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ABSTRACT 

A high pressure stainless aeel extraction ce11 was constructed to masure the sohibilities 

and partitioning coefficients of several acidic and non-polar solutes in water and liquid 

and supercritical carbon dioxide. On-line analysis of both phases was possible by HPLC. 

Solubiiities in carbon diolcide were determined as funaions of temperature and pressure. 

The solubilities of al1 solutes increased with increasing pressure and temperature. Cross- 

overs of isotherms were observed for the solubility of pentachlorophenol in COs as a 

function of pressure. Analyte solubilities were also measured in water at atmospheric 

pressure, and in pressurized water for pentachlorophenol. The solubility of 

pentachlorophenol in water decreased as the pressure was increased, indicating PCP has a 

positive volume change upon solution in water. 

The partitioning of pentachlorophenol between warer and CO2 was measured as a 

funaion of pressure, temperature, solute concentration, and pH and ionic strength of the 

water. Pmitioning was higher as the pressure was increased, but increasing the 

temperature caused the partitioning of PCP to drop significantly. The distribution 

coefficient ( K )  increased as the pH was decreased; K was highea for a solution with a 

high ionic strength. 

The partitiming of pentachlorophenol was modeled with the Peng-Robinson equation of 

state using concentration dependent mixing niles. The interaction parameter between 

COz and PCP was sensitive to both PCP concentration and temperature. 

The partitioning data were compared to the ratio of solubilities in the two phases. K was 

significantly smaller than the sohibility ratio, likely due to the munial sohbilities of CO2 

and water, and to the fact that the partitioning expiments were performed at much lower 

analyte concentrations. 

The results indicate that supercritical C a  codd be used to extract polar or acidic species 

fiom water for analytical or remediative purposes. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Supercritical Fluid and Convention J Water Extractions 

Over the pan decade, supercritical fluid (SF) technologies have been investigated as 

alternatives to conventional methods for water analyses. Current procedures for 

extractions from water tend to require multiple seps and frequently consume large 

volumes of toxic solvents that are hazardous and have high costs of production and 

disposai. 

Sample pretreatment is the moa time-consuming aep in an anaipical method and is 

crucial to its success. It accounts for about two-thirds of the analysis time and is the 

primary source of errors and discrepancies between laboratories (BarceIo, 1995). 

Dunng sample pretreatment, soiutes are separated fiom the matrix and further clan- 

up is needed if intedering solutes have been CO-extracted. The analytes m u a  also be 

concentrated to at least the limit of deteaion of the method. Traditional liquid-liquid 

extraction methods have multiple steps and limited sensitivities. They aie also 

compromised by regulations for reducing the use of organic solvents. Solid phase 

extractions using sorbent disks, camidges, or pre-columns are usefui alternatives. 

Howwer, multiple seps for ample clean-up, concentration, and derivatization are 

still needed. The development of rapid and reliable methods requires removing 

intermediate seps such as transfer, evaporation, and derivatization. Novel 

technologies such as solid phase microextraction (SPME) suive to minirnize the steps 

and time required for sample preparation. SPME has the potentiai of extracthg and 

concentrahg almoa any compound in a single step witb the appropriate solid phase. 

However, selective extractions are not possible if the analytes are similar. 

Supercriticai fluid methods can extract and concentrate analytes in a single sep. As 

well, selective extractions are possible due to the variable densities of the fiuids. Fast 

extractions result 601x1 their low viscosities and hence fkom the high diffisivities of 



both the solvent and solutes. Supercritical fluid methods have the potential for on- 

line coupling with detection techniques nich as supercritical fluid chrornatography, 

ûas chrornatography, and liquid chromatography. .4utomated, on-line methods which - 
combine extraaion, separation, and deteaion rnôuimize sample throughput while 

removing the risk of sampie loss or contamination. Supercritical carbon dioxide (SC 

CO?) has typically been the fluid of choice for SF extractions as ir possesses easily 

achieved critical parameters (3 1.1 "C; 73.8 bar), is inexpensive, and is a non-toxic gas 

at atmospheric pressure. Solutes have enhanced solubilities in supercritical fluids; SC 

CO2 can extract both nonpolar and moderately polar compounds. Polar solutes cari be 

extracted by combining CO2 with a polar solvent modifier such as methanol. 

Supercritical fluid extractions of solid samples are well documented. Howeve- the 

development of supercritical fluid methods for water extractions is still in its infancy. 



1.2 Direct Extractions 

The development of supercritical fluid methods for water extractions has had to 

confiont the problems associateci with the solubility of water (0.1 - 0.3 %) in CO2. 

Researchers have tackled problems such as activation of trapping andlor 

chrornatographic phases, the generation of two phases upon sample collection, and 

restriaor plugging. .As a consequence, diverse and interesting methods have been 

deveioped for the direct extraction of water samples. 

In 1989, in the first study of its kind, Hedrick and Taylor ( 1989) extracted a 

phosphonate directly fkom water using an extraction vessel which was isolated in an 

extraction loop. Carbon dioxide was recuculated through the sample until 

equilibrium was achieved. Adding salt resuited in faster extractions. On-line anaiysis 

was performed by supercritical fluid chromatography (SFC). Phenols (Hedrick et al, 

1992; Hedrick and Taylor, 1990), polar solutes (uiprolidin and pseudoephedrin) 

(Hedrick and Taylor, 1990), and organic bases (Hednck and Taylor, 1992) have since 

been analyzed in water with the same extraction system with SFC or off-line analysis. 

Bases with p a t e r  lipophilicity were more readily extracted with COz. A similar 

apparatus was used by Daneshfâr et al (1995) and Combs et ai (1996) in both static 

and dynamic modes to sctrad phenoxy acids and phenols from water. Ong et al 

extracted polyaromatic hydrocarbons from waaewater (Ong, 199 1 ). Ramsey et al 

(1997) interfaced an aqueous extraction vessel to SFC with a multivaive switching 

syaem which housed an analyte trap. Phenols were extracteci at the 40 ng/mL level. 

Thiebaut et ai (1989) achieved recovenes of over 85% for phenols &om water and 

urine using a phase separator to remove residual water fiom C G  following a direct 

extraction with on-line SFC aoalysis. The initial concentration of phenol in water 

was 5000 ppm; urine was spiked with 120 ppm Cchlorophenol. 

Also in 1989, Roop and Akgennan (1989) and Roop et al (1989) inaoduceci a static 

extraction vesse1 which could masure the equilibrium distribution coefficient (K) of 

a solute between two phases. K is defined as the ratio of the mole hction of a solute 



in the supercritical phase to that in the aqueous phase. The ce11 design allowed each 

phase to be sampled independently. The entrainer effeas of methanol, 

chlorobenzene, and benzene on the extraction of 6.8% liquefied phenol in water were 

explored. The COt-rich phase was collected in an organic solvent and both phases 

were tested with a liquid scintillation counter to determine solute concentration. The 

vesse1 has since been used to measure the partitioning of benzene, toluene, 

naphthalene, and parathion (Yeo and Akgeman, 1990); to extract mil-water siurries 

(Green and Akgerman, 1996); and to anaîyze a phenol mixture which was extracted 

and measured for total organic content (TOC) using a carbon analyzer. The TOC in 

water was reduced by several thouwid p a s  per million (Roop and Akgeman, 1990). 

The extraction vesse1 was plumbed on-line to a liquid chromatograph to meanire the 

partitioning of 2,Cdichlorophenol between COt and water (Akgerman and Caner, 

1994). In 1991, Ghonasgi et ai (1991a, 1991b) and Gupta et a1 (1991) developed a 

different static extraction system to measure the pmitioning of benzene and several 

phenolic solutes. These methods are fûrther reviewed in section 1.6. 

Several authors have emphasized means to optimize extraction efficiency and method 

sensitivity. Brewer and Kmus (1993) increased the water-fluid interfacial area by 

continuously flowed droplets/bubbles of SC CO2 through the aqueous phase. An 

average recovery of 97% was achieved from a sampie contaminated with 86 n&nL 

pentachlorophenol. A plug of silanized wool was used earlier by Ehntholt et al 

(1 983) to disperse CO2 as fine bubbles through water. Low phenol recoveries (about 

40%) were likely a consequence of the analytes breaking through the trapping syaem. 

Barnabas et al (1994a) dispersed carbon dioxide through aqueous organochlorine 

pesticide samples with a solvent filter. Recoveries were iess than 20% despite good 

analyte solubilities in CO2. As three different flow rates were used with little change 

in recweries, it was concluded that the extractions were diffusion-controlled. 



1.3 Indirect Methods 

Indirect methods as well as derivatization techniques have been used to extract a 

variety of solutes from water. Examples of eac h are briefl y reviewed. 

Indirect water extractions have been performed by combining soiid disk extraction 

with supercntical Buid elution (Tang and Ho. 1994; Barnabas et al, 1994b). A smail 

voiume of water may also be loaded onto a cartridge packed with a suitable inen 

particdate matenai (Hawthorne et al, 1992). In a unique approach, Aizaga et al 

(1 994) extracted freeze-dried water samples which had been spiked previously with 

eight different agrochemicals. 

Metals may be removed fiom water by compiexation. Laintz et a1 (1992) extracted 

CU'- from water with CO1 which contained the ligand lithium bis(trifluoroethy1) 

dithiocarbamate. .A similar approach has been used to chemically derivathe polar 

analytes in situ. Croft et al (1 994) extracted and methylated chlorop henoxyacetic 

acids from a solid support with a combination of COt, tetrahexylammoniurn hydrogen 

sulfate, and methyl iodide. Using surfactants, non-vo latile and hydrop hi1 ic molecules 

which are insoluble in COz can be extracted f?om water into aqueous microemulsion 

droplets in a carbon dioxide phase (Johnston et al, 1996). Fluorinated dendrimers 

have been used to transpoc within their cores, insoluble molecules into CO2 (Cooper 

et al, 1997). 



1.4 Solubility Measunmcnts 

1.4.1 Solubility in COr 

Designing a novel, viable extraction -stem requires an understanding of the physical 

behaviour of a solute in eacb phase at equilibriurn. Parameters such as syaem 

temperature and pressure govem the solubility of a solute in a supercritical fluid. 

These parameters also govem the dismbution of a solute between the supercritical 

fluid and water. Solubility measurernents in CO2 can therefore provide an indication 

of the ability of SC CO2 to extract a compound from contaminated water. Knowledge 

of the solubility of the solute in water is also imponant as the ratio of solubilities can 

then be used to predict the magnitude of the distribution coefficient K. Solubility data 

for phenols and several other compounds are reviewed below. 

The solubility of naphthalene in supercritical carbon dioxide has been well defined 

and is widely reported in the literature. Measurements of the solubility of 

naphthalene are often used to veriQ that a new apparatus or methodology can provide 

eood data, by cornparison with previously published values. Measurements 
C 

performed by McHugh and Paulaitis (1 980) show the solubility of naphthalene to 

increase with increasing temperature and pressure to an upper critical end point at 

about 63 O C  and 240 atm. Solubilities were of the order of magnitude of  1 0 - ~  mole 

fiaction naphthalene. Polynuclear aromatic hydrocarbons with higher molecular 

weights are less volatile and are less soluble in COÎ. The solubilities of chrysene, 

fluoranthene, and triphenylene were determined to be between lod and 1 o4 mole 

fiaction solute over the temperature and pressure ranges of 3 5 to 55 O C  and 80 to 250 

atm (Barna et al, 1996). 

The moderately polar solutes phenol, p-chlorophenol, and 2,4dichlorophenol have 

high solubilities in CO2, likely due to the effects of high analyte volatilities and the 

patentid of interaction with the solvent' s quadrupole moment. Solute solubilities are 

of the order of 1 O-' mole fiaction; 2,4dichlorophenol was the moa soluble species 



over the pressure range of 80 to 250 atm at 36 O C  (Van Leer and Paulaitis, 1980). 

The more polar species 2,4-dichlorophenoxyacetic acid (2,443) is l e s  soluble in CO2 

(1 0" mole fiaction) than its corresponding phenol (Schafer and Baumann, 1988; 

Macnaughton and Foster, 1994; Miller et ai, 1997). Saturation of carbon dioxide with 

water gave a solubility enhancement of up to 90% for 2,4-D, indicating the 

importance of the mutuai solubilities of CO2 and water in a partitioning experiment 

(Macnaughton and Foster, 1 994). 

The solubility of pentachlorophenol (PCP) in &on dioxide is lower than for more 

volatile phenols having fewer chlonne atorns. However, its solubility in CO2 is 

greater than that of polar 2,4-D. Values of the order of magnitude of 10" mole 

fraction or higher have been reported over the temperature range of 25 to 140 O C  and 

between 1 10 to 450 atm (Madras et al, 1993; Miller et al, 1997; Cross and Akgerman, 

1998). Repiacing the hydroxide group with a sixth chlonne caused the solubility to 

drop to the order of 10" mole fraction (Cross and Akgerman, 1998). The solubilities 

of both analytes were increased at increased temperatures and pressures. 

1.4.2 Solubility in water 

The solubilities of chlorinated phenols in water tend to decrease as the number of 

chlorine atoms on the molecule increases. The solubility of phenol in water is 1.5 x 

10'~ mole fiaction which drops to 3.8 x 1 o ' ~  mole fraction for p-chiorophenol and 4.9 

x 10" for 2,4dicMorophenol (Perry and Chilton, 1973). The solubility of 

pentachlorophenol in water at atmospheric pressure has been reponed to be in the 

range of 9.4 x 1 O-' to 1.3 x 1 o4 mole fiaction (Freiter, 1979) and 1 2 x 1 o4 mole 

fraction at 27 O C  (Carswell and Nason, 1938). 

In general, molecuies which are acidic, polar, andor cm hydrogen bond are soluble 

in water. Species containing no polar groups are sparingiy soluble. 



1.5 Andyte Partitioaing 

1 S. 1 Methods 

A static system is required to measure the distribution coefficient of a solute between 

two phases. It is ideal to analyze aliquots by on-line methods to avoid the problems 

associated with sarnpie collection, especially for the supercritical phase. In addition, 

it is important to constnict calibration curves for the solute in both phases to ensure 

mass balance has been achieved. 

Akgerman et al used a steel exnacrion ce11 to measure the partitionhg of solutes 

between water and CO2 (Roop and Akgeman, 1989; Roop and Akgeman, 1990; 

Green and Akgermaq 1996; Roop et al, 1989; Yeo and Akgerman, 1990). 'The 

contents of the vesse1 were mixed for 1 hr and a t h e  of 2 hr was determined to be 

adequate for phase separation. A Jerguson gauge allowed visual confirmation of the 

number of phases. Each phase was sampled independently through narrow bore 

tubing for off-line analysis. The CO2 sample was bled across a restrictor and through 

an organic solvent trap. A wet test meter monitored the amount of CO2. Distribution 

coefficients were calculated based on solute concentration in the aqueous sample. 

The carbon dioxide phase was sampled in preliminary experiments to confinn the 

mass balance. No measurable change in volume of the aqueous phase was observed 

with the addition of compressed C02. 

This apparatus was also used with on-line detection of the analyîe in both phases by 

high performance liquid chromatography (HPLC) (Akgerman and Carter, 1994). The 

detector was calibratecl using solutions of known concentrations similar to those 

expeaed during a partitionhg experiment. The methods used to make standards were 

not M e r  specified. Both water and CO2 caused HPLC pemirbations which eluted 

at the sarne time as the solute peaks. These were attributed to either nvitching of the 

sampling valves or slight changes in the absorption of the mobile phase in the 

presence of water or C a .  The perturbations were small wmpared to the solute peaks 

and were subtracted before making a calibration curve. 



Ghonasgi et al connnicted an apparatus which used a static mixer to main 

equilibrium for a water - CO2 - solute mixture (Ghonasgi et al, 199 1 a; Ghonasgi et 

al, 199 1 b; Gupta et al, 1991). A Jerguson gauge was then used as a windowed ce11 

phase separator. Each phase was sarnpled separately, then further separated into its 

vapour and liquid components at atmospheric pressure using a micrometering valve. 

The liquid samples were weighed and compared to the weight of the original aqueous 

solution delivered by a metenng pump. This allowed closure of water and solute 

mass balances. The flow rates of the CO2 samples were measured with a dry test 

meter. The solute concentrations of the liquid samples were detemined by visible 

spectroscopy of a dye complex of the solute. The system was tested by measwing the 

CO2 - water vapourAiquid equilibrium which was in good agreement with the 

available data of Wiebe and Gaddy (1 940; 1941). 

Hedrkk et al (1 992) used an apparatus which recirculated supercntical carbon 

dioxide upward through a water sarnple in a closed loop. Flow rates were between 3- 

5 rnL / min. The extraction was allowed to occur for 15 min at which time replicate 

injections of the supercritical phase were made into an on-line SFC at 10 min 

intervals to veriQ that equilibrium was established. The SFC was calibrated by 

refemng to an extemal phenol calibration curve. The amount of phenol remaining in 

the aqueous phase was calculated assurning a 100% material balance. 

Several measurements have been made of the disrribution coefficient for phenol, a 

solute with a high solubility in both COt and water. Phenol partitions almoa equally 

between water and carbon dioxide as evidenced by K values benmen 0.2 and 1 -5 ai 

temperatures up to 76 OC and at pressures as high as 350 am (Hedrick et al, 1992; 

Roop et ai, 1989; Ghonasgi et al, 199 lb; Chang and Huang, 1995; Brudi et ai, 1996). 

The addition of ttnctioaal groups to the phenol structure increased K in al1 reported 



cases with the exception ofp-methoxyphenol (Green and Akgerman, 1996). K was 

marginally higher for m-cresol and pchlorophenol compared with the values 

measured for phenol (Ghonasgi et ai, 1991 b; Chang and Huang 1995). The 

distribution coefficient for O-methoxyphenol was 10 at about 200 atm (Green and 

Akgerman, 1996) and was as high as 40 at 25 O C  and 200 atm for 2,4-dichlorophenol 

(Akgerman and Carter, 1 994). Similar results were obtained for 2,6-dimethylphenol 

(Green and Akgerman, 1996). In al1 cases, at moderate pressures, K was equal or 

higher in magnitude at the lowest temperatures as a function of pressure. Crossover 

regions were observed for phenol and m-cresol at higher pressures (Ghonasgi et al, 

1991b). 

Several authors have examined the ratio of a solute's solubility in water to that in 

CO2. Ghonasgi et al (1991 b) detennined that the partitionings of benzene, m-cresol, 

p-chlorophenol, and phenol are dependent on theû solubilities in both phases. At 40 

O C ,  although it is less soluble in water, m-cresol had a smaller K than pchlorophenol 

because it is also less soluble in CO2. Only soiubilities in water at atmospheric 

pressure were considered. The solubility ratio was also considered by Akgerman and 

Caner (1 994) for the panitioning of phenol, p-chlorophenol, and 2,Cdichiorophenol 

in water. The distribution coefficient was highea for 3,4dichlorophenol, which had 

the lowest solubility in water and the highea in CO2. 

The distribution coefficient depends on the combined concentration of a solute in the 

water and supercritical phases at equilibrium in addition to its solubility in both 

phases. Non-diiute solutions will deviate fiom ideal behaviour due to the effeas of 

attractive and repulsive molecular interactions. Starting concentrations reported in 

the iiterature have typicaily been in excess of 100 pg analyte / mL solvent (Hedrick et 

al., 1 992; Roop and Akgerman, 1990). Concentrations of interest to the anal ytical 

chemist are typically three or more orden of magnitude smaller. No signifiant 

influence of concentration was found by Brudi et al on the partitioning of phenol to 

supercritical CO2 fiom solutions with high initial concentrations of 0.2 to 10 wt % 

(Bnidi et al, 1996). To date, no other studies have investigated the eRect of solute 



concentration on the partitioning of phenols. 

Interactions among solutes can enhance the extraction of a target compound. 

Distribution coefficients between water and COz were measured for a mixture 

composed of phenol, 2-methyl-p henol, 2-methoxy-p henol, 2,3-dimethyl-phenol, and 

methoxy-rnethyl-phenol at 25 and 50 O C  and at pressures up to 275 atm. Values as 

high as 6 were obtained and partitioning was favoured at the lower temperature (Roop 

and Akgerman, 1990). Partitioning was slightly improved for the mixture of phenol, 

p-methoxyphenol o-methoxyphenol, and 2,6-dimethylphenol cornpared with 

partitioning of the pure solutes (Green and Akgerman, 1996). Distribution 

coefficients were also higher for each component in a mixture of benzene, toluene, 

naphthalene, and parathion compared with each separate ternary system (Yeo and 

Akgerman, 1990). 

Entrainers, or solvent modifiers, have been employed to enhance the partitioning of a 

solute between phases. Roop and Akgerman (1 989) investigated the entrainer effects 

of methanol, chlorobenzene, and benzene for the CO2 extraction of phenol fiom 

water. Methanol was found to slightly decrease K for phenol while chlorobenzene 

w s e d  the formation of a third, separate phase. Benzene, however, increased the 

distribution coefficient of phenol by as much as 50 %. This result was also obtained 

for a mixture of phenols (Roop and Akgerman, 1990). 



1.6 Purpose and Plan of Research 

The implementation of supercritical carbon dioxide methods for the direct extraction 

of water samples requires a complete characterization of the solute - water - CO2 

system. With this knowledge, suitable chernicd and physical parameters c m  be 

determined for efficient and sensitive extractions. 

Polar compounds are difficult to extract from water samples due to their high boiling 

points and low solubilities in traditionai, nonpolar solvents. The polar nature of water 

and its potential for hydrogen bonding combine to promote the retention of many 

solutes. The partial dissociation of weakly acidic cornpounds make water extractions 

particularly dificult. The dissolution of carbon dioxide in water is expened to affect 

the partitioning of acidic anaiytes due to the formation of carbonic acid. 

The purpose of this research was to characterize and interpret the partitioning of polar 

and acidic solutes between water and supercritical wbon dioxide. The primary 

solute of interest was pentachlorophenol (PCP) which is still found in naniral water 

resources and food products due to its past abundant use as a wood preservative. 

The research had the following objectives: 

(1) To constnia a high-pressure extraction apparatus for performing solubiiity and 

partitioning experiments in water and CO2 with on-line HPLC analysis of each 

phase. 

(2) To measure solute solubilities in CO1 and water as a function of syaem 

temperature and pressure. 

(3) To measure the disuibution coefficients for PCP and other wlutes between water 

and carbon dioxide as a fùnction of system temperature and pressure as well as 

solute concentration, pH, and ionic strength. These results will provide 



information on what parameters need to be optimized for water extractions. 

Information will also be obtained on the potential of supercritical CO2 for the 

extraction of polar and acidic solutes. 

(4) To compare distribution coefficients with solubility ratios and thus to recognize 

the molecular interactions which govem solute solubilities in water and carbon 

dioxide and to interpret how these interactions affect solute partitionhg between 

the two phases. 

(5) To comment on the viability of supercritical CO? extractions for water samples 

contaminated with pentachlorophenol and other organic species. 



CHAPTER 'IWO 

THEORY 

2.1 Supercritical Fluids 

2.1.1 The C a  Phase Diagram 

The phase diagram in Figure 2.1.1 defines the regions corresponding to the gas? 

liquid, and solid states of carbon dioxide. Points dong the sublimation, melting, and 

boiling lines define the equilibria between the phases. A single-phase fluid having 

gas- and liquid-like properties exists in the supercritical region, that is, above the 

criticai temperature (Tc) and pressure (P,). The cntical point for carbon dioxide 

occurs at 3 1.1 OC and 73 atm. 
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Figure 2.1.1. Phase diagram for carbon dioxide 



2.1.2. Tbermodynamic Properties: Equations of State 

The physical properties of a pure substance are defined by any three of volume (0, 
pressure (P), temperature (T), or the number of moles (n) of pure substance. Each 

variable may be expressed as a function of the other three in an equation of state. 

Ideal gases obey the perfea gas equation of state at low pressures: 

Pt' = nRT (2.1 . 1) 

The gas constant R has the value 0.082 L atm R' mol-'. Real gases obey equation 

(2.1.1) exactly in the limit of zero pressure. Under ths condition Boyle's Law (PV = 

constant) and Gay-Lussac's Law (Y x 7) are defined. Similarly, (P x 7) by holding 

the amount and volume constant. 

The compression factor, Z, demonstrates how real gases deviate firom Boyle's law due 

to the effects of attractive and repulsive rnolecular interactions 

where Y, is the molar volume of the gas. For a perfect gas Z = 1 . At very high 

pressures Z > 1, indicating real gases are dinicuit to cornpress due to dominating 

repulsive forces. For a compressible fluid, Z < 1 due to the effects of attractive 

forces. 

The virial equation of state is used to describe the behaviour of real gases under 

pressure. The ideal gas law is treated as the first term in a power senes; at high 

temperatures and large molar volumes perfea and rd gas isotherms do aot diner 

greatl y: 



The second and third virial coefficients (8, C) are dependent on temperature. The 

virial equation of aate may also be expressed in tenns of the molar volume of a gas: 

PV' = RT(l+ B/Vm + C/V~ '  +...) 

The vinal equation demonstrates that not al1 properties of a real gas will coincide with 

the perfea gas law at low pressures, except at the Boyle temperature 7'' where B = 0. 

For a pafect gas dZ .'dP = 0, but for a real gas dZ; dP +B B' as P + O. Similarly, dZ 

.d(l:Vm) -, B as Vm :, -, in equation (2.1.4). 

Consideration of the physical behaviour of real gases has resulted in many 

approximate equations of state which do not require the insenion of specific vina1 

coefficients. The van der Waals equation of state assumes repulsive interactions 

cause molecules to behave as small but impenetrable spheres. Molecules are 

restriaed to a volume (Y  - nb) where nb is approximately the volume taken up by the 

molecules themselves. Attractive forces reduce the pressure exened by a real gas. 

The strength of these forces is proportional to the molar concentration n / V of 

molecules in the sarnple. The consequent reduction in pressure is written as -a(n / 

0'. Combining the effects of repulsive and attractive forces gives: 

The constants a, b are specific for each gas. 

The critical constants can be caiculated by sming the first and second derivatives of 

equation (2.1 -5 )  with respect to V to zero. The critical molar volume, pressure, and 

temperature are then defined in rems of the constants a and b: 



The critical compression factor, 2 ,  is therefore predicted to be equal to 

for al1 gases. 

The prhcipie of corresponding States was first proposed by van der Waals. The 

definition of reduced variables gives a relative scale of cornparison for real gases 

based on their critical constants. Al1 gases therefore exert the same reduced pressure 

at the sarne reduced molar volume and temperature: 

Reduced isotherms are plotted in ternis of Pr and I.; in Figure 2.1.2. This 

approximation is obeyed by gases composed of spherical molecules. The principle 

fails for non-sphencd or polar molecules. 

Van der Waals' equation rnay be rewrinen in t m s  of reduced variables: 



Figure 2.1.2. The van der Waals isothems at several values of T, 



The van der W d s  loops seen in Figure 2.1.2 are unrdistic as they suggest that 

under sorne conditions an increase in pressure results in an increase in volume. In 

these regions liquids and gases coexia. The critical isotherm (T/Tc = 1 ) shows an 

almost flat infieaion at the critical point, demonstrating a fluid's almoa infinite 

compressibility in this region. Figure 2.1.3 further illuarates the compressibility of a 

supercritical fluid at the cntical point (CP). The density @) can be varied almoa an 

order of magnitude, fiom 0.1 to 0.9 g mL1, with small changes in pressure at T, = 1.0 

- 1.2. 

The density increases as the pressure is increased but decreases with an increase in 

temperanire. Outside the critical region (at T, > 1.2, say), only small changes in fluid 

density will result fiom changes in pressure. Carbon dioxide is almost 

incompressible in the liquid region at T, < 1; however, the density of liquid COt is 

greater than that of supercritical CO: under easiiy attainable conditions. 

-4 successful variation of the van der Waals equation was proposed by Peng and 

Robinson (1 976): 

In this case, the value of a is dependent on temperature and on the acentnc factor. 

The latter is a measure of the non-sphencity of the rnolecuie. The repulsive term aiso 

produces more redistic values of the critical compressibility, 2,. 

Density versus pressure curves are compared at the critical temperame for ideai, van 

der Waals, Peng-Robinson, and experimental values for CO2 in Figure 2.1.4. The 

ideal gas law appears usehl only at low pressures of several bar while the van der 

Waals equation fails at high pressures. The Peng-Robinson equation of state provides 

reasonably acwate results over a wide range of pressure. 
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Figure 2.1.3. Derisity of carbon dioxide versus reduced pressure 
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Figure 2.1.4. Cornparison of COz density h m  the ideai, van der Waals (vdW), and 

Peng-Robinson (PR) equations of state with experimental data 



2.1.3 Transport Properties: Viscosity and Diffusivity 

The physicochemical properties of supercritical fluids lie between those of a liquid 

and a gas. In addition to their hi@, liquid-like densities which afford good solvent 

power, rapid mass transfer occurs in supercritical fluids relative to liquids. As shown 

in Table 2.1.1, the dynamic viscosities of supercritical fluids are 10 - 100 times iower 

than Iiquid values while their diffusion coefficients are 1 to 2 orders of magnitude 

higher. 

Table 2.1.1 Orders o f  Magnitude of Viscosity and Diffusivity for Gaseous, 

Supercritical Fluid, and Liquid States 

Dynamic Viscosity Difision Coefficient 

(g cm-' s-l) (cm2 S.') 

Gas (ambient) 0.0001 - 0.003 O. 1 - 0.4 

Supercritical fluid (Tc, P,) 0.0001 - 0.0003 0.0007 

Liquid (ambient) 0.002 - 0.03 0.000002 - 0.00002 

The diffisivity of supercritical COI varies between 10'' and 1 0 ~ ' ~  cm2 s" at pressures 

between 50 and 500 atm. 

Both the viscosity and diffisivity of supercritical fluids approach values for iiquids as 

pressure is increased. Conversely, an increase in temperature will increase a fluid's 

diffisivity while decreasing its viscosity. This effect on viscosity is generally 

associated with the behaviour of liquids, not gases. Changes in both properties are 

most pronounced in the region near the criticai point as illustrated in Figures 2.1.5 

and 2.1.6. 
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Figure 2.1.5. Diffusivity of Ca versus temperature at various pressures 

(tiorn Taylor, 19%) 
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Figure 2.1.6. Vimsity of CO2 versus pressure at various temperatures 



The diffusion coefficients Fa of infinitely dilute solutes in supercritical solvents are a 

function of the thermodynamic properties of the system. The coefficients S.* in 

Table 2.1.2 are iarger at higher temperatures and lower pressures, that is, at low 

values for Buid density and viscosity. Increasing fluid density increases the number 

of molecuIar collisions and reduces the mean fiee paths of the solutes. However, at 

constant density, S.- values for less polar solutes seern tu be relatively independent of 

temperature. The data in Table 2.1.2 were taken from the review by Suirez et al 

(1 998). 

Table 2.1.2 Diffusion CoeRicients of Several Compounds in Supercritical CO2 

Compound Pressure Temperature 3- 

(atm) (OC) (X I o - ~  m2 S-') 

Benzene 108.5 40.0 18.6 

246.8 40.0 10.5 

108.5 50.0 21.6 

Nap hthalene 108.5 40.0 

246.8 40.0 

106.8 55.0 

Phenol 

Solute diffusion coefficients are also funaions of the chernical properties of the solute 

and solvent. The 5m value decreases with increasing molar volume of the solute, 

which is generally directly related to the solute molecular mas. Molecular mobility 



is also hindered if the solute and solvent molecules are significantly different in sire. 



2.2 Intermolecular Interactions 

At moderate to high pressures, molecular interactions cause real gases to deviate ffom 

the perfect-gas surface. Physical forces berneen ions, dipoies, induced dipoles, and 

higher poles contribute to molecular behaviour in solution. The potential energy of 

each type of interaction can be predicted. 

The potential energy of interaction of point charges ql and q 2  may be defined in tenns 

of the permittivity of the medium, 8: and the distance of separation of the charges, r: 

The relative permittivity, or dielectric constant, of the medium is the more common 

indicator used for non-vacuum systems: 

The permittivity in a vacuum, E,, has the value 8.854 x 10"'ï' c2 m-'. 

The potential energy of interaction between a dipoie pl = qll and the point charge q 2  

is the sum of a repulsion and an attraction, and is reduced to: 

The separation, r, is now the distance between the centre of the dipole of length Z and 

the ion. 



Polar molecules will not rotate with cornplete fieedom in solution since lower energy 

orientations are marginally favoured, resulting in an overall non-zero interaction. 

Relative molecular orientations depend on the field established by the polar 

molecules, which tends to line up the dipoles, as well as on the kinetic (thermal) 

energy causing the rnoiecules to move in a random manner. At moderate to high 

temperatures, orientations leading to negative potential are prefmed statiaically. At 

low to moderate temperatures the contribution of polarity to the interaction potential 

is significant. The potential energy between dipoles is dependent on a higher power 

of r as well as on the thermal motion of the molecules 

where k is Boltzmann's constant and T is the absolute temperature. 

A polar molecule with dipoie moment pi may induce a dipole pz' in a polarizable 

molecule. The magnitude of ,& will depend on the field generated by the polar 

molecule, that is, on the molecular separation and the magnitude of pl.  Thermal 

effects are not considered as the induced dipole is committed to following the 

direction of the inducing dipole. The potential of the system is directly proponional 

to the poiarizability volume, a$, of the induced dipole: 

Interactions between non-polar molecules can exist due to the instantaneous transient 

dipoles ail molecules possess. An instantaneous dipole moment pl' in a given 

molecuie may polarize a second molecule to mate  the induced dipole moment j ~ * .  

The two dipoles are wrrelated in direction as each dipole changes in direction and 

magnitude. The strength of this "dispersion" interaction depends on the polarizability 

of the initiating molecule. The polarizabiiity of the induced molecule in part 



determines how readily the induaion will occur. .4 reasonable approximation to the 

potential energy of interaction is given by the London formula and includes the 

ionization potentials, I, of the two molecules: 

Molecules such as carbon dioxide possess quacinipole moments, Q, due to a 

separation of charge into two back-to-back dipoles: 

Ouadrupole 

Q for COz is given by the first example (- + + -), since O is more electronegative than 

C .  For a linear molecule, Q is defined by the sum of the second moments of the 

charges: 

= x, q;d:' - (2.2.7) 

The charge qi is Iocated at a poht (on an a i s  common to dl charges) a distance rr', 

fiom some arbitraxy origin. The quadrupole moment is independent ofthe position of 

the origin so long as the rnolecule has no net charge and no dipole moment. The 

potential energy of interaction between a dipole-i and a quadrupole-j, or two 

quadmpoles, is a function of the ïntermolecular distance, the angles of mutual 

orientation, and random thermal motion: 



Similady, the interaction energy between quadmpoles-zj is: 

Dispersion interactions rnay also be initiated by permanent quadrupole moments. 

Their potential energes are typically smaller in magnitude than for quadrupole-dipole 

or quadrupole-quadrupole interactions: 



2.3 Ideal and Real Gases 

A perfect gas is in its standard state when P' = 1 bar and T = 298 K; the Gibbs 

function is then G*. At any other pressure P its Gibbs funaion G is 

where R is the gas constant and T is the absolute temperature. The chemical potential 

of a pure substance is defined as: 

The chemical potential p describes how G changes as the composition of a system 

changes. It follows that for a perfect gas: 

The chemical potential of real gases is pressure-dependent as shown in Figure 2.3.1. 

As P -+ 0, p approaches the value for a perfect gas. Attractive forces dominate at 

intemediate pressures making the chemicai potential less than for a perfea gas. As a 

consequence. molecules have a lower "escaping tendency" or fugacity. At high 

pressures, repulsive forces dominate and both the chemical potential and fugacity are 

ereater than for a perfen gas. Equation (2.3 -4) is the reai gas equivalent of equation 
C 

(2.3.3). The pressure P is replaced by the fbgacity,f: 



Pressure 

Figure 2.3.1. Chernical potential as a knction of pressure 



Fugacity can be related to pressure with a dimensionless fùgacity coefficient q which 

is dependent on the gas as well as the system temperature and pressure (Le. p can be 

caiculated with an equation of state): 

Equation (2.3.4) can now be rewritten as: 

The third term (RT In p) expresses the effect of al1 intermolecular forces. Since f + 

Pas P + O, then p- t  1 asP+ O. 



2.1 Ideal and Real Liquids 

2.4.1 Solvents 

The chemical potential of a solvent depends on its composition. k equilibrium, the 

chemical potential ,u' of a pure liquid is equai to the chemical potential of its vapour: 

P' is the vapour pressure of the pure liquid at temperature T and P' is equai to 1 bar. 

If another substance is also presenr, the chernical potential is defined without the (*) 

notation. Cornbining these two relations gives an equation dependent on die ratio of 

vapour pressures: 

For ideal solutions, PIP' = x which is the mole fraction of solvent. This is Raoult's 

Law. Ideal solutions obey the law throughout the entire composition range. For real 

solutions, the law is obeyed ciosely for the component in excess as it approaches 

purity, that is, for the solvent. When a real solution does not obey Raoult's Law an 

activity t e m  is used instead: 

The activity a accounts for the effect of molecular interactions and approaches the 

mole fiaction as x + 1. This convergence is expressed with an activity coefficient 

such that a = yx and y -+ 1 as x + 1. The chemical potential of the solvent is then: 



2.4.2 Solutes 

The vapour pressure of a volatile solute is proportional to its mole fiaction in real 

solutions at low concentrations. However, a plot of solute vapour pressure versus 

mole fraction does not give the pure solute's vapour pressure as its dope. Using 

Henry's Law (P = xH), the dope is equal to Henry's constant, H. Henry's constant 

is chosen so that the plot in Figure 2.4.1 is tangent to the expenmental curve at x = 0. 

Red solutes approach ideal dilute behaviour at low concentrations. The chemical 

potential for an ideal solute is m e n  as 

with 

The chemical potential for a reai solute subaitutes an activity tenn for the mole 

fraction tenn in (2.4.5): 

The advity coefficient reflects the magnitude of molecular interactions which cause 

the solute to deviate from ideal behaviour, nich that o = yx; a -, x and y + 1 as x + 
O. 
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Figure 2.4.1. Pressure versus composition for Raoult's and Henry's Laws 



2.5 Solu bilities 

2.5.1 Themodynamics of Dissolution 

A solid solute is assumed to be in be equilibrium with a saturated solution of it 

according to the simple reaction: 

The Gibbs funaion for the reaction is defined by the change in chernical potentiai 

upon dissolution: 

This function can also be expressed in terms of the standard Gibbs funaion and the 

ratio of partial pressures Pl$abnonj  / Pfsobdl. Pliohnon) is the partial pressure of the 

dissolved solid and Ptrol,d) is the partial pressure of the solid solute. Assuming 

ideality : 

At equilibrium AG, = O and the ratio of partial pressures is replaced by the 

equilibrium constant K: 

For an ideal solution, the mole âaction x can be used in place of K. Since AG' = dHB 
- T&~ (2.5.4) becomes: 



If the mole fraction of a sanirated solution is measured as a function of temperature, 

the enthalpy and entropy of solution can be determined f?om the dope - A f P ~ o I u n o .  / R 

and the intercept dSBma,n l R. 

The solubility of a cornpound is a mong function of the intermolecuiar forces 

between solute and solvent. The forces between chemically similar species cause the 

enthalpy of solution to be more negative than between dissimilar species. As 

dissolution is accompanied by a decrease in the Gibbs energy, a more negative 

enthalpy is more favourable than a large one. 

The molar volume change of a solute upon solution, AV, is the difference between its 

partial molar volume at infinite dilution, J7,4 and the molar volume of the pure 

crystal, Vc, (Sawamura et al., 1993): 

It is assumed the degree of mutual solubility is smail for an infinitely dilute solution. 

Using the relationship, 

the volume change of a soiute upon solution can be determined by plotting ln x as a 

function of pressure. 



2.5.2 Solids in Compressed Gases 

A discussion of the solubility of a solid or liquid in a compressed gas requires a 

relation describing the efTect of pressure on the fugacity 

where is the partiai molar volume of substance z. For a pure component, the molar 

volume v, is used and the above equation simplifies to: 

To calculate the fugacity of a pure liquid or p u e  solid, the integral in equation (2.5.9) 

is separated into two parts. The fira pm gives the fugacity of the sanirated vapour at 

T and P, the saturation pressure. The second part of the integral gives the correction 

due to the compression of the condensed phase, c, to pressure P. -41 P, the fugacity 

of the saturated vapour is equal to the fûgacity of the saturated liquid (or solid) 

because the phases are in equilibrium. Equation (2.5.9) is rewritten to define the 

fugacityf: of i in the compressed, condensed phase: 

The first tenn on the right-hand side gives the fugacity of the saturated vapour, that is, 

the fugacity of the condensed phase. Equation (2.5.10) therefore becomes 



which can be rearranged to yield 

This result shows that the fùgacity of a pure condensed component is, to a first 

approximatioq equal to the saturation or vapow pressure. The fugacity coefficient 

pls corrects for deviations of the pure saturated vapour fiom ideal gas behaviour. The 

exponential correction, or Poynting correction, takes imo account that the condensed 

phase is at a pressure different from its vapour pressure. As the Poynting correction 

is an exponential function of pressure, it is small at low pressures but can become 

large at hi& pressures or at low temperatures. 

When considering an equilibrium between a compressed gas and a soiid, it is 

generally assumed that the soiubility of the gas in the solid is negiigible. The 

condensed phase is therefore considered to be pure and al1 non-ideal behaviour can be 

amibuted to the vapow phase. The vapour (0 phase fugacity coefficient in the high 

pressure mixture is given by: 

Subaituting and solving for x,, the solubiiity of a solid is expressed as its mole 

fraction in the gas phase: 

The enhancement faaor, E, is a masure of the extent to which pressure enhances the 

solubiliîy of a solid solute in a compressed gas: 



The enhancement factor is nearly always greater than unity, except at Iow pressures. 

Therefore, as P + Pl: E + 1. 

Of the three correction terrns, p,''is the moa imponant. It can produce large 

enhancement factors in excess of 103. As the saturation pressure Pt is usually srnail, 

pls is nearly equal to unity. The Poynting correction is not negligible but is rarely 

more than 2 or 3.  

The review in section 1.4 reported solubility data for p henols, pesticides, and PAH' s 

in COs at 10' mole fiaction or several orders of magnitude higher. Enhancement 

factors for chrysene, fluoranthene, and triphenylene were 1 o6 or more. Solubilities in 

CO2 were improved at increased pressures for dl solutes due to an increase in fluid 

density. Solubilities also increased with increasing temperature, although there were 

cross-over regions for several solutes. Raising the temperature has a dual effect. The 

fluid density and solvent power are decreased, however, there is a positive ef5ect on 

solute vapour pressure. 

2.5.3 Liquids in Cornpresscd Cases 

A discussion of the solubility of a liquid in a compressed gas is more difficult as 

gases can be appreciably soluble in liquids. 

The equilibrium between a hi&-boiling liquid (A) and a sparingly soiuble gas (B) is 

considered at conditions remote from critical. The "y' term is used for mole h i o n  

values in the gas (or less dense) phase; 'Y' is used for the liquid (or more dense) 

phase. The equation of equilibrium between the two phases is 



where p~ is the vapour-phase fugacity coefficient of component A in the gaseous 

mixture. To calculate PA, the fugacity of component A in the liquid phase is 

considered. If the gas is only sparingly soluble, the liquid phase fugacity ofA can be 

calculated by assuming the solubility of component B in the liquid is described by a 

pressure-correaed form of Henry's Law. The fÙgacitybL of component B in the 

liquid phase is related to the mole fraction xa by: 

From the Gibbs-Duhem equation, it can be shown that for pure liquid A :  

Subaituting the above equation into (2.5.16), an equation for yA is obtained: 

The mole fraction x~ is calculated fiorn: 



The solution of equation (2.5.19) requires a trial-and-error calculation because the 

values for xa, a, and depend on the composition of the vapour. It is the fugacity 

coefficient which accounts for the nonideai behaviour of liquid solubility in 

compressed gases. 

2.5.4 Gasa in Liquids: Effect of  Pressure 

-4 discussion on the solubility of gases in liquids is imponant in this work because the 

dissolution of COt in water gives carbonic acid. The consequent drop in pH (to about 

3) is predicted to increase the distribution coefficient of acidic solutes between water 

and carbon dioxide (Toews et al, 1995). The effea of the nature of a solute on its 

partitionhg is fùrther discussed in section 2.7. 

The dependence of Henry's constant on pressure can be obtained using the equation: 

The thermodynarnic definition of Henry's constant for a gas B in a particular solvent 

is, at constant temperature: 

Subaituting (2.5.22) into (2.5.2 1) gives 



where the partial molar volume of solute B is specified at infinite dilution. This 

equation is integrated to obtain a more generai form of Henry's Law, assuming that 

the fùgacity of B at constant temperature and pressure is propo~tional to the mole 

fiaction xa: 

Henry's constant is evaluated at an arbitrary reference pressure P. As xs +B 0, the 

total pressure is PA'. the saniration or vapour pressure of the solvent A .  It is therefore 

convenient to set P = PA'. 

I f  the solution temperature is weli below the critical temperature of the solvent, it is 

reasonable to assume that the panial molar volume of the soivent is independent of 

pressure. Equation (2.5 24)  becomes: 

This is the Krichevsky-Kasaniovsky equation. It represents well the solubilities of 

sparingly soluble gases to very high pressures. It is assumed that the activity 

coefficient does not change noticeably ova the range of xB being considered (xa is 

smdl) and that the infinitely dilute solution is essentidly incompressible. 



2.5.5 Gases in Liquids: Effect of Temperature 

The solubility of a gaseous solute in a liquid phase bas a temperature derivative that is 

directly related to either the partial molar enthalpy or the partial molar entropy of the 

solute. For a nonvolatile solvent where the gas solubility is sufficiently small to make 

the activity of the solute independent of the mole fraction, the following are tme 

and 

where xs is the mole fraaion of gaseous solute at saturation. 

Considering equation (2.5.26), the solubility will increase with rising temperature if 

the partial molar enthalpy is positive. Conversely, if the partial rnolar enthalpy is 

negative the solubility will fa11 as the temperature increases. Equation (2.5.27) 

indicates that if the partial molar entropy change of the solute is positive, then the 

solubil ity increases with nsing temperature; otherwise, it fa1 1s. 



2.5.6 The Carbon Dioxide and Water System 

The solubility of water in compressed COt is illustrated in Figure 2.5.1. The arnount 

of water dissolved increases as the pressure and temperature are increased. The 

solubility of water in CO2 is l e s  than 0.7 mole % (0.3% v/v) at the expenmental 

conditions used in this work. 

Solubility data for carbon dioxide in water are presented in Figure 2.5.2. The 

solubility increases as pressure is increased but decreases as a function of 

temperature. The dissolution of carbon dioxide in water reaches saturation once the 

following equilibria are achieved at a given temperature and pressure: 

At 25'C and 1 atm, Henry's constant for COz is 3.4 x 1 O-? mol L-' atm-'. H decreases 

to 2.4 x 1 0-2 mol L" atm" at 40°C (Hamed and Davis, 1943). The first and second 

dissociation constants of carbonic acid are Ki = 4.5 x 10~' and K2 = 4.7 x 1 O.'' at 2S°C 

and 1 atm. The relative amounts of each carbonate species are s h o w  in Figure 2.5.3 

as a funaion of pH. 

The value for Ki increases to 5.1 x 10.' at 40°C (Harned and Davis, 1943). The first 

dissociation constant also increases with pressure. Its value is about 5.4 x IO-' at 200 

bar at 25°C (Read, 1975). The data for KI indicate the concentration of protons in the 

water phase increases as the temperature and pressure are increased. This is 

important for a water extraction as a decrease in pH is predicted to increase the 

distribution coefficient of acidic solutes between the two phases. 







Figure 2.5.3. Variation of carbonate species with pH 



The pH of water in contact with carbon dioxide varies between 2.80 to 2.95 over the 

pressure range of 70 to 200 atm and between 25 and 70°C (Toews et ai, 1995). The 

pH decreases slightly as the pressure is increased due to the increased solubiiity of 

COz and thus increased concentration of HtCO3, as well as the increase in Ki. 
However, the pH increases margindly with increases in temperature. This result 

contradicts the eEect predicted by the inaease in Ki as a function of temperature. 

The decreaçe in CO2 solubility in water as a fùnction of temperature evidently bas a 

greater effect on pH than the magnitude of the fia dissociation constant. 



2.6 Mixtures 

2.6.1 Thermodynamics o f  Mixing 

The total Gibbs funaion of a gaseous system with components A and B is 

where j t ~  and p~ are the chernical potentials at the composition of the mixture n~ and 

na. Mer mixing, each gas exens a panid pressure. For the simple% case, the 

Gibb' s function of rnixing is wrinen as: 

A G ,  = nRT(x, in x, LX, in x,) 

Since mole fractions are never greater than 1, the logarithms will be negative and 

AG,, < O for perfect gases in al1 proportions. 

follows that according 

ET, = -nR(x, lnx, +x, Ln x,) 

@Y, = O; AV,, = O; AU, = O),, 

as there are no interactions between gas particles. 

The driving force for mixing ideal gases therefore cornes fiom the increase in 

entropy of the system. The rnixing fiinctions defined in equations (2.6.2), (2.6.3), 

and (2.6 -4) are the same for an ideal liquid mixture. In this case interactions occur 



but the average A-B interactions in the mixture are the same as the average A-A and 

B-B interactions in the pure liquids. 

In real solutions, the interactions between A and B are different for each solute- 

solvent pair. Real mixtures are characterized by an enthalpy change and there can be 

an additionai contribution to the entropy change. If the enthalpy change is large and 

positive, or if the entropy change is negative, the Gibbs funaion rnay be positive, 

making the two fluids only partiaily miscible. Real solutions are descnbed by excess 

functions ( G ~ ,  f, etc.) to compensate for deviations from the ideal mixing funaions. 

For instance, 

Deviations of the excess functions fi-om zero indicate the extent to which the 

solutions are non-ideal. 

2.6.2 Phase Behaviour at High Pressures 

A variety of phase behaviours are observed for binary systems at high pressures (20 - 
1000 atm). Six classes of binary systems are illustrated in Figure 2.6.1. The 

simples case is a class 1 mixture. The pressure - temperature diagram for this 

mixture shows the liquid - vapour curves for the pure components 1 and 2. The 

curves tenninate at the critical points for each component, at Cl and C2. The dashed 

line joining these points is the critical locus. Each point on this iine is the critical 

point for a mixture of fixed composition. The critical locus rnay or may not show a 

maximum or minimum. The plots in Figure 2.6.1 are actuallyp-T projections of a P- 

T-x surface, shown in Figure 2.6.2 for the class I mixture. 
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Figure 2.6.1. Six types of phase behaviour in binary fluid systems 

(h Prausnitz, 1986) 





Class II mixtures of components 1 and 2 are not miscible in al1 proportions at low 

temperatures, but are otherwise similar to class 1 mixtures. The line labeled U V  

describes a three-phase equilibrium of one vapour phase with two liquid phases. 

This locus ends at the upper critical end point (UCEP) where the two liquid phases 

merge into one liquid phase. The dashed line curving upward fiom this point 

indicates that the UCEP depends on temperature. In this case the line has a negative 

siope but it may be initiaiiy positive and become negative at higher pressures. 

The class III case illustrates how the vapour-liquid critical locus is not necessarily a 

continuous line comecting Ci and CI. It has two branches, one branch going fiom 

Ci to the UCEP, the second stming at C2 and rising with pressure with a positive or 

negative slope. The critical line narting at C2 with a positive slope indicates the 

existence of a gas-gas equilibria. In this circumstance, two phases are at equilibnum 

at a temperature larger than the critical temperature of either pure component. In 

class IV, the second branch from C2 terminates at the lower critical end point 

(L CEP). 

Class V is similar to class IV except that the U V  locus is broken into two parts 

indicating that there is limited liquid rniscibility at low temperatures. The second 

region of limited rniscibility starts at the LCEP. Both end at a distinct UCEP. In the 

laa case, class Vi, there are wo critical m e s :  One connects Ci and Ci while the 

other connects the to the LCEP. 

Figures 2.6.3 and 2.6.4 give pressure-composition plots of carbon dioxide and water 

at isotherms above and below the critical point of CO2. Both plots approximate class 

1 phase behaviour as neither shows evidence of the U V  line which typically 

parallels the vapour-liquid curve for pure component 1. in both plots, water is 

component A and C a  component B. Two phases exist at moa compositions above 

the critical pressure for carbon dioxide. Single phases onl y exin at about XB < 0.03 



or xg > 0.99. The COz / water experiments performed in this research were in the 

two-phase region as x~ was typicall y between 0.1 and 0.3. 
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Figure 2.6.4. A typical pres~~~e-composition diagram for the CO2-mer syaem at 

temperatures above Tc for carbon dioxide (fiom Wenzel and Rupp, 1978) 



2.7.1 Distribution CoefTicient 

At equilibrium, solute i will be distrîbuted between two phases, A and B. In the 

simplest case, the mole fraction of solute in either phase is very small and it is assumed 

that the two phases are ideal dilute solurions. The solute activities in the two phases 

are : 

The distribution coefficient K between between two unmiscible solvems is defined by 

equating the activities of cornponent i in the two phases: 

At constant temperature and pressure, the p a o n  coefficient is a tme constant 

independent of composition for ideal dilute solutions. Equation (2.7.3) is frequdy 

called the Nernst distniiution law. 

2.7.2 Distribution of a Soiid Solute 

The solubiiity ratio of a solid solute between two phases provides a good prediction of 

its partitionhg behaviour and has been c o n s i d d  in the literature reviewed in section 



1.3. However, for non-ideai solutions, partitioning also depends on soiute 

concentration. 

The distribution of solid soiute i benveen two imrniscible liquids is described at 

equilibrium: 

Activity coefficients f l  and fiB are, respectively, functions of the mole fiactions x: and 

x!. If the solutions are ody moderately non-ideai, these functions can be expressed by 

where d' and dS are interaction constants which depend only on temperature for a 

given solute-soivent pair. Substitution of equations (2.7.4), (2.7.9, and (2.7.6) into 

(2.7.3) gives: 

This relation shows that, in gened, the distribution coefficient is not a constant but 

depmds on composition as dehed by x l  or x,! 

The interaction constant d can be found from the soiubility of the soiute in solvent 

(A), fi,,. The equation of equilibriurn for pure solid (S) and the sanirated solution 

(L) of it is: 



Subaituting equation (2.7.5) and solWig for $ gives: 

The fugacity ratiof lf;l can be obtained from the thermodynamic properties of the 

pure solute. Once the interaction constants are knowq the relationship between x: 

and X: is given by (2.7.7) (Prausnitz et al, 1986). 

2.7.3 Thermodynamic Models of Partitionhg 

A mode! based on the Peng-Robinson equation of state has been s h o w  to work well 

for the partitioning of 2,4dicblorophenol between water and supercritical CO2 

(Akgerman and Carter, 1994). From section 2.1, the Peng-Robinson equation of state 

is: 

For a pure fiuid, constant b is given by 



while a(ï) is given by 

(note this is not the same a as in equations (1.7.5) to (2.7.10). Here, T, is the reduced 

temperature and j3 depends on acentric factor o according to P = 0.37464 + 1.542260 

- 0.269920'. The acentric factor is a macroscopic meanire of the extent to which the 

force field around a m o i d e  deviates from spherical symmetry and is given by the 

empirical reiation 

ps' 
Y = - I O < ~ O ( ~ J  - 1 .OOOO 

T,' T,=O 7 

where P is the saniration (vapour) pressure. The acentric factor is essentiaüy zero for 

spherical, nonpoiar molecdes (such as the heavy nobie gases) and for smaii, highiy 

symmetric molecules (such as methane). 

The following equation defines the figacity coefncient for a component in a m i m e  in 

tems of the independent variables V and T: 



Equation (2.7.15) can be used to calculate the fugacity of a component in a mixture 

provided the volumetrïc data is avdable. The Peng-Robinson equation of state, which 

is pressure-explicit, can provide the volumetnc data at the temperature under 

consideration and as a function of composition and density. Applying the integral to 

the Peng-Robinson equation of nate gives the foliowing expression as shown by 

Panagiotopoulos and Reid (1 986) for highly polar asymrnetric syaems (such as those 

investigated in this work) 

a P A=" 
R'T' 



The constants a, and 

phase in the mixture. 

b, are defined by concentration dependent mixing rules for each 

The constant 6, is proportional to the sue of the molecules and 

is related to the average of the molecular volumes. a, reflects the strength of 

attraction between two molecules and is expressed by averaging over all moledar 

pairs. The interaction coefficients k, and k,, must be evaiuated from experimentai data 

or taken fiom the iiterature. 

Evaluating equation (2.7.16) is done for the solute in each phase. The interaction 

parameters are adjusted until the measured value of K matches the predicted ratio of 

fugacity coefficients in equation (2.7.3). 

2.7.4 Nature of the Solute 

Most solutes of interest to partitioning experiments between water and carbon dioxide 

have been acidic due to the anticipated effect pH wiil have on the distribution 

coefficient. These weak acids (pK, > 3.5) partidy hydroiyze in water to theû 

corresponding anions and proton. Anaiyte dissociation is expected to have a negative 

effect on method efficiency and sensitivity as ionic species are almost insoluble in CO2 

due to its low dielecvic constant (compareci with E, = 78 for water at 1 atm and 2S°C). 

6, for carbon dioxide increases fiom about 1 to 1.8 as the pressure is increased fiom 1 

to 2000 bar (Schneider, 1994). However, the dissolution of carbonic acid should 

cause acidic solutes to be almoa completely associateci in the water-phase at pH 3 

(Toews et al, 1995), thus facilitating their extraction: 

The affuity of a solute for either phase depends in part on the same parameters 

govemuig its solubility, that is, on temperature, pressure, fluid density, solute vapour 

pressure, solute fiigacity, and solute molar volume. The molecular interactions 



between solute and solvent are also important. Ions, acids, bases, and polar species 

dissolve weil in water due to the strengtb of ion-dipole and dipole-dipole interactions, 

hydrogen bonding, and hydrolysis reactions. Phenol is highly soluble in water because 

it forms strong hydrogen bonds with the water. Pentachiorophenol, on the other hanci, 

is sparuigly soluble since hydrogen bonding is minimired by the proscimity of c h l o ~ e  

atorns in both ortho positions to the phenol group. Intramolecular hydrogen bonding 

occurs between the phenol group and the ortho chlorine atoms (Blackman et al, 1955). 

The potential for molecular interactions in quadrupolar CO2 is weak as dipole- 

quadrupole, quadrupole-quadrupole, and quadrupole dispersion interactions depend on 

1 or 1 r o .  However, these interactions ni11 occur and are the principle interactions 

between CO2 and a solute. 



CHAPTER THFLEE 

EQUIPMENT AND METHODS 

3.1 Equipment 

3.1.1 Supercritical Fluid Apparatus 

The supercritical fluid extraction apparatus used in al1 expenments consiaed of a high 

pressure ce11 coupled to a liquid chromatograph. Sarnples could be taken from each 

of the CO2 and water phases and injeaed directly to the HPLC. The apparatus was 

modified as required to measure the temperature inside the ce11 as well as the 

elearical resistance of each phase. 

A schematic diagram of the extraction vessel and the on-line plumbing to an HPLC 

unit usine three six-port valves (Valco) is shown in Figure 3.1.1.  A photograph of the 

extraction ce11 is show in Figure 3.1.2. An engineering schematic is shown in 

Appendix 1 .  The vessel was designed and constructed at the Science Technofogy 

Centre at Carleton University (Ottawa). The body was made of AISI 3 16 aaidess 

steel; the cap was made of 174PR hardenable aainless steel hardened to Rockwell C 

50. An O-ring groove was drilled on the inside surface of the cap fined with a Teflon 

seal. AI1 fitîings and tubing were made of ANS1 3 16 stainless steel. Unless specified, 

dl tubing was 1/16" witb a 0.03" i-d. The total internai volume of the syaem from 

the entrance Valco two-port shutiiff valve to the exit shut-on valves of the same type 

was IO5 rnL. 

A 111 6" Swagelok - 1 /8" universal pipe thread union was screwed into a threaded 

opening on one side of the vessei. The centre of the union was drilled out nich that a 

111 6" steel thermocouple codd be fed through and swaged in place. Temperature 

was monitored with an Omega rnicroprocessor thennometer (mode1 HH22) capable 

of 0.I0C precision. A magnetic air bar was placed inside the ce11 and the apparatus 



Figure 3.1.1. Experimental apparatus: (a) Liquid CO?, (b) Pump, (c) Entrance 
Valve, (d) Pressure Gauge, (e) 114" Bail Valve, (f) Screw Cap, (g) Upper Sarnple 
Port, (h) Lower Sarnple Port, (i) Stir Bar, (i) Thermocouple, (k) Six-Port Valve, 
(i) HPLC Puinp, (m) HPLC Column, (n) W Detector, (O) Sample Loop, @) Exit 
Valve, (q) Restricto r, (r) Back-Pressure Regulator 



Figure 3.1.2. Supercritical fluid extraction ce11 



placed over a magnetic stirrer for solution mixing. The pressure was continually 

monitored using a Bourdon gauge (Span Instruments) with a (O - 6000) psi range and 

25 psi precision. The !A" bal1 valve (Whitey) in the cap allowed access to the interior 

of the vessel without having to dismantle the apparatus. The sample ports were made 

by welding sections of 1/16" tubing to one side of the vessel. A frit downstream from 

the upper sample port was sometimes used to trap solid particles during solubility 

tests. MiscelIaneous zero-volume and Swagelok stainless steel fittings, unions, and 

reducers were used as required. 

For chrysene and 2,4-D solubility experiments, the vessel, transfer Iines, switching 

valves, and upper sample loop were themostated in a water bath heated electrically. 

A Tenney Junior oven enclosing the entire apparatus was used for al1 other 

experi ments. 

Two different high pressure pumps were used. A packed plunger pump (Milton Roy 

MiniPump) delivered COt through a section of 1/8" stainless steel tubing welded to 

the vessel cap for chrysene and 2,4-D solubility measurements. The pump head was 

cooled with a heat exchanger carrying a solution of 20% ethylene glycol in water to 

prevent vaporization of the CO2. A Suprex SE-50  syringe pump was used for al1 

other experiments, in which case carbon dioxide with a pressurized heliurn headspace 

was used. It is possible heliurn in the carbon dioxide caused solute solubilities to be 

smaller than in pure CO2 (King et al, 1995). However, helium was not expected to 

affect the distribution coefficient Kas the supercntical phase was not saturated with 

solute. The syringe pump was aiso used for delivery of pressurized water. 

3.1.2 HPLC Hardware 

A Varian LC Star System with a 250 x 4.6 mm 5 pM Ci8 column (Zorbax), te- 

pump (Varian 90 1 O), and variable wavelength ultraviolet detector (Varian 9050; 190 

- 700 nm) was used to analyze sample aliquots of chrysene and 2,4-D using the 



configuration shown in Figure 3.1.1. The ternary pump was replaced with a Waters 

6000A or Waters 501 pump for the andysis of al1 other solutes. A back-pressure 

regulator set at 3 atm prevented vaporization of the mobile phase in the detector. 

Standard aliquots were injected using a needle guide screwed into either the upper or 

lower six-port valve. In this manner, the same sarnple loop could be used for both 

standard and sarnple injections. 

The HPLC methods are listed in Table 3.2. I ,  section 3.2.6. 



3.2 Methods 

3.2.1 Svaple and Standard Preparation 

The sources and purities of dl chernicals used are listed in Table 3 2.2 ,  section 3 2 . 7 .  

Saturated aqueous solutions were prepared by aimng excess solid solute in flasks of 

distilled, deionized @DI) water for several hours to several days. Undissoived solid 

particles rernained in the solutions upon saturation, indicating the solubility limit had 

been reached. Sanirated acid, base, and sait solutions were made in the same manner 

by first diluting different amounts of HCI, NazCO3, or NaCl in water. The sanirated 

solutions were diiuted as required after f i s t  filtering hem through glass wool to 

remove solid particulates. 

Analyte standards with low concentrations (0.1 - 1 O pg / mL) were prepared by 

doping organic or aqueous solvents with small amounts of concentrated stock 

solution (- 1000 pg / / organic solvent). Standards of al1 solutes except chrysene 

were also prepared in pure carbon dioxide or COI sanirated with water. Two methods 

were used to make pure CO2 standards. For the first, a very small, concentrated 

aliquot of the d u t e  was placed inside the cell and the solvent was aiiowed to 

evaporate prior to pressurization. Although the ceii contents were thoroughly mixed 

with the stir bar, poor precision was obtained with this method possibly because of 

partial evaporation of the solute. The alternative was to pass CO? from the pump 

through a sampie loop filled with a known volume of stock solution. The syringe 

pump was prograrnrned to maintain a constant pressure with the result that the 

standard was carried into the ce11 when the exit valve on the upper sarnple port was 

opened. Afier a sufficient amount of time, the valve was closed and the ce11 contents 

mixed before sampling. The latter rnethod was aiso used to prepare standards in 

water-saturated CO2. Carbon dioxide was fist bubbled through water using the 

"dmbbler" developed by Brewer and Kmus (1993) (set seaion 1 . 1 )  before travelling 

through the loop containing the stock solution. 



3.2.2 Determination of Analyte pK. 

The dissociation constants of several weak acids were measured at ambient 

temperature and pressure. A saturated solution of each analyte was titrated against 

0.01 M NaOH. The solution pH was measured with an Accumet pH meter (mode1 

910) at the start of the titration and afier each NaOH aliquot was added (about 0.05 

mL). The meter was calibrated with a buffer solution at pH 7. 

Solution pH was ploned as a function of titrant volume using the spreadsheet program 

Sigrnaplot, v. 101. It was assumed for the titration of weak acids that at the rnidpoint 

[HA] * [Al  and 

or pK, = pH at this midpoint. The derivative of the titration curve in Figure 3.2.l(a) 

was calculated to find the volume of NaOH added at the endpoint, that is, at the point 

of maximum dope as shown in (b). From (a), the pH corresponding to half this 

volume gives the solute p k .  



pK, = 3.89 9 

0.0 0.5 1 .O 1.5 2.0 

Volume of 0.0 1 M NaOH added (mL) 

Figure 3.2.1. (a) pK, titration airve for 2.4-D (b) Différentia1 nwe  for (a) 



3.2.3 Solu bility Measurements 

To determine analyte solubilities in wbon dioxide, 2-3 g of solid solute were placed 

in the extraction vessel. Prior to pressurization, the apparatus was purged of ambient 

air by flushing gaseous CO1 through the access valve in the cap or through the upper 

sample port. At each pressure incremem the ce11 was isolated for equilibration by 

closing the entrance and exit shut-offvalves and h g  was started. For sampling, 

the upper exit valve was opened and the saturated CO2 or water filled a 2 or 10 pL 

sample loop before depressurizing through a stainless steel restrictor or open-ended 

piece of tubing into a hot water collection bath. To ensure saturation of the fluid, the 

aimng rates, equilibration tirnes, Dow rates, and sampling times were varied. For 

2,4-D, PCP, pentachlorophenol sodium salt, and chrysene, the typical equilibration 

and sampling times were 5 - 30 min and 20 - 180 s, respectively. Naphthalene 

solubility experiments required equilibration times between 15 - 20 hr. in these 

cases, the entrance shut-off valve was lefi open to allow the syringe pump to maintain 

COt pressure. Al! solutions were accepted as saturated when fùrther increases in 

equilibration times did not yield higher apparent solubilities. 

The previous method was also used to measure the solubility of PCP in water under 

pressure. In this case, the apparatus was purged of ambient air by floshing water 

through the access valve. Equilibration times fiom 5 hr to several days were required. 

The solubility of pentachlorophenol was measured in COrsaturated water and water- 

sahirated CO2 by placing 2-3 g PCP in the ceil with 50 mL DDI water and letting the 

two phases equilibrate for up to 24 hr. Pentachlorophenol solubility was also 

measured in CO? bubbled through water prior to contact with the PCP. 

To determine analyte solubiiity in aqueous solution at ambient pressure and 

temperature, aliquots of the saturated solutions were analyzed by HPLC using the 

appropriate chromatographie method. The saturated solutions were diluted with 

water for analysis as required. 



For the phtioning experiments, saturated or dilute aqueous solutions were placed in 

the cell. The solution volume was either 40.0 or 50.0 mL. Prior to pressurization, the 

vesse1 headspace was purged of ambient air by fiushing gaseous COz out through the 

bal1 valve or upper sarnple port. At each pressure increment the ce11 was isolated for 

equilibration by ciosing the entrance and exit valves and tuming on the stimer. 

Before sarnpling, the stimng was aopped and the phases were ailowed ro senle and 

separate. To ensure system equilibration the aimng times, settling times, flow rates, 

and sarnpling times were varied. It was determined through replicate injections that a 

minimum of 40 min aimng and a 15 min setîling period were required for phase 

equilibration and separation for the partitioning of PCP between CO2 and water. 

To sampie each phase, the upper and lower exit valves were simultaneously opened 

and the COt and water were collected in separate sample loops (2, 10, 1 12 , or 254 

pL). The larger loop sizes were used for the water fiaction as it was almoa depleted 

of solute at equilibriurn. Smail loops had to be used for the COt phase. The amount 

of CO2 which could be introduced to the chromatographie system was limited as it 

caused baseline perturbations. The water fiaction was collected each time so that the 

amount removed from the bulk solution could be determined by weighing. The CO2- 

rich âaction was imrnediately injeaed into the HPLC. Once the chromatography was 

complete, the mobile phase was re-directed through the lower wnpie bop for the 

analysis of the water-rich fiaction. 



lmpedance measurements were made for CO2 by placing stainless steel wires (0.5 

mm 0.d.) insulated in PEEK nibing sleeves (0.530 mm i.d.) (Upchurch Scientific) in 

the ce11 through 1/16" Swagelok - 1/S" universal pipe thread unions which were 

drilled out and screwed into threaded openings on one side of the vessel. The 

resistance across the two wires was measured with a Fluke Digital Multirneter (mode1 

805OA). The cell constant was determined using O. 1M NaCl. 



3.2.6 HPLC Methods 

Table 3.2.1 Experimeatal EPLC Methods 

SOLUTE HPLC METEOD 

2,3,4,S-tetrachlorophenol 90% MeOH +IO% H20 to pH 3 with H3PO4; 

1.2 mL/min; 224nm 

2.4-D 80% MeûH +20% HtO to pH 3 with H3P04; 

1.2 &/min; 286nm 

C hry sene 1 00% Dichloromethane; 1 -2mUmin; 3 04nm 

Naphthalene 95% MeOH +5% H 2 0  to pH 3 with H3POi 

1.2 d m i n ;  320nm 

PCP 95% MeOH +5% H20 to pH 3 with H3P04; 

1.2 &min; 224nm & 280nm 

Pentachlorobenzene 100% Isopropanoi; 0.6mUrnin; 224nm 

Pentachlorophenol sodium salt 95% MeOH +5% H20 to pH 3 with H3P04; 

1.2 Wmin; 224nm & 280nm 

Two wavelengths were used for the analysis of pentachlorophenol and 

pentachlorophenol sodium salt. The wavelength 224 nm was the most sensitive and 

was used for the analysis of PCP during partitioning experiments. The wavelength 

280 nm was used for solubility experiments in carbon dioxide due to the high 

amounts of PCP being detected. 



3.2.7 Chernicals 

Table 3.2.2 Chernical Sources and Purity 

CHEMICAL SOURCE AND PURlTY 

Buffer Solution, pH 7 Anac hemia 

Carbon Dioxide BOC (99.5%); Air Products 

(SFC-SFE grade pressurized 

with helium) 

2,3,4,5-tetrachlorophenol Supelco, 98+% 

2,3,5,6-tetrachlorop henol Supelco, 98+% 

2,3-dichlorophenol Supelco, 98+% 

2.4.5-trichlorophenol Supelco, 98+% 

2,4-D (2,J-dichlorophenoxyacetic acid) Aldrich, 98% 

Chrysene Kodak 

Dic hloromet hane Fisher, HPLC or Optima grade 

H3P0.4 Anachernia 

HCI Anac hemia 

Isopropanol Fisher, HPLC or Optima grade 

Methanol Fisher, HPLC or Optima grade 

NazS04 Anachernia, Reagent grade 

NaCl Anachernia, Reagent grade 

NaHCO3 Anachernia, Reagent grade 

NaOH Anachernia, Reagent grade 

Nap hthalene Fisher, Scintanalyzed 

Pentachlorobenzene Aldrich, 98% 

Pentachlorophenol (PCP) Aldrich, 99% + 

Pentachlorophenol sodium sait (Na-PCP) TC1 America, 89% 

Water @DI) Distilled, deionized Millipore 



3.2.8 Other Anaiyses 

Proton NMR spectra were obtained for pentachlorophenol samples with a Bniker 

AMX400 nuciear magnetic resonance spectrometer. Effluents containhg PCP or 

pentachlorophenol sodium sait were analyzed for sodium content by atomic emission 

spectroscopy with a LECO-PLASMARRAY diode array spectrometer (3 3 0.23 7 nrn). 

The densities of carbon dioxide were detemined using the SF-Solver Program 

diaributed by Isco, Inc.. 



CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Measunment of Dissociation Constants 

The acid dissociation constant Ka (then pK.) was determined for several chlorinated 

phenols and acidic pesticides. The experimental data as well as data previously 

reported in the literature are surnrnarized in Table 4.1 -1 . The experimental method 

used was based on solute concentration rather than solute aaivity. Depending on the 

method used, pK, values can Vary by a factor of 2 or more (Skoog and West, 1982); 

however, it is frequently unciear in the literature which method was used for reporting 

data. -4s it was important to know the relative acidities of the solutes of interest to 

this work, al1 solutes of interest were analyzed by the titration method described in 

section 3 2.2. 

Table 4.1.1 pK, of Chlorinated Phenols and Pesticides 

Solute P K ~  c-maiui) pKO (hmxe) 

P henol Not deterrnined 10.0 

2,3-dichlorophenol 7.47 7.44 (HCP, 1977) 

2,4,5-tnchlorophenol 6.69 7.4 (Bunce, 1991) 

2,3,4,6-tetrachlorophenol Not deterrnined 5.4 (Bunce, 1991) 

2,3,5,6-tetrachlorophenol 5.37 II- 

PCP 4.74 4.9 (Bunce, 1991) 

4.35 (Arcand et d, i 995) 

2,4D 3 -89 - 

The most acidic solute investigateû was 2,4-D. The most acidic chlorinated phenol 

was pentachlorophenol; the weakest was 2,3dichlorophenol. Bo& the experimemal 

and literanire data in Table 4.1.1 indicate that phenols with fewer chlorine atoms are 



less acidic. The electron-withdrawing effect decreases as each chlorine atom is 

removed from PCP. RemoMng al1 chlorines gives p henol a reported pK, of 10.0. 

4.2 Solu bilities 

4.2.1 Solu bility in C a  

Vapour pressures as reported in the literature are liaed in Table 4.2.1 for solutes 

whose solubilities were measured in this work. 

Table 4.2.1 Solute Vapour Pressures 

Compound Uoc) P (atm) Reference 

Naphthalene 25 1 . 1  IO" Mackay and Shiu, 198 1 

Chsene  35 4.11 x 1 ~ "  Bama et al, 1996 

Pentachloro phenol 20 2.2 lr7 Carswell and Nason, 193 8 

25 3 . 5  x 1 0 - ~  

40 1.5 x 10" 

60 9.2 x 1 0 ~  

The vapour pressures for pentachlorophenol at 25, 40 and 60°C were taken nom a 

plot of vapour pressure versus temperature. 

4.2.1.1 Non-Polar Solutes 

The solubility of naphthalene was measued in SC Ca at 34.7 O C  and at pressuns up 

to about 240 atm. The reaihs plotted in Figure 4.2.1 were compared with literature 

values to ensure correct functioning of the apparatus. The close proximity of these 
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Figure 4.2.1. Solubility of naphthalene in CO, as a function of density 



results to those obtained by McHugh and Paulaitis (1 980) validated continued use of 

the apparatus for solubility and partitioning experiments. Both sets of data show that, 

at constant temperature, the solubility of naphthalene increases when COz is 

compressed to a higher density. This effect of pressure is consistent with the theory 

presented in section 2.5.2. The enhancement factor E for the solubility of a solid 

solute in a compressed gas increases as the pressure is increased; the solute mole 

fraction is a function of E. Pressure had the sarne positive effect on the solubilities of 

all other solutes rneasured in this work 

Naphthalene has a high solubility in carbon dioxide as dispersion interactions 

between solute and solvent are strong (or numerous) compared with solute-solute 

interactions. Naphthalene has a high vapour pressure, indicating that the interactions 

between solute molecules are easily disrupted. 

The solubility of chrysene was measured in CO2 at sub- and supermitical conditions. 

Figure 4.2.2 illustrates the results for isotherms at 21.5 and 36.0 O C .  The error bars 

are given as the standard deviation of 3 or more measurements. Higher solubiiities 

were obtained at the higher temperature despite the decrease in fluid density. This 

was expeaed? as raising the temperature increases the vapour pressure of a solute. 

This temperature effect was observed for the solubility dl other soiutes in this work 

and for the solutes reviewed in the literature in section 1.4.1. The effect of 

temperature on a solute's vapour pressure has useful practical consequences in 

supercritical fluid technology. in general, more solute can be dissolved in carbon 

dioxide by raising the syaem temperature slightly at constant pressure. 

Data obtained by Bama et al (1996) for the solubility of chrysene in CO2 at 35OC are 

included in Figure 4.2.3 with the data measured in this work at 36.0°C. The 

measurements by Barna et al were made coincidentally with this thesis. It is difficult 

to explain the difference in the two sets of data. Barna et al employed a dynamic 

syaem tested by measuring the solubility of a kwwn solute. However, it can be 

difficuh to ensure solute-solvent equilibrium in a d y ~ m i c  system. The authors had 



Figure 43.2 Solubility of chrysene in CO, as a hction of density 
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Figure 4.23. Expaimental and reporied solubilities of chrysene in CO, 



to modie the CO2 flow rate and adjua the quantity and position of the solute in the 

extraction cell. Although on-line analysis was perfomed by liquid chromatography, 

the system had to be decoupled and the eluent collected at the column output if the 

analytical system became sahirated. This extra sep was a source of potential sample 

loss. The static syaem employed in this work used on-line monitoring by HPLC to 

accurately determine the soiute-solvent equilibriurn. As well, on-line detection 

allowed for direct measurement of solute concentration without sample loss or 

interference from impunties. It is unlikely the measurements made in this work are 

too high due to the entrainment of solid c h s e n e  in the sarnpling process, since in- 

line fnts were used to prevent this problem. 

Chrysene and naphthalene are both polynuclear aromatic hydrowbons. However, 

chrysene is a larger molecule with four aromatic rings (compared to only two for 

naphthalene) and its molecular weight is about 100 arnu higher. As a consequence, 

chrysene is less volatile and its solubility in CO2 is four orders of magnitude less than 

naphthalene's. 

4.2.1.2 Polar solutes 

Solubility isothenns are show in Figure 4.5.4 for 2,4-D in liquid and SC CO2 at 21.0, 

26.3, and 3 4 . 8 T  at pressures up to about 250 bar. The erron are expresseci as the 

standard deviation of severai measurements. Each isothenn demonstrates an increase 

in 2,4-D solubility with increasing density, that is, with increasing pressure at 

constant temperature. The solubility of 2,443 is three orden of magnitude lower than 

that of nap hthalene. Although dipole-quadrupole interactions occur between 2,4D 

and COî, this solute has a higher molecular weight than naphthalene. As well, the 

forces between 2,4D solute molecules are strong as dipole interactions and hydrogen 

bonding can occur. The vapour pressure and solubility of 2,4-D are lower as a 

consequence. 



Figure 4.2.4. Solubility of 2,eD in CO, as a hction of density 



The measurements obtained by Schafer and Baumann (1 988), Macnaughton and 

Foster (1994), and Miller et al (1997) are presented in Figure 4.2.5 at 40°C with the 

data in this work at 34.8"C. The measurements made in this work agree well with the 

data obtained by Schafer and Baumann and are significantly higher than those of the 

other two groups. Note the measurernents made by al1 three of the other groups were 

made using dynamic saturation systems. The fact that the measurements in this work 

are generally higher may be a reflection of this. 

Previously, differences in solubility were attributed by Macnaughton and Foster to a 

lack of solute purification which would cause the measurements by Schafer and 

Baumann to be inordinately high due to the dissolution of irnpurities. The 2,4-D was 

not purified for the solubility expenments in this thesis. However, no irnpurities were 

observed in the 2,4-D sample or standard aliquots using the HPLC method specified 

in section 32.6 .  

The solubil ities of pentachlorophenol were determined in liquid and supercritical COÎ 

at 20.0,41.0, and 59S°C. Each isotherm in Figure 4.2.6 shows an increase in PCP 

solubility with increasing density. The error is expressed either as the standard 

deviation of 3 or more points, or as the spread between two values. Included in this 

figure is the data point obtained by Madras et ai (1993) at 25OC. This single 

measurement is only slightly lower than the values rneasured in this work at 20.0°C. 

The vapour pressure for PCP is not significantly different at these two temperatures. 

The isotherms measured by Miller et al (1997) and by Cross and Akgerman (1998) 

for the solubility of PCP in COÎ appeared very recently in the iiterature, during the 

time this work was being perfomed. For ciarity, the data are presented in Figure 

4.2.7 with the data obtained in this work at 41.0°C. Dynamic systems were used in 

both cases. The data obtained in this thesis correlate reasonably well with the 

solubility trends determined by Cross and Akgennan with respect to temperature. 
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Figure 43.5. Experimental and reported solubies of 2,4-D in CO, 
as a fiuiction of density 
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Figure 4.2.6. Solubility of PCP in CO, as a funaion of density 
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Figure 4.2.7. Experimental and reported solubilities of PCP in CO, 
as a function of density 



The measurements made by Miller et al at 40°C are noticeably Iower than the other 

isotherms. 

The solubility data are also plotted as a funaion of pressure in Figure 4.2.8. Several 

cross-over regions are observed. At pressures up to about 130 atm PCP is less soluble 

in CO2 at 41.0°C than at 20.0°C as the solvent density is higher at the Iower 

temperature. However, above this pressure, temperature has greater effea on solute 

vapour pressure and PCP is more soluble in CO2 at 41 -0°C despite the decrease in 

fluid density. A cross-over region also occurs at about 190 atm for the isotherms 41 .O 

and 59S°C. The density effect causes PCP to be more soluble in CO2 at 41.0°C than 

at 59S°C over a wide range of pressure. 

The isopycnic solubilities of PCP were calculated at 0.70, 0.80, and 0.90 g mL1 COt 

using the regressions for the isotherrns in Figure 4.2.6. The data were plotted as ln 

Mole Fraction versus 1IT in Figure 4.2.9. The resulting enthalpies and entropies of 

solution of pentachlorophenol in carbon dioxide are iisted in Table 4.2.2. The heat of 

solution of pentachlorophenol varies fiom a high of 90 kJ mol'' at 0.70 g rnL1 to 26 

kJ mol" at 0.90 g rnL1. As the density of CO2 is increased, the solvation of PCP is 

increased, and hence the process of solution is less endothermic. 

Table 4.2.2 Enthalpies and Entropies of Solution in CO2 for Pentichlorophenol 
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Figure 4.2.8. Solubiltty of PCP in CO2 as a fuaction of pressure 



Figure 4.2.9. In Mole Fraction as a bction of llT for PCP at 0.70,0.80, and 0.90 g mL-1 



The entropies of solution of PCP in CO2 were also calculated from the plots in Figure 

4.2.9. As the density of C G  is increased, the entropy change of the solution process 

decreases. This result was expeded as more CO2 molecules solvate the solute at 

higher densities and thus the fluid system is more ordered. 

The isopycnic solubilities of 2,4-D and PCP were caiculated in CO2 using the 

regressions for the isotherms in Figures 4.2.4 and 4.2.6 at a constant density of 0.80 g 

m ~ " .  The data are cornpared in Figure 4.2.10 using plots of In Mole Fraction versus 

l /T. The enthalpies of solution at 25°C are shown in Table 4.2.3. Pentachlorophenol 

is more soluble in CO2 because it is less acidic and less polar than 2,4-D. Although 

dispersion interactions between PCP and CO2 are likely weaker than those between 

2.4-D and COz, the solute-solute interactions between PCP molecules are also 

weaker. Intennolecular hydrogen bonding does not occur to a great extent in PCP 

because intramolecular hydrogen bonds are strong between the ortho chlorines and 

the hydroxide group (Biackman et al, 1955). It is therefore reasonable that the 

solvation of PCP in COt is less endothermic compared with 2,443. 

Table 4.2.3 Enthalpies in COI for Polar Solutes at p = 0.80 g m ~ "  

Compound Msoriinon 

(ùJ mol-') 

2,443 48 i 10 

PCP 34 + 5 



2,4-D 
PCP 

Figure 4.2.10. ln Mole Fraction of 2,eD and PCP in CO, as a function of 1/T 
at 0.80 a 



4.2.2 Solubüity in Water-Saturatcd CO2 

The solubilities of pentachlorophenol in carbon dioxide saturated with water shown in 

Figure 4.2.1 1 were determined at 19.1, 39.6, and 59.6OC. These conditions were 

simi lar to those used during subsequent CO*-water extractions. Not surprisingly, the 

solubility of PCP in this "CO2-rich phase" was similar to its solubility in pure COt. 

The majority of solute-solvent interactions in the CO2-rich phase are apparently 

between PCP and CO2 molecules and do not involve water. 

tt is likely most of the water fraction in the COÎ-nch phase reacts with CO2 to fom 

small amounts of carbonic acid, or at least aqueous CO2. Little water thus remains 

for dissociation of carbonic acid to bicarbonate ions, thus making ionic interactions 

insigni ficant. In water-saturated CO2 where little fiee water exids, hydroly sis of PCP 

should be negligible. In section 4.4, evidence is presented that there are very few 

ionited species, if any, in the CO2-rich phase. Hydrogen bonding would also be 

minimal in this phase as pentachlorophenol has chlorines in both ortho positions to 

the hydroxide group. The only interactions which may be unique to water-saturated 

COz are dipole-dipole interactions benveen PCP and carbonic acid. However, the fact 

remains that adding water had essentially no effea on the solubility of PCP. 

The error is expressed either as the standard deviarion of 3 or more points, or as the 

spread between two values. The curving lines in Figure 4.2.1 1 were obtained by 

calculating third order regressions. 
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Figure 4.2.1 1. Solubility of PCP in CO2 and CO, saturated with water as 

a fiinction of dmsity 



4.2.3 Solubility in Water 

The soIubilities of several solutes were determined in water at atmosphenc pressure 

and ambient temperatures. The data are presented in Table 4.2.4. This work yielded 

a mole fraction value of 9.0 x IO-' (13.4 pg m~") for the solubility of PCP in water at 

1 atm. This value is in the same range as the data reponed in the literature in section 

1 .M. Data has been reported in the range of 9.4 x 1 O-' to 1.3 x 1 O" mole fraction 

(Freiter, 1979) and as 1.2 x lo4 mole fiaction at 27 O C  (Carswell and Nason, 1938) 

for the solubility of PCP in water. 

Table 4.2.4 Solubilities of Pentachlorophenol, Pentachlorobenzene, 2,3,4,5- 

tetrachlorophenol, and 2,4dichlorophenoxyacetic Acid in Water at 1 atm and 

Ambient Temperatures 

Cornpound Solu bility (Mole Fraction) 

Pentachlorobenzene 1.0 x IO4 

Pentachlorop henol 9.0 x W7 

2,3,4,5-tetrachlorop henol 6.4 x lo4 

2,4-dichlorophenoxyacetic acid 6.2 x IO" 

Pentachlorobenzene is almost insoluble in water as it does not have a hydroxide 

group for hydrogen bonding and is also non-polar. The solubility of 2,3,4,S- 

tetrachlorophenol in water was alrnost an order of magnitude higher than that of 

pentachlorophenol due to the removal of an onho chlorine h m  PCP. 2,4- 

dichlorophenoxyacetic acid was the most soluble solute as it is the strongest acid and 

likely has a bigger dipole moment. 

The solubility of pentachlorophenol in unbuffered water initially at equilibrium with 

air at 1 atm was measured at 23.6OC at pressures h m  1 to 170 atm; a data point 

obtained at 20.S°C and 210 atm is also included in the plot in Figure 4.2.12. At the 

time of anal ysis, the system could not be regulated to a constant temperature at 
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Figure 4.2.12. ln Mole Fraction of PCP in water and water saairated with CO, 
at arnbient temperatures 



ambient conditions. Nonetheless, variation in this tempemure range was expected to 

have only a limited effect on solubility as evidenced by the small variation in solute 

vapour pressure in Table 4.2.1. The results show a fairi y linear decrease in solubility 

over the range of 1 - 21 0 atm, suggesting a positive volume change upon solution, 

AV, of PCP in water. From the dope of Figure 4.2.12 and using equation (2.5.71, AV 

has been caiculated as 66 cm3rnol-'. Hydrated PCP thus appears to have a 

compressibility similar to that of the non-solvated solid, giving it a volume change 

upon solution that is positive. Compression of the anaiyte in aqueous solution thus 

caused PCP to precipitate out of solution with increased pressure. 

4.2.4 Solubility in COrsaturated water 

The solubilities of PCP in water saturated with carbon dioxide presented in Figure 

42.12 are only slightly larger than those in pure water (note the expanded y-axis scaie 

in the figure). The volume change upon solution is similar to that in pure water and 

has a value of 54 cm3 mol? PCP solubility increases slightly when water is saturated 

with C02, yet the extent of solute hydrolysis is decreased at pH 3. At this pH, the 

dissociation of pentachlorophenol to pentachlorophenoxide anion is almoa 

negligible; the ratio [PCP-]/[PCP] is about 0.02. The solubility of pentachlorophenol 

is therefore moaly a result of intermolecular interactions between unionized PCP and 

water. The higher amount of ions in solution apparentiy rnakes water a better solvent 

for PCP when it is saturateci with CO2. However, this conclusion is tenuous as the 

soiubility data are comparable between the two plots in Figure 4.2.12. 



4.2.5 Summay of Solute Solubilitics 

The soiubilities of non-polar and polar solutes in carbon dioxide increased with 

increasing pressure. Solute solubilities aiso increased with increases in temperature 

due to the positive effea of temperature on solute vapour pressure. Cross-over 

regions were observed for the solubility of pentachlorophenol in COs as a function of 

pressure. The solvation of PCP in CO2 was l e s  endothermic at higher densities, and 

was Iess endothermic than the soivation of 2,4-D. 

Naphthalene had the highest solubility in carbon dioxide as it was the moa volatile 

solute. Chrysene had the lowest solubility. Pentachlorophenol was more soluble than 

2 ,4D as it has weak intemolecular bonds due to the presence of chlorine atoms in 

both onho positions to the hydroxide group. Pentachlorophenol solubilities in COI 

saturated with water were not significantly different fiom soiubility measurements in 

pure CO2. The majority of the interactions in the CO2-nch phase were between PCP 

and COz. 

Pentachlorophenol was sparingly soluble in water as it does not form strong hydrogen 

bonds. 2,4-D had the highest solubility in water as it was the strongea acid teaed. 

The solubility of pentachlorophenol in water decreased as the pressure was increased 

as PCP has a positive volume change upon solution. Similar results were observed 

for PCP in water saturated with carbon dioxide. The solubility of PCP in water was 

mostly a renilt of intemolecular interactions between unionized PCP and water. 



4.3.1 Mass balance 

The mass balance of pentachlorophenol in the partitioning experiments was 

determined by comparing the areas obtained for PCP in each phase to the appropriate 

calibration curves. On-line HPLC analysis of the COz-rich fraction required 

calibration standards of PCP in C02, as it was determined that at analyticai 

concentrations a solvent effect on chromatography existed. Peak areas for the CO2 

standards were significantly greater than for standards prepared in either methanol or 

water. Standard peak areas were the sarne in CO2 and CO2 saturated with water. 

Chromatogams for PCP aliquots in the water- and COz-rich phases are shown in 

Appendix 2. The mass balance calculation accounted for the volume of water 

removed 6om the ce11 at each pressure increment of an isotherrn. Knowledge of the 

mole fiaction of CO2 in the water-nch phase (hng et al, 1992; Wiebe and Gaddy, 

1940; Wiebe, 194 1) allowed for the detemination of the volume of the aqueous 

solution according to the apparent molar volume of CO2(* (Hnedkovw et al, 1996). 

The calculation used ro determine the volume of the water phase at each pressure 

increment dunng an extraction is show as follows: 

where Vdo2 (Oql  = 3 3.5 cm3 mol, VHAi, is the volume of liquid water measured in the 

cell, and 



To determine the amount of solute (i) in either phase the following calculations were 

used: 

where the total system volume (VT) was 105 rnL and C is the concentration of solute 

(i) in the water (A) or COi (B). The 

Mt + M~~ 
x 100 where MT was the 

MT 

mass balance was then calculated as 

total mass of solute originally introduced via the 

water phase. 

The mass balances obtained for PCP partitioning experiments were between 80 and 

1 10%. Sampling problems were frequently encountered for the first few injections of 

the water-rich fraction at low pressures. The areas obtained were inordinately large 

and the points were excluded fiom the partitioning plots as K. would be very smail. 

4.3.2 Saturated Solution 

The partitioning of pentachlorophenol from solute-saturated water (1 1.6 pg m~") to 

CO2 at sub- and supercritical conditions is quantified in Figure 4.3.1 as a hction of 

pressure and temperature. The error on each value was calculated as a standard 

deviation for 3 or more points, or as the spread between two points. The limit of 

detection for the analysis of the water-nch fiactions was 0.08 and 0.1 pg m~", 

respectively, using the 1 12 and 10 pL sample loops. This allowed for a maximum K 

value of about 240 to be detennined. 
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Figure 4.3.3. K for pentachlorophenol between CO, and water initialiy saturated in PCP 



As the pressure, and thus the solvent density, increases dong al1 isotherms in Figure 

4.3.1, K shows a consistent increase on al1 plots due to enhanced solvation of PCP in 

CO2. The positive effect of pressure was observed previously for solubility 

experimenu and is consistent with the theory presented in seaion 2.5 -2. The 

enhancement factor E for the solubility of a solid soiute in a compressed gas increases 

as the pressure is increased; the solute mole haion is a function of E. 

Linear regressions were calcuiated for each set of data in Figure 4.3.1. The data are 

summarized in Table 4.3.1. Increasing the temperature causes the partitioning of 

pentachlorophenol (from the initially saturateci solution) to drop significantly as a 

funaion of pressure. The slopes for the isotherms at 18.8.4 1.7, and 59.goC decrease 

as temperature is increased. This result has been observed for the partitioning of other 

phenolic compounds (reviewed in section 1.5.2) from water to carbon dioxide 

Tabk 4.3.1. Linear Regression Slopes for the Partitioning of Pentachlorophenol 

from Saturated Solution as a Function of Pressure 

Temperature Slope of the Regression 

(OC) (atm-' ) Z 
18.8 1.16 0.887 

41.7 1 .O0 0.788 

59.8 0.81 0.9 10 

It is likely more than one variable contributes to the reduction in K as the temperature 

is increased. Increasing the temperature from 18.8 to 4 1 . 7 O C  causes partitionhg to 

increase as shown in Figure 4.3.2. In this temperature range, the effect of T on solute 

vapour pressure is more important than its effea on soivent density. However, there 

is no M e r  increase in K as the ternperature is raised above 41.7OC. The points for 

the isotherms at 41.7 and 59.8OC overlap at densities up to 0.75 g r d .  At 59.8*C, 
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Figure 4.3.2. K as a b a i o n  of density fiom water initially saturatecl with PCP 



the reduced density of CO2 apparently dominates the effea of temperature on solute 

vapour pressure. 

The change in entropy for the pariitioning process is not expected to Vary 

significantly at constant density as the solvation of PCP in CO2 does not change to a 

great extent. For the isotherms at 4 1.7 and 59.8"C, the distribution coefficient has the 

same value at densities up to 0.75 g m~-' (Figure 4.3 -2). As the change in fiee energy 

is the sarne for the partitioning process at both temperatures, partitioning mua be 

more endothennic at the higher temperature. Refemng to the same figure, 

partitioning at 183°C is srnaller than at 41 -7°C. For example, at about 0.9 g mL1, K 

at 183°C is 25 cornpared with a value of 240 at 41.7OC. The change in fiee energy 

for the partitioning process is lower at the hipher temperature. This may be caused by 

an increase in the entropy tem (TU).  As well, partitioning at 1 8.8"C may be more 

endothemic. 

Although K is higher at 41 - 7 O C  than at 183°C as a fwiction of density, partitioning is 

smaller as a function of pressure. It is therefore assumed that other variables 

influence the pmitioning of pentachlorophenol as the temperature is increased. 

Either (1) the interactions in the COI phase becorne less significant or (2) the 

interactions in the water phase become more important. As the interactions in the 

CO2-phase are not expected to change significandy during an extraction (for the 

reasons discussed in section 4.2.2), it is likely there are interactions in the water 

which are functions of temperature. One variable to consider is the change in the 

dissociation constant of pentachlorophenol. According to Gibb's free energy 

relationship, the& of a solute decreases as the temperature is increased: 

T'hep& of pentachlorophenol was calculated at the three temperatures in Figure 4.3.1 

and the &ta are presented in Table 4.3.2. Included in this table are the precentage of 

pentachlorophenoxide ions at each temperature at the pH of the aqueous phase (3 .O). 



Table 4.3.2. pK. of Peotachlorophenol and the Percent of Pentachlorophenoside 

Ions at pH 3 

Temperature P& (caiculmed) Percent Ions (PCP? 

("Cl 

18.8 4.77 2.7% 

41 -7 4.45 3 -4% 

59.8 4.2 5.9% 

Increasing the temperature from 1 8.8 to 59.g°C has caused the number of 

pentachlorophenoxide anions in the water-rich phase to increase. As discussed in the 

theory, a solute will oniy partition to carbon dioxide in its unionized form. The 

distribution coefficient is therefore expected to decrease as the number of ions 

increases. As weli, the data reported by Toews et a1 ( 1  995) indicate that the pH of the 

water-rich phase increases siightly as the temperature is increased during a CO?-water 

extraction due to the reduaion of CO2 solubility in water. For example, at a constant 

pressure of 100 atm, the pH increases fiom 2.83 to 2.95 as the temperature is raised 

from 25 to 70°C. A further increase in the number of pentachlorophenoxide ions is 

therefore expected at higher temperatures due to the pH effect. 

4.3.3 Dilute Solution 

Figure 4.3.3 demonstrates the effect. on partitionhg of reducing the initial 

concentration of pentachlorophenol in water fiom 1 1 -6 to 1.3 jg r d .  The 

distribution coefficient is plotted as a fùnction of pressure at 42.2 and 59.9'C for the 

dilute solution. The lower concentration more closely resembles contamination levels 

in riaturd water sources. The error ban are given as the standard deviation of several 

points. 
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Figure 4.3.3. K for pentachlorophenol between water and CO, £iom dilute 
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Partitionhg to the C02-rich phase is smailer at the lower concentration. The theory 

in section 2-72 predicts the distribution coefficient is not a constant but depends on 

solute composition for moderately non-ideal solutions. Although the activities of the 

solute in either phase are equal at equilibnum, the activity coefficients are not equal 

and are functions of the mole fractions of the solute in CO2 and water. For the 

pbtioning of pentachlorophenol, it is apparent that at the lower concentration the 

activity coefficient in CO2 (f) is  larger than for PCP in saturated solution. This 

conclusion is supponed by the definitions of the activity coefficients in equations 

(2.7.5) and (2.7.6). In general, In y = a (1 - XI*, where a is an interaction constant 

and x is the solute mole fiaction. The values for the interaction constants a in each 

phase should be similar in magnitude as they both depend on the fugacity ratiof 

in equations (2.7.9) and (2.7.10). The relation predicts the activity coefficient for 

PCP in CO2 will increase significantly as the mole fraction is decreased if the 

interaction constant a is suficiently small. In contrast, yfor PCP in Hz0 is not 

expected to Vary to a large extent as the mole fiaction of pentachlorophenol in water 

(x:') is very mal1 at dl times (between 10" to 10" mole fiaction). However, it is 

noted that both pentachlorophenol solutions (sanirated and dilute) extracted in this 

work were very dilute. Theoretically, the distribution coefficient may be constant in 

the limiting case where x cc 1 in both phases if the interaction constant a is large. 

Another explanation for the increase in K as the initial concentration of PCP is 

increased (for which no data has been obtained) is presented as follows. Solute-solute 

bonding between PCP moleniles is likely to be more important in a more 

concentrated solution and may result in the formation of dimers. Dimers would be 

less soluble in the polar water-nch phase as they would be non-polar. 

Pentachlorop henoi dimers would more readily partition to CO2 as a wnsequence of 

fewer and weaker solute-solvent (&O) interactions. 



No effect of temperature on the partitioning of PCP from dilute solution was 

observed. Linear regressions, as well as 95% confidence intervals for the regressions, 

are plotted for the isotherrns at 42.2 and 59.g°C in Figure 4.3.4. Error bars were 

omitted for the purpose of clarity. It can be seen that, although the siope of the 

regression at the higher temperature is slightly larger than that at 42.2"C (0.32 versus 

0.28), the confidence intervais overlap. 

The distribution coefficients have been presented thus far as the mole fraction of 

pentachlorophenol in CO2 divided by its mole fraction in water. However, it is often 

convenient to express K as a ratio of concentrations. At 60°C and at a CO2 density of 

0.85 g r n ~ " ,  is about 22. Therefore, 95% of PCP can be removed fiorn 

water with a single extraction for a sample with a concentration near 1 kg mL1. For 

a saturated solution, K,,,,mim is near 35. The amount extracted thus increases to 

about 97%. It is evident that there is littie practicai advantage in optimizing K in this 

range of values. 
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Figure 4.3.4. K for PCP between water and CO, from dilute solution (1.27 ppm) 
with a 95% confidence interval 



4.3.4 Modelling 

The data at both concentrations were modeled by the Peng-Robinson equation of state 

as outlined in section 2.7.3. The objective fùnction minimized was L[('~,/x,)~, - 

~ , / x , ) ~ ~ ] ~ ,  where yJx, is the observed ratio of mole fiactions of PCP in the aqueous 

and COz phases respectively, and the quotient (y,/xt)dc is equal to the inverse of the 

ratio of activity coefficients, which were calculated via equation 2-7-16, The 

interaction parameters yielding the smallea objective function are liaed in Table 

4.3 3. The H20-C02 k13 and kji values are from Panagiotopoupos and Reid (1 986); al1 

other values were fit to the expenmental data. The saturation vapor pressure of PCP 

(required to evaluate o in equation 2.7.14) was caiculated fiom the Antoine constants 

given by Cross and Akgerman (1998). 

Table 4.3.3. Interaction Parameters 

H20 Co2 0.160 -0.198 

H20 PCP 0.190 -0.200 

PCP Co2 0.200 11 -6 ppm 1 2 7  ~ p m  

0.48 (4i.TC) 0.5 5 (422°C) 

0.45 (59.g°C) 0.49 (59.S°C) 

The objective function was most affected by the interaction parameters R, between 

PCP and CO2. The acnial value found for kjl varied slightly depending on 

concentration of PCP and temperature. The only physical significance of this number 

is that the mixed values for the 'a  ' parameter in the Peng-Robinson equation are moa 

signi ficant 1 y affecteci b y the PCP-CO2 interaction. 
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Figure 43.5. Cornpaison of the solubility ratios with the partitionhg co&cient 



upwards as PCP has a positive volume change upon solution in water while the 

solubility in CO2 is coincidemally increasing. K for PCP from saturated solution at 

18.8"C is also plotted. To facilitate the cornparison, the distribution line was obtained 

by extrapoiating the best fit line through the data points in Figure 4.3.1. The 95% 

confidence interval was calculated for the distribution line to show it is significantiy 

different from the solubility ratios. The ratio of PCP solubility between the saturated 

phases is lower than between the pure phases. This is because the meanirernents for 

the solubility of PCP in water saturated with COz were slightly higher than in pure 

water. .As well, the solubility of PCP in the CO2-rich phase was slightly smaller than 

in pure C02. 

It is evideot &om the plots in Figure 4.3.5 that the distribution coefficient is smailer 

than the values predicted by the soiubility ratios. At 160 atm, the solubility ratio 

between the water- and CO2-nch phases is 240 while the value for K fiom a saturated 

solution of pentachlorophenol is 1 14. This difference is not surprising if the theory 

discussed in section 4.3.2 is considered. It is recalled that K is equal to the ratio of 

activity coefficients Ir%'. The activity coenicients are related to the solute 

composition via the relation ln y =  a (1 - x)'. The values for the interaction constants 

a in each phase should be simiiar in magnitude as they both depend on the fugacity 

ratiof /f in equations (2.7.9) and (2.7.1 0). For carbon dioxide saturated with 

pentachlorophenol, x is of the order of 10' mole fraction and drops to 10" mole 

tiaction during pmitioning experiments. The activity coefficient for PCP in CO2 will 

increase significantiy as the mole fiaction is decreased if the interaction constant a is 

sufficiently small. In contra, yfor PCP in H20 is not expected to Vary to a large 

extent as the mole fraction is very small at al1 times, between 10" to 1 O-' mole 

hction. 

Differences between the magnitudes of the solubility ratio and the distribution 

coefficient have been observeci for other solutes. The results forp-chlorophenol and 

2,4-dichlorophenol are shown in Table 4.3.4. In these cases, K was about one third to 

one half the size of the value prediaed by the uilubility ratio. 



Table 4.3.4. Solubilities and Distribution Coeficients for p-chlorophenol and 

2,4-dichlorophenol in Water and Carbon Dioride 

Cornpound Solubility in Watera Solubility in CO?" Solubility K 

(Mole Fraction) (Mole Fraction) Ratio 

p-chlorophenoi 3.8 x IO-' 2.043 x 10" 5.3 8 2-75' 

46°C: 163 atm 50°C: 163 atm 

2.4dichlorophenol -1.9 x 1 O-' 7.583 x 10" 154.6 32.jd 

-46°C; 163 atm 46°C; 163 atm 

'Van Legr and Paulaitis. 1980: and Chilton 1973: 'Ghonasgs et al. 1991 b: "~kgemian and 

Carter. 1994 

4.3.5 Effect of pH 

Figure 4.3.6 illustrates the effect of aqueous phase pH on the partitioning of 

pentachlorophenol fiom water to CO? at a density of 0.86 g m~". The concentrations 

of PCP in the water samples were between 1.9 and 4.3 pg rnL? The temperature was 

about 40°C for dl experiments; the temperature used for each experiment is noted on 

the figure. Solutions with pH < 3 were prepared using hydrochloric acid. Solutions 

with pH > 3 were prepared by adding appropriate amoums of sodium bicarbonate to 

form a bicarbonate-carbonic acid buffer. The amounts of buffer required were 

calculated using the Hendenon-Hasselbdch equation and are listed in Table 4.3.5. 

Henry's constant at 298K (3.4 x 10*~  mol L*' am*') was used to eaimate the amount 

ofcarbonic acid in the water phase. Samples without buffer or added acid had a pH 

of about 3 during partitioning experiments (Toews et al, 1995). 



4.3 ppm PCP; 40.4"C 
2.4 ppm PCP; 40.0 c 0.9"C 
3.5 pprn PCP; 39.1 k O.g0C 
2.5 ppm PCP; 40.2 * 0.6"C 
1.9 ppm PCP; 41.3 k 0.l0C 

Figure 4.3.6. K as a fiinction of solution pH for pentachlorophenol(0.86 g mL1 CO,) 



Table 4.3.5. Concentrations' of Sodium Bicarbonate Buffer Used for 

Partitioning Experinents 

Concentration of Sodium Bicarbonate Solution pH 

M 
5.0 x IO" 3.2 

a Calculated with the Hcnde~n-fiasselbalch equation: pH = pK. + logbase] I [acid]. where [acid) = 

(3.4 x 10" mol L-' am-')(207.5 a h )  = 7.055 mol L". ml = [HCOJ and pK. = 6.37. 

The water fiactions at pH 4.9 had to be collected off-line and acidified with HCI prior 

to analysis by HPLC. Except at pH 3.2, three or more measurements were made for 

K. In this case, two measurements were taken and the emor was defined as the spread 

between values. Otherwise, standard deviation was calculated. 

The data indicate that K increases as the pH is decreased for the pmitioning of 

pentachlorophenol fiom water to carbon dioxide. This result was predicted by 

equation (2.7.23) which shows there are fewer pentachlorophenoxide anions in water 

at low pH. Pentachlorophenol will only partition to the CO2 phase in its unionized 

f o m  due to the low dielectric constant of CO2. Negiecting for the moment the 

hydrolysis equilibriurn, the maximum partition coefficient results when al1 of the 

unionized PCP partitions into the CO2, leaving only the ionized f o m  in the water 

phase: 

PCP,+ ] is equal to the original concentration of the unionized PCP in the water, 

[PCPw]. The proportion of PCP that is not hydrolyzed can be calculated using its 

acid hydroly si s constant: 



Introducing a COz phase will have two effeas. First, some of the unionized form of 

the PCP will partition into the CO2 phase. However, the hydrolysis reaction will re- 

equilibrate as a result of the partitioning of (most of) the unionized PCP into the COi 

phase, producing more unionized PCP(,, and less PCP(,@. This will cause a shifting 

of the partition equilibrium towards the organic phase, and so the actual partition 

coefficient will be higher than that predicted. This effect is observed for the data in 

Table 4.3.6. Except at pH 1.3, the values of K measured in these experiments were 

higher than what wouid be predicted based soleiy on the percent ionization of the 

PCP. At the iow pH it is likely Kwas too large to be measured accurately due to 

detection limit problems in the water phase. 

Table 4.3.6. Percent of Pentachloropheaoxide Ions and Predicted and Actual K 

at Different pH at 40°C 

PH Percent Ions (PCP') Predicted K" Measured K 
(see text) 

1.3 O. 1 1420 72 i 12 

3 .O 3 -4 28.4 78 k 12 

3.2 5 -3 16.8 68 + i 
4.0 26.2 2.8 63f6 

4.9 73.8 0.36 47 I t 4  

These K v a l u s  were dcuîated assuming only îhe unionized PCP partition4 iiuo the Ca, 
leaving only ionized PCP in the water. 



4.3.7 Effect of Ionic Strength 

Figure 4.3.7 illustrates the effect of added salt on partitioning. Three water samples 

were prepared with concentrations ranging from 5.0 x 105 to 1 M NaCl. The 

concentration of pentachlorophenoi in each solution was between 3 -2 - 3.5 pg mL1.  

Partitioning expenments were performed with CO2 at a density of 0.86 g rd-' at 

about 40°C. K is slightly higher for PCP from a solution containing 5 .O x 1 0 - ~  M 

NaCl compared with 5.0 x 105 M NaCI. The data at both molarities are in close 

proximity to K for PCP from dilute solution. However, a substantiai increase in salt 

concentration (to 1 .O M NaCI) caused the distribution coefficient for 

pentachlorophenoi to increase to a value of 190 for a sample with 1 .O M NaCl. At 

this concentration, 98.5% of PCP was extracted from water with an equal volume of 

CO2. 

The activity coefficients for ionic species in the NaCl soiutions were calculated using 

the Debye-Hückel limiting law. The data are presented in Table 4.3.7. 

Table 4.3.7. Activity Coef'ficieats in Sodium Chloride Solutions 

NaCI Concentration 

[Ml 

5.0 x 10" 0.92 

5.0 x 10" 0.77 

1 .O 0.3 1 

a Calculatecl with îhe Debye-Hiickel limiiing hw: log y, = - 1 t r  1 A 1'" where A = O.M9/(mol kg-')'". 

The value used for A was for an aqueous solution at 25OC. As well, the law can fail at 

concentrations above 0.1 . Therefore, aithough the data in Table 4.3.7 indicates the 

trend for yas a fùnction of concentration, there is a level of uncertainty associateci 

with it. 



Figure 4.3*7. K as a hction ionic strength (added NaCi) for pentachiorophenol 
(0.86 g rnL-l CO,) 



As the ionic stren$h of the water phase is increased, the activity coefficient for ionic 

species in solution decreases. The decrease in y should cause the concentration of 

pentachlorophenoxide anion to increase due to the secondary ion effect. However, 

this work has shown the value of K to increase significantiy as the ionic strength of 

the water is increased, indicating the interactions between PCP and an ionic solution 

are less favourable. Because K is largely dependent on the pdtioning of unionized 

PCP, the increase in the amount of pentachlorophenoxide anion was not significant. 

The overall result is that K is large for a solution with a sufficiently high ionic 

strength. 



4.3.8 Other solutes 

Partitioning data for 2,4-dichlorophenoxyacetic acid between water and CO2 are 

presented in Figure 4.3.8. Experhents were perforrned at 40.2OC from an aqueous 

solution with a 2,443 concentration of 0.77 pg m ~ ?  The solute concentration was 

measured only in the water phase during partitioning experirnents. To calculate K, 

material balance of the solute in the two phases was assumed. For the first two points 

in Figure 4.3.8 (at about 0.6 g m ~ "  COi) 95% of the solute was apparently in the 

water phase at equilibrium. This amount decreased to 16% at a density of 0.9 g mL1. 

The distribution coefficient was approximately an order of magnitude smaller for 2,4- 

D than for pentachlorophenol. This seems reasonable as the solubility of 2,4-D in 

carbon dioxide is also an order of magnitude smaller. Water is a good solvent for 2,4- 

D. This solute is a stronger acid than PCP and is more readily hydrolyzed. As well, 

ion-dipole interactions and hydrogen bonding between water and 2,4-D are expeaed 

to be stronger. 

Partitioning experiments were performed for pentachlorobenzene between water and 

carbon dioxide at about 40°C. This solute was investigated to determine the effect of 

removing the hydroxide group from pentachlorophenol. Because the solubility of 

pentachlorobenzene is very low in water, solid (8.5 mg) was placed in the ceil with 50 

mL of water. A large amount of solid was used with the hope that the solute couid be 

detected in both phases at equilibrium. However, pentachlorobenzene couid not be 

detected in the water phase. The amount detected in the COI phase was 100?40 or 

greater, indicating K is very high. B a d  on the limit of detection in the water phase 

(0.4 pg m~"), it was calculated that K >  1000. 





Panitioning coefficients were detemined for 2,3,4,5-tetrachlorophenol between water 

and COt at 41 .O°C from an aqueous solution with an initial concentration of 2.1 pg 

r n ~ ?  The data are presented with values for pentachlorophenol from dilute solution 

in Figure 4.3.9. The fact that the values of K are so close to each other indicates that 

removing one chlorine atom from PCP (in the ortho position) did not have a 

significant effect on partitioning as the density of CO2 was increased. However, this 

conclusion is tentative. As show in Table 4.2.4, the solubility of PCP in water is 

almost an order of magnitude smaller than for 2,3,4,5-tetrachlorophenol. It is 

therefore expected that K should be higher for PCP. As well, the mass balance for the 

partitioning of 2,3,4,5-tetrachlorophenol was between 50 - 60 %. 



Figure 43.9. K for 2,3,4,5-tetrachlorophmol and pentachlorophenol 
fiom dilute solution 



4.4 hnpedance Measunmcnts 

The impedance of carbon dioxide in equilibrium with water was measured using the 

method described in section 3.2.5. Data obtained using an AC impedance meter were 

discarded as constant readings could not be obtained. Readings from a DC 

impedance meter did not fluctuate significantly over time, and thus could be taken 

afier an equilibration time of oniy a few seconds. 

The impedance of a 0.1 M solution of sodium chloride was measured as 36.9t2. The 

ceIl constant C (= / /A) was calculated as 0.362 cm" with the following equation using 

the value 9.8 x 10" R" cm-' for K' (HCP, 1977): 

If the moiar concentration is c, then the moiar conductivity is: 

Pure CO2, COI saturated with water, and the CO2 phase during a PCP partitioning 

expenment al1 had impedances greater than 20 Mn. The minimum number of ions in 

CO2 was estimated using equations (4.4.1) and (4.4.2). Assuming the impedance of 

CO2 was at least 20 UR and the conductivity of a hypothetical solution 1M in 

HiO'(* and 1 M in HCOJ-(* was 390 Q" cm2 mol-' (the sum of these ions' 

conductivities), the concentration of ions in CO2 was calculated to be less than 10-l2 

mol L-'. However, in one litre of carbon dioxide in equilibrium with water, there is 

approximately O. 1 mol of water, that iq O. 1 mol of carbooic acid. This concentration 

of acid in a water rich phase normally yields a concentration of ions of the orda of 

1 O* mol L" . The data there fore indicate the hydrol y sis of carbonic acid to protons 



and bicarbonate ions is negligible in the CO2 saturated with water. The above 

calculation also indicates there is likel y a negligib le concentration of 

pentachlorophenoxide anions in CO2 during a partitioning experiment, since there is 

no free water in the COÎ phase to hydrolyze the PCP. 



4.5 Ion Pairs in Carbon Dioxlde 

It is unlikely pentachlorophenol is solvated as an ion pair in COz. This conclusion is 

derived from the results obtained during a solubility experiment of pentachiorophenol 

sodium sait (Na-PCP) in carbon dioxide. 

The apparent solubility of Na-PCP in COz was 1.3 x 1 O-' mole fraction at about 40°C 

and 135 atm. (This value compared reasonably well with the solubility of 

pentachlorophenol(2.8 x W' mole fiaction) at the same temperature and pressure.) 

Upon completion of the Na-PCP solubility experiment, a portion of the CO2 phase 

was collected in a small amount water. The water was sanvated with solute as 

evidenced by a visible amount of precipitate. However, analysis of the water by 

atomic emission spectroscopy showed no sodium in the sample (see Appendix 3). 

ïhis result was unexpected as the solubility of Na-PCP in water was measured at 590 

pg r n L 1  and the limit of deteaion for the AES method was 1 pg m ~ " .  The likely 

conclusion is that the carbon dioxide used in the solubility experiment contained a 

suficient amount of water to hydrolyze Na-PCP to pentachlorophenol. Only 25 

of water would have been required for the hydrolysis to occur. This amount is equal 

ta the arnount of water required to sanirate the volume of CO2 in the extraction cell. 

To confirm the Na-PCP ion pair was not solvated in C02, NMR proton spectra were 

measured of the precipitate collened during the solubility experiment, for pure 

pentachlorophenol, and for pentachlorophenol sodium salt . Each sample was nin at 

the same concentration in deuterated acetone. Looking at dl three speara in 

Appendix 4, it is evident that botb PCP and the precipitate collected during the 

solubility experirnent possess a hydroxide group as evidenced by the proton chernical 

shifis near 10 6. ï h e  shift is not present on the s p e m  for Na-PCP. This result 

confirms that the solute dissolved in Ca during Na-PCP solubility experirnents was 

pentachiorophenol. 



4.6 Summary of Partitioning Results 

The partitioning of pentachlorophenol fiom water initiail y sahirated with PCP to 

carbon dioxide was higher as the pressure was increased. However, increasing the 

temperature caused the partitioning of PCP to drop significantly. K for PCP was also 

a funaion of the initiai concentration of solute in the water sample. The partitioning 

coefficient was smailer for a solution with a lower initial concentration. Temperature 

did not significantly affect partitioning of PCP fiom dilute solution. 

The data for pentachlorophenol was modeled with the Peng-Robinson equation of 

aate using a concentration dependent mixing rule. The interaction parameter 

between CO2 and PCP was sensitive to both PCP concentration and temperature. The 

partitioning data were dso predicted by calculating the solubility ratio, which was 

higher than K. The aaivity coefficient for PCP in CO: was high for partitioning 

experiments from dilute solutions. 

The partitioning of pentachlorophenol f?om water to carbon dioxide decreased as the 

pH was increased. However, the partitionhg coefficient inaeased significantly from 

a solution with a high ionic strength. 

The distribution coefficient was an order of magnitude smaller for 2,4-D than for 

PCP. K for pentachlorobenzene was almoa 2 orden of magnitude higher than al1 

other solutes teaed as it was almoa insoluble in water. The partitioning of 2,3,4,5- 

tetrachlorophenol was equal to that of PCP. It is noted, however, that K was 

predicted to be higher for PCP than 2,3,4,5-tetrachlorophenol as pentachlorophenol 

was less soluble in water. The panitioning of 2,3,4,5-tetrachlorophenol had a poor 

rnass balance. 



CHAPTER FIVE 

CONCLUSIONS 

1. Apparatus 

A high pressure stainless steel extraction ce11 was constnicted for static solubility and 

partitioning experiments in water and in liquid and supercritical w b o n  dioxide. On- 

line monitoring by HPLC ailowed for accurate dethnat ion  of the soiute-solvent 

equilibrium during soiubility experiments. Using on-line detection minimized sarnple 

loss and interference h m  impurities. As well, each of the water and CO2 phases 

could be anaiyzed separately during water extractions to rnonitor the partitioning 

equilibrium and to measure partitioning coefficients. A variable wavelength detector 

made the system amenable to the analysis of solutes of different compositions and 

concentrations. 

Use of the apparatus was validated by measuring the solubility of naphthalene, a 

solute which is well characterized in the literature. As well, mass balances of 80% or 

better were obtained for PCP panitioning expenments. 

2. Solubilitia in CO2 

The solubilities of non-polar (naphthalene and chrysene) and polar 

(pentachlorophenol and 2,4-D) solutes in carbon dioxide were determined as fùnctions 

of temperature and pressure. The solubilities of al1 solutes increased with i n c ~ s i n g  

pressure as compressed CO2 has a higher solvent power. The solvation of PCP was 

less endotherrnic at higher densities. As well, the entropy change of the solution 

process decreased with increases in pressure as more C h  molecules solvated the 

solute at higher densities. Solute solubilities also i n c ~ s e d  with increases in 

temperature (despite the decrease in solvent density) due to the positive eEea of 

temperature on solute vapour pressure. Cross-over regions were observed for the 



solubility of pentachlorophenol in CO2 as a fùnction of pressure due to the interplay 

of these two temperature effects. 

Naphthalene had the highest solubility in carbon dioxide as it was the most volatile 

solute tested. Chrysene had the lowea solubility as it has a high molecular weight 

and is likely characterized by strong intennolecular bonds. Pentachlorophenol was 

more soluble than 2.4-D as it has weak intermolecular bonds due to the presence of 

chlorine atoms in both onho positions to the hydroxide group. The solvation of PCP 

in CO: was shown to be less endothermic than î+D. 

Pentachlorophenol solubilities in CO2 saturated with water were not significantly 

different fkom solubility measurements in pure CO2. Most of the water in CO2 likely 

reacted to f o m  carbonic acid, which could not dissociate to carbonate ions as there 

was no fiee water. PCP did not forrn strong bonds with carbonic acid and there were 

essentially no ions in the COz phase for ion-dipole interactions, as determined by 

impedance rneasurements. Therefore, the majority of the interactions in the C02-rich 

phase were between PCP and CO2. 

3. Solubiiities in water 

Pentachlorophenol was sparingly soluble in water at atmospheric pressure as it did not 

form arong hydrogen bonds, again due to the chlorine atoms in both ortho positions 

to the hydroxide group. Rernoving one chlorine nom the onho position caused the 

solubility of Z,?i ,4,5-teaachlorophenol to be an order of magnitude higher than for 

PCP. Pentachiorobenzene was almost insoluble in water as it does not have a 

hydroxide group. 2,4-D had the highea solubility in water as it was the strongest acid 

tested. 

The solubility of pentachlorophenol in water decreased as the pressure was increased 

as PCP had a positive volume change upon solution. Simiiar solubilities were 



measured in water saturated with carbon dioxide. The solu bi lity of PCP in water is 

mostly a result of intennolecular interactions between unionized PCP and water. 

4. Partitioning 

The pmitioning of pentachlorophenol fiom water initially saturated with PCP to 

carbon dioxide was higher as the pressure was increased. Cornpressing CO2 to higher 

densities enhanced the solvation of ail solutes in this work. However, increasing the 

temperature caused the partitioning of PCP to drop significantly. Several variables 

contributed to this temperature effect. increasing the temperature caused the density, 

and thus the solvent power, of CO2 to decrease. As weil, the pK. of PCP decreased 

with increasing temperature. This meant there were more pentachlorophenoxide ions 

in solution at higher temperatures; PCP canot partition to CO2 in an ionized form. 

The partitioning of PCP was a function of the initiai concentration of solute in the 

water sample. The partitioning coefficient was smaller for a solution with a lower 

initial concentration. Lowenng the initial concentration of PCP in water caused the 

activity coefficient for PCP in CO2 to increase. It is also iikely solute-solute bonding 

between PCP molecules was more important in the more concentrated solution, thus 

reducing the number of interactions between PCP and water. Temperature did not 

significantly affect partitioning of PCP fkom dilute solution. 

The data for pentachlorophenol was modeled with the Peng-Robinson equation of 

state using a concentration dependent mixing mle. The interaction parameter baween 

C G  and PCP was sensitive to both PCP concentration and temperature. The 

partiàoning data were also prediaed by calculating the solubility ratio, which was 

about 2 times higher than K. The activity coefficient for PCP in CO2 was higher for 

partitionhg experiments than for solubility experiments as the mole l'raction of solute 

was Iower. 



The partitioning of pentachlorophenol from water to carbon dioxide decreased as the 

pH was increased as there were more pentachlorophenoxide anions in water at high 

pH. Except at pH 1.3. K was higher than expected overall as the hydrolysis reaction 

for PCP was continually re-equilibrating as the extraction proceeded. Kwas large 

from a solution with a high ionic strength. The partitioning coefficient was about 4 

times higher fiorn a solution with a concentration of 1M NaCl. The effect of lowering 

the pH may also be due to an increase of ionic strength. 

The distribution coefficient was an order of magnitude srnalier for 2,4-D than for 

PCP. 2,443 was less soluble than PCP in COz, and more soluble in water. K for 

pentachlorobenzene was almost 2 orders of magnitude higher than al1 other solutes 

tested as it was almost insoluble in water. The partitioning of 2,3,4,5- 

tetrachlorophenol was equal to that of PCP; apparently, removing a chlorine atom 

ortho to the hydroxide group on PCP did not affect its partitioning. It is noted, 

however, that K was predicted to be higher for PCP as it was less soluble in water 

than 2,3,4,5-tetrachlorophenoi. It is also noted 2,3,4,5-tetrachlorophenol did not have 

a mass balance better than 60% during partitioning experiments. 

4. Anaiyticd applications 

Partitioning experiments with the extraction ce11 constmcted in this work indicate 

95% of pentachlorophenol can be extracted from a 1 ppm aqueous solution with an 

equal volume of CO2. The recovery increases to 98.5% for extractions fiom water 

with a high ionic strength. Because solute recovery is already high, the experimental 

method does not need to be fbriher "optimizeâ" using pressures and temperatures 

exceeding those tested in this work. 

As well, using an equal volume of carbon dioxide, 95% of 2,3,4,5-tet~achlorophenol 

and 89% of 2,4-D cm be removed fiom water with a single static extraction. The 

extraction method is therefore suited to the extraction of an acid with apKo as low as 



3.89 (that of 2,4-D). Increasing the volume of the CO2 phase, or decreasing the 

volume of the water phase, will improve solute recovery if this is necessary for acidic 

species. The amount of pentachlorobenzene remaining in the water phase following a 

CO2 extraction would be almost negligible (however, due to its low solubility in 

water, it is unlikely a water sample would contain a significantly high concentration 

of pentachlorobenzene). 

The extraction ce11 used in this work is suitable for extractions from samples with a 

volume of 50rnL or less. The system is best suited as an analytical method. At 

present, the extraction method is not suited to sampie ciean up or water remediation. 

To satisfy this purpose, a method would need to be devised which allowed the water 

to be continually flowed through the extraction cell. 

The results obtained in this work indicate using supercritical COi for the extraction of 

water samples containing acidic compounds is a good alternative to current 

methodologies. Only one hour is required for the extraction and analysis of 

pentachlorophenol using a static system. A complete extraction with a minimal 

volume of CO2 would also be possible with a dynamic system if the COz flow rate is 

optimized to achieve equilibrium. The number of steps required dunng SF extractions 

are minimal compared with conventional liquid-liquid and solid phase extractions. 

The on-line method used in this work combined sample extraction, separation, and 

detection while minimizing the risk of sample loss and contamination. The limit of 

deteaion in this work was near O. 1 ppm in both phases for moa solutes. ûther on- 

l ine detection methods may detect lower concentrations. As well, sample 

concentration may be possible with a dynamic method. Finally, one could use several 

small volumes of CO2 to preconcentrate the anaiytes. 

The initial start-up cost for a supercritical fluid method is expensive as high pressure 

equipment is required. However, the cost is minimal once the necessary equipment 

has been purchased as large volumes of organic solvents and solid-phase cartridges 

are not required, and the tirne required for the extraction step is small. 
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Appendix 1. Engineering diagram of the extraction c d l  used in a i s  work 





Appendu 2. Chromatognms for pentachlorophenol in urbon dioside and water 
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Appendix 3. Atomic emission spectra for sodium maiysis 





Appendu 4. Nuelcar mrgiietic resonance speetrri 
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