1.11 242.34 28.60 
218 1.16 187.93 29.74 29.74 0.13065 

167 1.20 139.17 30.91 
119 1.25 9!,.2 32.14 32.14 0.06906 
86 1.29 66.67 33.41 
71 1.35 52.59 34.73 34.73 0.03696 
59 1.41 41.84 36.11 
42 1.45 28.96 37.54 37.54 0.02122 
33 1.52 21.71 39.02 
32 1.57 20.38 40.57 40.57 0.01301 
24 1.64 14.63 42.17 

--------_._-_ ........ . 
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Table 04 Data for Figure 7-4 (OASH68) 

AN L1L nm1nl L Lav, nCl)'Xll 
(x 10.5) 

0 0 8.10 8.10 0 

1789 0.32 5590.62 8.26 
3158 0.33 9569.70 8.59 . 8.59 4.65854 

2632 0.35 7520 8.93 

2501 0.36 6947.22 9.28 9.28 4.36018 

2569 0.38 6760.53 9.65 
2662 0.39 6825 10.03 10.03 4.23764 

2818 0.40 7045 10.43 
2979 0.42 7093 10.84 10.84 4.34358 

3084 0.44 7009 11.27 

3200 0.45 7111 11.71 11.71 4.30129 

3274 0.48 6821 12.18 

3299 0.49 6733 12.66 12.66 4.07267 

3200 0.51 6274 13.16 

3054 0.53 5762 13.68 13.68 3.56135 

2916 0.55 5320 14.22 

2697 0.57 4732 14.78 14.78 2.89855 

2447 0.60 4078 15.37 

1160 0.62 3645 15.98 15.98 2.23894 

2065 0.65 3177 16.61 

1840 0.67 2746 17.27 17.27 1.70839 

1652 0.69 2394 17.95 

1472 0.73 2016 18.66 18.66 1.26772 

1321 0.75 1761 19.40 

1214 0.78 1556 20.17 20.17 0.95174 
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Table 04 (continued) 

l\N dL nminl L Lav, nerylUl 
(xl 0.5) 

1079 0.82 1316 20.97 
920 0.84 1095 21.80 21.80 0.67636 

776 0.88 882 22.66 

658 0.92 715 23.56 23.56 0.44695 

550 0.95 579 24.49 
446 0.99 450 25.46 ' 25.46 0.28304 

379 1.03 348 26.47 

297 1.06 280 27.51 27.51 0.17596 

253 1.11 228 28.60 
208 1.16 179 29.74 29.91 0.11172 

164 1.20 137 30.91 

117 1.25 94 32.14 32.14 0.06067 

84 1.29 65 33.41 

69 1.35 51 34.73 34.73 0.03218 

57 1.41 40 36.11 

45 1.45 21 37.54 37.54 0.01887 

31 1.52 20 39.02 

20 1.57 13 40.57 40.57 0.00869 

15 1.64 9 42.17 

10 1.70 6 43.84 43.84 

." 

._-_.-_ ...... --_._.. -_. ~ ---------_._. - -'- . .. ....... _--_. __ .. _._ .... - -
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Table OS Data for Figure 7-5 

OAS#59 GAS #68 

Particle size Number fraction, Number fraction, 
(J.lItl) N N 

8.26 2.70 4.04 

8.75 6.00 8.54 

9.46 5.98 7.67 

10.23 7.36 8.34 

11.05 8.67 9.22 

11.94 9.75 9.82 

12.91 9.89 9.71 

13.95 9.54 8.89 

15.07 8.83 7.55 

16.29 7.44 6.36 

17.61 6.09 5.12 

19.03 4.94 4.09 

20.56 3.92 3.35 

22.22 2.83 2.44 

24.02 2.13 1.74 

25.96 1.51 1.14 

28.05 0.98 0.79 

30.32 0.61 0.53 

32.77 0.32 0.28 

35.41 0.21 0.18 

38.27 0.12 0.10 

41.36 0.09 0.05 

44.70 0.05 0.03 

--- .-._-_._---- ---
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Nomenclature 

a intermolecular attraction parameter, pascal m6mole-2 

b intermolecular repulsion parameter cm3 mole-l 

BO nucleation rate, molecule literl min-l 

C concentration, gmole cm-3 

c..t saturated concentration, gmole cm-3 

d density, g cm-3 

p volumetric CO2 flow rate, m3 hr-1 

pL mole fraction of liquid phase in mixture 

fL fugacity in the molten liquor 

fS fugacity in the solid phase 

G growth rate, Jlm min-l 

K calibration constant 

k I Boltzmann's constant, 1.3806 x 10-16 erg molecule-1 °k-1 

k size interaction parameter 

L size, Jlm 

m molecular weight, g molecule-1 

N differential number fraction 

n population density, number Jlm-1 1-1 



N1' total number of moles in mixture 

p system pressure, atm 

pvap vapor pressure at 1 atm, dyne cm-2 

Q volumetric flow rate, ml hr- l 

R gas constant, 82.05 cm3 atm mole-! ok-I 

r energy interaction parameter 

R2 performance index for regression 

S solubility, mg ml-2 of solvent charged 

s supersaturation ratio in sense of themodynamics definition 

T temperature, OK 

T m melting temperature, oK 

y volume, cm3 

V partial molar volume, ml mole- t 

yLm molar volume of liquid phase in mixture 

yLS specific volume of liquid phase in mixture 

W weight, gram 

w salting out of solid, mg ml-2 of solvent charged 

X dependent variable 

206 

x the solubility of gas in the solvent (or the vapor pressure of the solid 
at 1 atm and 25°C). 

---------_ .. -.--..... --.-.-----... ------ ., .. _-- -, ... - - -_ .. 
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Y independent variable 

y mole fraction in the vapor phase (or the solubility of the solid in SF 
phase) 

Z compressibility factor 

mr the enthalpy of fusion at the Donnal melting point, KJ mole"l 

Greek Letters 

~ difference 

q, fugacity coefficient 

'Y activity coefficient 

11 refractive index 

7t constant, 3.14159 ... 

p density, gram cm-3 

0" surface tension, gram sec-2 

't retention time, min or (the period of vibration) 

'\) molecular volume, cm3 molecule-! 

co accentric factor 

a differentiation 

Subscripts 

1,2,3 1 for gas, 2 for solid, and 3 for solvent 

~ acetanlinophen 
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Be J3-carotene 

c critical state 

i initial state 

i,j component designations 

Superscripts 

cal calulated value 

L in liquid phase 

m molar 

S in solid state 

s specific 

sub in sublimation state 

T total 

V in vapor state 

00 infmite state 

0 original state 
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