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1
ABSTRACT

A new method for the measurement of solubilities in supercritical fluids
is developed. This method uses a supercritiéal fluid ;hromatograph to
direct}y sample and analy;e the fluid phase, ;ﬁquilibrium bétween the
solid and fluid phases is achieved uéing gither a flow method or a
static displacement ﬁethoa. The flow method is.shown to gi@e more pre-
cise‘resﬁlts. |

A calibration equation relatiﬁg 501ubi1£ty te bure solvent compres-
sibility factors and solute p;ak areas as measured on the chromatograph
is developed. A calibratiop factor for naphthalene is determined by
comparing experimental resul®s to previous data for the naphthalene-
carbén dioxide system. Calibration factors for other\solutes are easily
determined fr?m that for naphthalene.  The calibratioﬁ factors are shown
ﬁo be independent of the solvent used.

Solubility measurements for the naphthalene-carbon ' dioxide,
anthragcne-carbcn dioxide, biphenyl-carbon dioxide and anthracene-
ethyle;é systems are found to compare well with those of previous work-
ers. Except for the biphenyl-carbon dioxide system, the.resultslaré

well correlated by the Soave-Redlich-Kwong equation of state with a

one-parameter random mixing rule.

- iii -



a(T), b

A,B

.
.

.
M

N
.

NOHENCLATURB

a
Soave-Redlich Kwong equation constants.
Alternate forms for the above constants.
carbon dioxide equation constants.
ethylene equation constants.
calibration factor, for T in K and P in Pa.
ratio of calibration factors.
fugacity.
proportionality constant.
moiar Gibbs free energy.
binary interaction coefficient.
mass.
molecular weight.
Aumber of moles.
pressure,
gas constant,
peak area.
molar entropy.
temperature.
molar volume.
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. ¢ : fugacity coefficient.

. U : chemical poFential.
*+ p : density.

. w : acentric factog.
Superscripts: ‘

. 5 :.solid.

.« F . fluid. ’

. o : reference state.

. SAT : saturated state.

. * : expected value.
Subhscripts

s Y ':‘refers to a component.
. i,j : refer to components.
. c : critical property.

. r ; reduced property:
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Chapter I

INTRODUCTION
Recently there has béen much inte%est in the field of supercritical
fluid extraction. ' An important research aspect of this field is the
measurement of sclubilities in sﬁpercritical.fluids. In this‘work, an
improved of solubility measurement us{hg superc;itﬁcal fluid
chromatogrnaphy is developed.

This section serves as a generai introduction to supercritical fluid

extraction and its applicaﬁions. Current research needs are identified,

and research objectives are outlined.

1.1 Supercritical Fluids

The phase behaviour of a pure substance can be represented on a plot of

pressure (P) versus te@perature (T). Figure 1 is a typicaliP-T pro-
"jection of a pure substance. When one of the lines separating the
phases on this diagram is crossed, an obvious phase ghange occurs. Note
%hat the demarcation line between the gas and liquid regiens ends at sthe
critical point. In the region beyond the critical point, no clear dis-
tinction can be made between the gas and liquid phases. Therefore, 'the
term supercritical fluid is applied te this region.

A supercritical fluid is an intermediate between a liquid and a gas.

Its properties are therefore intermediate between those of a liquifd and

4 ~

a gas. Table 1 compares typical values of density, viscosity and dif-

fusion coefficient.



"Figure 1:

b

P-T Projection for a Pure -Substance.  S: solid.
G: gas. SCF: supercritical fluid. CP: critical

2
w
L: liquid.
point.



A supercritical fluid has a density approaching jphat of a liquid.
Solubilities are therefore much higher in A supercritical fiufd than in
a gas.” Non-ideal interéctions in the dense SUpe;critical fldid increase
the solubility still further, as first discovered by Han&ay anatHogérth
in-1890 {1]. Even low veclatility substances are readily dissolved 5§“au
supercritical fluid. Solubilities are often ‘thousands of times greatér
than in the ideal case.- &

The viscosity of a supercritical fluid is less’than that of a liq-
uid. In addition, the diffusivities of substances in a supercritical
fluid. are greate£ than in a’liquid. There‘is th&s less ;esistance to
mass transfer than in a liquid.

Thesg characteristics ﬁ;ke-supercritical fluids desirable solvents

in separation processes. Separation processes using supercritical flu-

ids as solvents are termed supercritical fluid extraction.

R
.

Table .1: Prgperties of a Supercritical Fluid, a Gas and a Liquid.

The supercritical fluid is carbon dioxide near its critical pojint.

Fluid ' Density Viscosity Diffusion
’ coefficient
g/mL cp cm®/g
Supercritical fluid 0.7 0.01 0.01
Gas . 0.001 0.001 - 0.1

Liquid . 1 0.1 0.0000Y




-

1.2 Supéxgritical Fluid Extraction

Supercritical fluid  extraction has received much attention in recent.

.

years because it exhibits several desirable characteristics. Lt often

¢ has significant advantages over other phase equilibrium separations,

-

, such as distillation or liquid extraction.

The solvent power of a supercritical fluid is determined by its den-

\

sity. The ‘density is lin\ turn strongly affected by temperature an'
pressure, Figure 2 .shows typical solubilities of .a low veolatility
substancé-in a supercritical fluid as a function of temperature and
pressure. Near the critical point, isothermal compression causes a very
large incréase in solubility.‘&%n addition, isobaric ‘heating near the
critical point‘caus;s a large decrease in solubility. This results in
several advantages for supercritical fluid e%traction compared to dis-
tillation and liquid extraction. The, recovery of solvent is strdight-
forward ’and complete, unlike liquid extraction. Simple isothermal
decompression or iscbaric heating suffices to recover the solvent. It
can then be compres;ed or heated and recycled. Since the solubiliti;;
of indivi&ual components may vary strongly from one another, it is_@lso

possible to fractionate the product by controlling the conditions of

solvent recovery. If the solubilities change strongly enough with den-

////Eziy, then supercritical fluid extraction uses considerably less energy

/ //\'

than distillation.
Another advantage of supercritical fluid extraction is that a large

: number of variables can be manipulated to significantly affect separa-

7 GE;:__-;;H’;;;:}QPed above, temperature. and pressuée strongly affect

\
solubility. The significant interactions between srlvent and solute in
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the dense suQe:critical fluid make the choice of solvent important. The
addition of a small amount of another substance, often termed an
entrainer, can also have a significant effect.

Supercritical fluid. extraction uses solvents such as carbon dioxide,

" ethylene and propane. There are several advantages in using such subs-

1

tances. They are inexpensive, especially compared to. some solvents used
in liquid éxtractioh._ They are non-toxic and can be completely recov-
ered from the product. This is pafticularly importan¥ in the food
industry. Finally, their low critical_temperatureg {(for example, the
critical temperzfure of carbon dioxide is 304.2 K) result in low oper-
ating temperatures, thus avoiding damage to thermally labile substancqs.

The major disadvantage of supercritical ﬁ}uid extrﬁction. is high
equipment cost. Expensive high pressure equipment is required to attain
supercritical conditions (for example, the critical pressure of carbon

]

dioxide is 7.38 MPa). In addition, lubricating oils and conventional

N

)
sealing materials tend to dissolve in supercritical fluids. Specialized

' pumps and seals are therefore required, which further add to the expense

. Because of its high.cost, supercritical fluid extraction is usually
considered only where distillation or liquid extraction have significant

.

disadvantages.

1.3  Supercritical Fluid Applicaticns

Several industrial processes have been developed which use supercritical
fluid extraction. A few processes have been commercialized and are in
production. In addition, supercritical fluids have found some use in
the field of chromatography. Some ofﬁihe applications of supercritical

fluids are described below.

-5
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Supercrifical fluid extraction has shown promise iq the field of
coal liquefaction. Conventional processes use high temperature solvent
extraction. This has the disadvantage that desirable light components
in the coal polymerize at the high" operating temperatures used.
Research at Britain's National Coal Board [3] has shown that supercri-
tical fluids such as toluene can‘be used to extract the light components

of coal. The operating temperatures are low enough to’prevent polymer-

ization.

The Kerr-McGee corporation has developed the Resjdual 0il Supercri-
-,

tical Extraction (ROSE) process for the fractionation of petroleum

. . . .
residues [4]. In this process, supercritical pentane extracts heavy
oils from petroleum residues, leaving behind asphaltenes and heavy metal
contaminants. The extract is separated by stagewise isobaric heating

into resin and light o0il fractions. Thelutility costs for the RQSE

process are as much as 50 % less than those for conventional ‘steam dis-
o - .
tillation. In addition, the removal of contaminants during the extrac-

tion stage allows the produdts to be processed without further treat-

ment.
3

* 3
Kerr-McGee has developed 'a. variant of the ROSE process known as

»

Critical Solvent Deashing [5]. This process uses a supercritical sol-
vent to separate ash from coal liquids. Isobaric heating is used to

recover the deashed product. “An expensive filtering step is therefore

not needed.

Several other applications of supercritical fluids in the energy
field have been-explered [6}. These include enhanced oil recovery by

miscible displacement with -supercritical carbon dioxide, the .extraction
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-

of bitumen from tar sand and oil shale, and.the fractionation of various
.. N L a4
-l e ’

fossil materials. . .

Supercritical fluid extraction has many applications in the food

industry, because it offers an alternative to the toxic solvents often

~ .

used in liquid extraction processes. _pa}bpniﬁyﬁiide is a popu1ar sol-
vent,, because it is flenpiful, inexpensive and n;n—reactivel One exam=-
ple is in the decaffeination of coffge beans. Hag 4G in West Germany
has developed a proeess using supercritdical carbon dioiide to extract
caffeine from green coffee beans [7]. Thé ;afféine is recovered by
decompression, water scrubbing 6r adsofption énto activate@ carbon.

A : .
Supercritical carbon %&oxide_ is also used it ®he extraction of hop

resins from hops. Several hops extraction plants have been built in

.

Germany [8].

Many other applications of super;ritical fluid extraction in the
food and chemicql industries have been proﬁosed [6]. Various ffagile
*drugs can be purified withﬁht damage. Oils, flaver components and ar&ma
components can be extracéed-from various natural products. Supercriti-
cal fluids extract organies from dilute aqueous solutions,‘ofgen with
considerable energy savings compared to distillation. 'Activated'carbon
can be regencrated by removihg adsorbed substances with a subercritical
fluid.

An important non-industrial use of supercritical fluids is the field

of chromatogréphy (9]. K\ supercritical fluid is a desirable mobile

v
\ '

s
phase in a chromatograph. Since mass transfer is faster in a supercri-
tical fluid than in a liquid, a supercritical fluid chromatograph dem-

onstrates higher separation efficiencies in comparison to a liguid
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chromatograph. Gas chromatography requires that the compounds being
analyzed be vaporized at relatively low pressures, which is impractical

in the case .of thermally unstable or low volatility substances. The
analysis of mixtures containing such compounds is possible with super-
. critical fluid chromatography, since operating temperatures are low, and

low volatility substances are readily dissolved in a supercritical flu-

id.

1.4 Research Objectives : -

From the previous gection it is apparent that much research has been
made on the industrial applications of supercritical fluid extraction:
Nevertheless, only the ROSE process, hopé extraction and Hag AG's
decaffeination process are in limited commercial use. Part of the rea-
son for the slow acceptance of supercritical fluids"extracti;n by
industry is the high, equipment cost mentioned above. A more fundamental

problem was pointed out by Basta and McQueen [10]: -

Perhaps the key hurdle is that too little is known about the
thermodynamics of supercritical systems,

Supercritical fluid systems have very complex solubility charts and
phase diagrams, especially for multicomponent systems. This makes
gathering,.understanding and correlating data difficult.

One reason little is known about the thermocdynamics of supercritical
fluid systems is thag the gathering of data is slow and-tedious. The
measurement of solubilities in the supercritical phase is an example of
l this. Existing methods are generally restricted to simple binary sys-
tems, may require considerable time and effort, and involve complex

and/or indirect sampling and analysis methods.
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Gas chromatography might seem to be a useful method of analysis. It

—offers the advantages of rapid and_simple composition measurement, and
it is not restricted to binary systéms. However, many of the solutes in
'sppercFitical fluid systems are thermally fragile or have low volatili-
ty. As mentio&ea above, supercritical fluid chromatography is more
suitable for the analysis of, mixtures containing such substances; Ran-
dall [11].has commented that another advantage is that & sample being
analyzed remains at supercritical conditi?ns.

The objective of this Qork is to develop a fast, simple method of
measuring solubiliti%s in supercritical fluids, through the use of
supercritiéal fluid chromatography. The method is developed and tested
using well defined binary systems. The supercritical fluids used are
carbon dioxi;e and ethylene, while the solutes are low volatility sol-
ids, namely naphthalene, anthracene and biphenyl. These systems are
chosen for several reasons. First of all, their phase behavior is well
understood. If a région of solid-fluid equilibrium is studied, then
only the fluid phase needs to be analyzed, since the solid can be
assumeé to be pure. 'Thé solubility'results can be compared with exist-

.ing data, thus allowing evaluation of the method. TFinally, simpiifica-

tions resulting from the assumption of a pure solid phase permit the

results to be easily correlated.



. Chapter II

BACKGROUND

It has been pointed out in the Introduction that in order to properly
understand and interpret supercritical fluid phenomena, the ' phase
behaviour of supércritical fluid systems must be known. The types of
phase behavior that occur in binary systems are therefore examined
below, with particular attention to highly asymmetric solid-fluid sys-
tems. The work that has been done in the measurement of solid solubil-

ities in supercritical fluids is reviewed.

2.1 Supercritical FIQid Phase Behavior
Supercritical fluid systems have complex phase behavier, especially as
the number of comp;ﬁents is increased. An understanding of supercriti-
cal fluid extractién must begin with an understanding of what occurs in
the simplest, binary system case. However even binary systems can have
very complicated phase diagrams.

Phase diagrams are generally classified according” to fhe appearance
of their pressure-temperature (P-T) projections. The following nomenc-

lature and symbols are used in this discussion:

. Solid, iiquid and gas phases are desighated by 8, L and G respec-
tively.
. Phase boundaries for pure components are shown by solid lines on

the P-T projections.

- 11 =
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. Critical points for pure components are shown by -open circles ‘on
o N
the P-T projections.
. The loci of critical points produced by changing compositions are
shown by dashed lines on the P-T projections.
. The lines along which three phases can exist in equilibrium are

shown as dotted and dashed lines on the P-T projections. Thesé
three-phase coexistence lines are designated By the phases which
coexist at the lines (for'example, LLG or SLG).

. Three-phase coexistence lines may terminate at eiEher upper or logg
er critical end points, designated UCEP or LCEP, ana shown ‘as soild
circles on the P-T projections.

The P-T projection of a pure substance generally. resembles that
shown in Figure 1. Its simplicity is partially a result of the phase
rule, which dictates that two-phase equilibrium must be represented by a
line pn a P-T projection, and that three-ﬁhase_equilibrium must be rep-

) .
resented by a point {(ie. the triple point). However, the phase rule
also suggests that the P-T projection of a binary system is more com- -
plex. Two-phase equilibrium is represente& by a surface, while a line
represents three-phase gquilibrium. Four-phase equilibrium, which is
impossible in the case of a pure substance, is shown by a point.

One major type of binary system occurs where the triple point temp-
erature of the heavy, component lies well below the critical point temp-
erature of the light component. The high pressure phase behavior of
such systems involves only fluids. Scott and van Konynenberg [13] have
-defined six classes of binary fluid systems, as shown in Figure 3.

Classes I to V are pfedicted by the van der Waals equation of state.
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Class VI is observed in some aéuegus systems. Variations of thesé types
occur in systems having-azeotrépes.

The simplest binary fluid éystems are class I. In this case the
pure component critical points are joined by a critical locus produced
by changing' composizions. The critical locys' represents the upper
boundary of a surface on the P-T projectioﬁ on which liquid'and gas
exist in eqﬁilibrium. Beyond this line, the two components are com-
pletely miscible. Class I'systems occur in-m}xtures of similar compo-
nents such.as methane-propane or a;;on—krypton.

If there is some size and/or polarity diffg;ence between the compo-
nents, a class II systcmrmay result. This is similar_.to a class I sys-

. -

tem, except that there is a thré%-phase LLG coexistence line below the
vapor pressure curve of the light component. The LLG liﬁe términates at
the UCEP. A critical locus for liquid-liquid equilibrium exﬁends
upwards from the UCEP. The surface bounded by the LLG line and the
liquid-liquid critical locus ;epresehts liquid-liquid e3§ilibrium. At
the LLG boundary,‘ the liquids are in equilibrium with a gas phase.
Below the LLG line gas-liquid equilibrium exists, while beyond the
critical locus the liquid- phases become miscible. Examples of class II
systems include ammonia-toluene and carbon dioxide-octane.

Larger s;ze anﬁ/or polarity differences result in class III syst;ms.
The LLG line now cuts the gas~liquid critical locus.into two branches.

One branch joins the UCEP and the critical point of the light component.

The other is connected to the critical point of, the heavy component and

~
.

continues into high pressure regions. -~ Carbon dioxide-water and

methané-hydrogen sulfide form class III systems.



~

Figure 3:

P-T Projections for Binary Fluid Systems.
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Substances with large molecular size and/or polarity differences,

such as methane-hexane , form class IV systems. These systems are sim-

¥
ilar to class III, except that the LLG line is cut by the gas-liquid

critical locus. This locus now connects a LCEP with the critical point

of component 2. A second UCEP connected to a liquid-liquid critical
locus is formed at the end of the lower branch of the LLG line. The gap

in.the LLG line represents a region of liquid phase miscibility.

If the lower branch of the fb:line of a class IV system is absent,
a class V system results. Theré is complete liquid miscibility below -
the LCEP. An example of a class V system is ethane-ethanol.

Class VI systems are observed only in agueous mixtures sqch as deu-
terium oxide (heavy water)-2-methy1pyridiné. Class VI systems have a
short LLG line, and the UCEP and “LCEP are ‘joined by>&he liquid-liquid
critical locus. A second liquid-liquid critical locus exists above the
fifst; In other words, a second region of two immjiscible liquid gphases
exists at high pressures. )

A second m;jor type of phase behavior occurs‘when the trip{i point{
temperatufe of thé heavy component is significantly above th{ criti;al
pciné tema rature of the light component. Such mixtures are often
termed asymmetric mixtures. In this case solid-fluid equilibrium may
exist. Three types of asymmetric solid-fluid systeﬁs are qﬁnsidéred
‘here. Figure 4 shows the P-T projections of the.three types as classi-
fied by Chai [14].

In each case, there is a SLG line with 4 critical end point (the

LCEP) joined to the critical point of the light componenﬁ by a critical

locus. These lines form the boundary of a region of liquid-gas equi-

\
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Figure &:°

P-T Projections for Binary Solid-Fluid Systems.
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librium. The LCEP is usually close to the Eriti;al poing of the light
component, because the mixture in this region is usually dilute in the
heayy component. There is another SLG line stretching é;om the triple
‘point of the heavy component to another critical end point. This is the
UCEP, ané it is joined to the critical point -of the heavy component by a

gas-liquid critical locus. The SL6 line and the critical locus bound a

region of liquid-gas equilibprium. At the SLG line, these two phases are

"in equilibrium with a solid phase. Beyond the critical locus, the two

components are miscible. The shape of the high temperature SLG line is
.used to distinguish the types of solid-fluid systems!

Systems such as naphthalene-ethylene exhibit behavior similar teo
that shown in Figure 4(A). The_SLG‘}ine is negatively sloped. Note
that-at temperatures between the LCEP and the UCEP no liquid phase can
exist. There is only a solid in equilibrium with a supercfiticaf fluid.
At temperatures between the UCEP and the solid's triple point, solid-gas
equilibrium exists below the SLG line, while liquid-gas equilibrium
exists above the SLG line. Here the term gas actually refe;s to a

supercritical fluid.

Naphthalene and carbon dioxide mixtures have a phase diagram similar

to that in Figure'4(B). In this case there is a temperature minimum in

the SLG line. Therefore the temperatures where only sclid-supercritical

fluid equilibrium exists range from the LCEP to the minimum fgrthe SLG
line. From the temperature of the minimum to the UCEP, liquid-gas

equilibrium exists between the branches of the SLG line, while solid-gas

equilibrium exists above and below the branches.

p
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A Eﬁird type of ésymmetric binary phase behavior is shown in Fig-
ure 4(C). The SLG line is positively sloped. Hére exclusive solid-
;upercritical flujd equilibrium takes place from the LCEP temperature to
the triple-point of the heavy component.- Between the tempera;ure of the
triple point aﬁd the UCEP, liquid-gag equilibrium exists below the SLG
line, and solid-gas equilibrium exists above. Hélium and argon form
this type of system:

Oth%r types of binary systems can alsc occur. These 'ifnclude inter-
mediate types where the temperatures of the critical point of the light
component and the triplg pointlof the heavy component are similar, and
systems that are extremely asymmetric.

2.2 Solubiliﬁies_of Solids in Supercri;ical'Fluids

The regions of solid-supercritical fluid equilibrium in .asymmetric
binary mixtures have receiveq much attention. Cne reason for this
attention is that these mixtures are often representative of systems of
inteyest. For éxawple, many of tﬁg solids studied are simple compounds
which a;e homologs of complex a;bmatic combounds found in coai and‘heavf
oils. Another reason for s;ugying solid-supercritical fluid equilibrium
is its simplicity. There can only be one type of phase eqﬁilibrium in

these systems if the regions described above are studied. In additien,

the solubility of the supercriticél fluid in the solid can-be assumed to

be insignificant.. Therefore, only the compositicn of the supercritical

phase needs to be measured. Thermodynamic description and modelling of

.

the system is greatly simplified if the solid is assumed pure.

L]
]




19
As remarked by Kurnik et al. [15], there exist few published data

-

for the solubility of solids in supercritical fluids. There has been an
incréase in the gathéring of data in recent years, but there is still a
need for more. Table 2 summarizes most of the measurements which have
beéh made for the solubilities of sclids in supercritical fluids.

By far the most commen solvents studied are carbon dioxide and ethy-
lene, and the most common solute studied is naphthalene. Thé results
obtained generally resemble those shown in Figure 2. Sclubility
increaseg with increasing pressure at all temperatures, with the largest
rate of increase taking place near the critical pressure. At high
pressures, the scolubility reaches a limiting value which increases with
temperature. However, at pressures near the critical pressure, solu-
bility decreases withsincreasing temperature. The highest solute load-
ings are observed near the UCEP tempcréture.

Many methods have been used to obtain solubility data for the sys-

tems shown in Table 2. These methods are outlined in Section 3.1.



Table 2: Solid-Supercritical Fluid Solubility Measurements.
Solvent " Solute Year Reference
water quartz 1935 [16]
ethylene naphthalene 1948 [17]
ethylene hexachloroethane 1950 f18]
naphthalene E
ethylene naphthalene 19534 [19]
ethylene p-chleoroiodobenzene 1953 [20]
hexachloroethane -
helium naphthalene 1962 [21]
hydrogen .
argon _
nitrogen '
methane ’ A
ethylene \\\h"
carbon dioxide diphenylamine 1962 [22]
ethane naphthalene 1963 [23]
ethylene naphthalene 1964 [2]
carbon dioxide
ethylene phenanthrene 1964 [24]
ethane
carbon dioxide ‘
methane
methane naphthalene 1966 [25]
ethylene .
carbon dioxide
water quartz 1973 [26]
ethylene naphthalene 1979 [27]
phenanthrene
anthracene :
carbon dioxide naphthalene ) 1980 [28]
biphenyl
carbon dioxide " phenol 1980 [25]
%-chlorophenol
2,4-dichlorophenol
carbon dioxide dimethylnaphthalene 1981 [15]
ethylene phenanthrene
: benzoic acid
hexachloroethane .
ethane naphthalene 1682 [30]
ethylene hexamethylbenzene
carbon dioxide fluorene
triphenylmethane
anthracene
phenanthrene
’ pyrene -
xenon naphthalene’ 27 1984« [33]
carbon dioxide naphthalene h 1985 [32]

20



Chapter III

EXPERIMENTAL

This section details the experimental aspects of the research.. Experi-
mental techniques employed by other researchers are discussed first.
The equipment, materials and. methods used ir this work are then

described. . .o

3.1 Experimental Techniques -

Researchers have used several techniques to measure the solubilities of
. solids in supercritical fluids. There are two major types of tech-
niques: static metheds, in whgch equilibrium is achieved in-a closed
cefl; flow methods, in which equilibrium is achieved by passing the
supercritical fluid through a packed bed of solid.

Many researchers have used static methods which involve sampling of
the fluid phase. The solid and supercritical fluid are contained in a
vessel. When equilibrium is achiéved, a small amount of fluid is dis-
placed into a sampling vessel. Pressure fluctuations which might dis=-
rupt the equilibrium must be ;inimized during sampling. A heavy,
incompressible fluid such as mercury is therefore ofgen used for the
displacement. The compecsition of the sample is determined by decom-
pressing it and recovering each component. Examples of static sampling
techniques occur in the work of Diepen et al. [17] [19] and Eisenbeiss

[24].
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‘Othér static methods do not involve sampling. Téekhanskaya et al.

[2] place a pellet of solid into a vessel. The;vessel is then chaiged

with }a measured amount of supercritical fluid. Once- equilibrium is

achieved, the system is‘decompressed and the;weight lost by the pellet

is measured. The solubi;;ty is determined from the known amount of
solid dissolved in the known amount of supercritical fluid.

A related method involves charging known amounts of supercritical
fluid and soiid into a variable volume view cell.’HThe isopleth (a line
of constant comﬁosition) corresponding to the amounts charged is deter-
mined bx observing the temperatures and pressures at which all of the
solid is barely dissolved. Krukonis et al. [31] use thi; method. .

Some researchers use static methods where the composition of the
fluid is directly measured. King et al. {[21] [25] charge a specially
constructed cell with solid and fluid. When equilibrium is achieved,
the concentration of solute in the fluid is determined spectrbphotome—
trically. Ewald [20] dopes the solid Qith a known proportion of radio-
active tracer atoms. The composition of the fluid phase can then be
determined by measuring its radicactivity.

Some researchers consider static mefhods to be complex and time con-
suming. Flow methods are generally simpler. In these, the supercriti-
cal fluid flows through the solid. The flowrate is low enough to mini-
mize pressure drop across the bed of solld and to ensure saturation of
the fluid phase. The saturated fluid is decompressed across a heated
metering valve which also controls the flowrate. Résearchers employing

flow methods include Johnston [27], van Leer and Paulaitis [2%], Kurnik

et al. [15], McHugh [33] and Cheong [32]. In most cases, the composi-
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tion of the fluid phase is determined by recovering the compenents as
they exit at the metering valve. However, McHugh samples :he saturated
fluid exiting the bed of solid using a chromatographic sampling valve.
The composition of the sample is again determined by decompressing it
and recovering the components..

Two methods are used in this work. One is a flow method resembling
“that used by McHugh, in that a sampling valve is used. The other is-a
static method in which samples of saturated supe;bripical fluid "are
displaced into a sampling valve. Both methods use essentially the same
apparatus. The major innovation of this work is that the samples a;e
directly analyzed using a supercritical fluid chromatograph. Solubility
measurements are thercfore fast and direct. The samples are not decom-

pressed, but remain at supercritical conditions. Therefore problems

such as incomplete recovery of sclute cannot occcur.

3.2 Apparatus

The apparatus consists of two parts: one serves to saturate the super-
critical fluid with solute and is termed the saturator; the other part
is a modified supercritical fluid chromatograph. The two are linked by
a six-way sampling valve, which conveys samples of saturated supercri-
tical fluid from the saturator to the chromatograph. A detailed
description of the apparatus follows, using letters and numbers which

refer to parts of the apﬁaratus and valves respectively as labelled in

Figure 5.
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3.2.1 Saturator

Gas supplied from a bylinder (A) is compressed to the desired pres-
sure 5y a booster pump (B). The pump is a Futurecraft model @07i2///_
aﬂ£omatic pressufe intensifier. It ceonsists of two cylinders connected
by a differential area piston. Compressed air is supplied through a
hand loading pressure regulatof #o tﬁe large diameter cylinder. The
resulting piston moveﬁent compfé;ses the gas supplied to the small
diameter cylinder. When the piston reaches the limit of its stroke, the
air in the large cylinder is vented and the cycle is repeated. OQOutlet
pressure is a maximum of 10000 psig (69 MPa) and is controlled by
adjusting the pressure in the large cylinder.

Compressed gas from the booster pump passes through a buffer (C)
which reduces the magnitude of pressure fluctuations. The buffer is
simply a stainless steel cylinder of large internal volume. It has been
pressure tested to 35 MPa.

After passing through thg buffer, the path of flow is controlled by
a series of valves (1,2,3). These are Autoclave Engineers SW series
non-regulgting valves with 11000 ﬁsig (76 MPa) maximum allowable pres-
sure.

Opening the three-way valves (1,3) and ciosing the ;wo-;;& valve (2)
causes flow to pass through two solute columns (D) inifer'\;.\ Each of
these is a stainless steel cylinder.of 25 cm length and 1 cm\;nternal
diameter, pressure tested to 35 MPa. They are packedwwighfﬁif;rnating
layers of powdered soluté aqd glass wool. Closing the three-way valves

[

and opening the two-way valve causes flow to bypass the solute columns.
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Diagram of the Apparatus. A: cylinder. B: booster pump.
C: buffer. D: solute columns. E: sampling valve. T: sam-
ple loop. G: c¢old trap. H: rotameter. I: temperature
controlled equipment. J: pressure gauge. K: quartz ther-
mometer. L: cylinder with dip tube. M: refrigerated bath.
N: pumps. O: flow transducers. P: pressure gauges. Q:
mixing chamber R: column oven. S: injection valve. T:
column. U: detector. 1-5: valves.
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The flow from valve 3 passes through the sfi;way sampling valve (E).
This is a Valco Cé6U si#—port injector, with a maximum.allowable pressure
of 5000 psig (35 MPa). In the "load" position, flow‘passes through a
Valco SL100 0.1 mL sample loop (F). In the "inject" position, the sam-
ple loop is connected to flow frgm the chromatograph. To ensure smooth
and consistent switching of the valve, a Valco AH60 helical drive air
aﬁtuator is used.

The flow from the sampling valve is vented through the cutlet valve
(4). One of two valves is used here, depending on the sampling method
used (see below). If the displacement method is used, then the outlet
valve is an Autoclave Engineers SW series two-way non-regulating valve
with 11000 psig (77 MPa) maximum allowable pressure. If the flow method
is used then the outlet valve is a Whitey 31RF2 two-way micrometefing
vélve with 5000 psig (35 MPa) maximum allowable pressure. It is wrapped
in eiectric heating tape and kept at a temperature above the melting
point of the solute in oéder to avoid fouling by solid. Outlet flowrate
is monitored using a Matheson 602 rotameter (H). A cold trap (G)
between the outlet valve and the rotameter prevents the accumulation of
solute in-the rotameter.

The tubing used in the saturator is stainless steel. It  has 1/8 in.
(3.175 mm) outer diameter, except for 1/16 in. (1.53875 mm) tubing con-
nected to the sampling valve, and 1/4 in. (6.35 mm) tubing joining the
solute columns. All fittings are stainless steel, and are either Swa-
gelok, Autoclave Engineers Speedbite or Valco ZVN (sampling valve fit-

tings only). . .7

e W r e e na
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The temperature of the abparatus‘within the box (I) on f?gure 5 is
controlled. The buffer and solute columns are contained in a recir?u-
lating water bath. The temperature is thermostatically controlled
with;n + 0.05 K. The valves, the sampling valve and the sample loop are
wrapped with electric heating tape. The temperature is manuallyAcon-
trolled®within 0.2 K.

Pressu?e is measgred by a U;S. Gauge Coﬁbany 0 to 5000 psig‘(éA MPa)
Bourdon tube gauge (J), with 10 psi (68.95 kPa) increments, and readable
to the nearest 5 psi (35 kPa). Temperature is measured to the nearest
0.01 K by a Hewlett—PEckard 2801A qﬁartz thermometer with a 2850D probe
(K). The thermometer is calibrated to the IPTS-68 scale using a Friple

point water bath and a platinum resistance thermometer.

-

3.2.2 Supercritical Fluid Chromatograph
The.composition of sample from the ;ix-way valve is analyzed usiné a
supercritical fluid chromatograph. This is a Hewlett-Packard 1082B
high-performance liquid chromatograph modified "to use supercritical
carbon dioxide as mobgle phase. The only significant differences from a
standard liquid chromatograph are thé use of a cooling bath to increase
puﬁping efficiency for liquid carbon dioxide, and the use of a back
pressure r;gulator.to control system pressure. Other mobile phases can
be used if they dre compatible with the operation of the chromatograph.
The chromatograph is supplied with liquid mobile phase from(a eylin-
der equipped with a dip tube (L). The mobile phase is filtered by a 2
micron frit gnq‘is cooled to below Zg;—; Ey a Nesslab RTE-Z4 refriger-
ated recircuiaﬁing bath (M). Liquid from the bath is also used to cool
the tw;:éhroa;négmaph pumps (N) below 263 K, at 'which temperature liquid

carbon dioxide can be pumped with high efficiency.
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The chromatograph pumps are of the recibrocating diaphragm 'type.
They operate at consgant;volumetQic flowrate. The £lowrate is measured
by.ﬁeans of flow transducers (Oj. The pressure developed by the pumps
is tontrollea by a back-pressure regulator (5) at the.outlet of the flow
system of the chromatograph. The maximum allowable pressure is 40.0
MPa. The pressure is measured by Bourdon tube gauges (P) at the inlet
and outlet of the column.

After leaving the pumps, the fluid streams pass through pulse. dam-
pers and are mixed in a chamber (Q). - Prior to wmixing, ome of the
streams is preheated in the column oven (R).

One of two injectors can be used to intrxoduce sample intP the ;uper-
critical fluid chromatograph. The injector supplied with the chromato-
graph is a manually operated Rheodyne 7125 syringe-loadinglsix-Way valve
(8). In the "load" position the sample loop on the injector can be
partially or completely filled by liquid sample using a syringe. In the

"inject" position, the sample loop is connected to the flow from the

chromatograph. 'The other injector is the Valco six-way valve (E) |

described previously. The valve is connected to the flow of mobile

phase by approximately 0.8 m of 1/16 in. (1.5875 mm) diameter stainless -

steel tubing, heated to the column oven temperature by electric heating
tape.

Injected samples are conveyed by the supercritical fluid mobile
phase to the chromatographic ceclumn (T) in the column oven. At this
peint the mobile phase is a supercritical fluid. The column is 100 mm
in length and 4.6 mm in diameter, and contains péfticles of Hypersil 5

micron ODS as a stationary phase.

e i i n W At
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The separated components eluting fer the coluin.:pass through a
véfiable-wavelength ulﬁraviolet-absorbance detector (U). This consists
of a high-preésure cell having windows through which light from a deu-

terium lamp can.shine. The intensity of light of a particular wavel-

ength exit'ﬁg the cell is compared with the intensity of light at a
- N .
-

reference velength. These intensitizg\ are measured by photodiocdes

which scan|the ultraviolet-absorbance spectrum obtained from a diffrac-

tion gratin signal from the detector is integrated using a built

Y . .

in integrator. ~

: ) U ‘
Except for pressure control) the operation of the chromatogrdph is

_¥

controlied by a remote terminal. ihe flow;ate of mobile phase can. be
varied'from 0 toe 10.00 mL/min. in 0.01 ml/min. increments. fhe oven
temperature may be set from 5 K aded\?mblent temperature to 373 K in 1
K- steps. The detector wavelengtﬂ varies from 190 to 600 .nm in 1 nm
iﬁgps. The referende wavelchgth must have at least a - 60 nm difference
“from the detector wavelength. The main variable affecting the integra-

tor is slope sensitivity, which can be varied from 0 to 81.00 in steps

"of 0.01.

Mea%uremeﬁts on the chromatograph are madeé by starting a "run" from
the re@gte terminal. The detector signal is recorded on a plotter.
Peaks produced by substances passing through the detector are integrated

gnd the peak areas are reported. The times between the start of the run

and the detection of the peaks (the retention times) are also recorded.



3.3 Materials

The solids used in this work are naphthalene, anthracene and biphenyl.

‘Naphthalene and biphenyl are obtaineéd from Fishef Scientifi#. These

chemicals exceed g9 %wpurity. : Anthracene is obtained from Aldrich

Chemical Company and has a purity exceeding 99.9 %.

The fluids used as solvents in this work are carbon dioxide and’

ethylene. The carbon dioxide is obfained from Air Products, while the

. E 4
ethylene is obtained from Matheson. The minimum purity of these fluids
is 99.9 %.

5

The flﬁids used as mobilg phases in the chromatograph are carbon
dioxide and nitrous, oxide. They are obtained in liquid form in cylin-
ders equipped with dip tubes. ?hgz‘§ave a minimum purity of 99.9 %.

Acetoé&éis used as a liquid solvent. It is obtained from Can%aﬁ,
and has a 4urity exceeding 99.9 %. ‘

JSeveral properties of the materials uséﬁ throughout this work are
summarized in Table 3. The critical pressure and acentric fact;r for
anthracege aré not available. They are estimated using the Gunn-Yamada
method and the Lee-Kesler method respectively, as presented in Reid et
al. [34)}." The values obtained agree with those calculated by Johnston
(271 ]

. In additjon ito the properties given in Tabie 3, the compressigiiity
factors of pure carbon dioxide and ethylene, are needea. These are
obtained from high precision eqﬁ5€1ons of state developed by IUPAC [36]
[37]. Appendix A summarizes the equations and gives computer programs

’ . it

used to calculate thé compressibility factors. .

1
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Table 3: Properties of the Materials Used in this Study.

The vapor pressures of the solids are given by the Antoine equation
log(P) = A-B/(T-C) where P is vapor pressure in Pa and T is temperature
in K. The coefficients for naphthalene and anthracene are from Johnston
et al. [30], while those for biphenyl are from Boublik et al. [35].

r Material  Molecular Critical properties  Acentric
weight factor

Temperature Pressure

. ' . K MPa
Carbon dioxide 44.01 304.2 7.376  0.225
Ethylene 28.05 282.4 5.036 0.085
Naphthalene 128.17 7484 4.053 . 0.302
Biphenyl 154.21 789 3.85 ‘0.364
Anthracene 178.23 . 883 3.30 _ 0.455
W [
P " Solid Molar Antoine cogfficients
volume
' TL/gmol A B c
/(aphthalene S 128.6  ° 13.575  +3729.3 0
¢ *Biphenyl 155.5 9.37031 1998.725 70.417
Anthracene 142.6 12.147 4397.6 0

-
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3.4 Methods

As mentioned above; two methods of solubility mgasurement are used. One

is a static method with displacement sampling, while the cther is a flow

method. Each method is described below, again making use of letters and
18

numbers which refer to parts of the apparatus and valves respectively as

labelled on Figure 5.

The solids are pulverized in a mortar and:pestle before: use. Alter-

nating layers of pulverized solid and glass wool are packed into the

“'solute columns (D). Each co&@mQ\jjﬂgains approximately 60 % by volume

of solid.

- |

Once the apparatus is assemgz;;>_it is tﬁoroﬁghly purged of air by
the fluid being used. All valves are then clesed. The desired temper-
ature ié set on*both thé bath and heating tape (I). The desired pres-
sure for the pump tBj'i set. The operating conditions of the chroma-
tograph are selected. The same conditions aré used for all solubility
measurements. Thege éfe:dgxailed in Appendix B.

In the displacemgnt- méEth, the solute columns (D) are at first
charged with supercriticél fluid étmhigh pressure (20 to 25 MPa) through
valve 1. The valve is closed, and approximately-z hours are allowed for

"the system to reach equilibrium. Samples of saturated supercritical
fluid are taken by opening valves 1 and 3 in sequence whilé‘the sampiiﬁg
valve (E) is in the "sample'" position. Pure fluid egtering through

.

valve 1 displaces saturated fluid through valve 3. Valves 1 and 3 are

then closed, and the sampling valve is switched to the "inject" posi- .

tion. A chromatograph run is simultaneously started. Sample peak areas

are measured on the chromatograph, and the saﬁpling valve (E) is
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- 3
returned to the “load" position. The sample line is vented through
¢ . .

_valye 4. It 33 then cleared of any residual solhte.by pure solvéntf

‘admitted through valve 2. Finally the line is vented and all valves are

closed. The system is now ready for another sample. The pressure of
the system can be lowered by repeating the saﬁpling:procedure without
opeping-valve 1. The pump (B) ;; adjusteﬂ to the new pressure. Samples
caﬁ hbe taken immeéiately, since the fluid will still be saturated
(because solubility decreases with pressure at constant.temp;rature).

In the flow method, wvalves 1 and 3 are'open. fhe micrometering
valVe‘(h) is adjﬁsted sc that a steady flowrate of less than 200 mL/min.
ofigés_at ambient conditions is ostgined. The fiowrate is, checked by:a
previously calibrated rotameter (H). Cheoné [32], using similar equip-
ment, found that this flowrate ensured saturation. The sampling valve
(E) is kept in the "load" position. Sample; of the sa;urated supercri-

tical fluid leaving the solute columns (D) are taken by swiﬁching the
) . - \

valve to the "inject" position. A chromatograph run is simultaneously

v - Iy )
-started, and peak areas are measured. The sampling valve, is returned -to

the '"load" .position. New samples can be taken émmedi‘tély. The sam-

_ pling liﬁev is periodically cleared of any accumuldtion of selid by

closing valves 1 and 3 and opening walve 4, thus allowing pure super-

. ‘
critical fluid to flow through.

-

-



Chapter IV
RESULTS AND DISCUSSION
-
The main objective of this research is to establish a method of deter-
mining solubilities in supercritical fluids through the use ofvsuper-
critical fluid chromatography. This section develops such a method from
the experimental results. A calibration equation is .derived, and a
calibration factor is determined for the ‘naphthalene-cafbon dioxide
system. It is shown hfw the method can be easily extended to other
. . . .-

solutes and fluids without remeasuring the calibration factor. The
#

results are correlated-using an equation of state.

=,

4.1 Measuring Peak Areas
In tgis section, the displacement and flow methods of sampling are com-
pared and fhe consistency of peak areas is evaluat;d. The naphthalene-
carbon dioxide system is used for these evaluations. i

The measurements for carbon dioxgde saturated with naphthalene at
308.2 K are shown in Appendix B. Both the flow method and thg q&;i
placement methoh are k:ed; It is apparent that the peak area of
naphthalene varies somehhat f?om sample to sample. The averages of the
results and their 95 % confidepce intervals are given in Figure 6.

Both the displacement and the flow method appear to give essentially

the same peak areas. However, .the flow method gives considerably more

precise peak areas than the displacement method. The confidence inter-

- 34 -
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vals are generally 1 to 3 % of the peak size in the case‘of the -flow
method, while they range from 2 to 5 % of the peak size in the dis;
placement method.

:

There are several sources of uncertaintyrin the peak areas. Fluctu-
ations in th; chromatograph operating condi£ions occur. - The .mobile
phase flowrate is observed to vary by as much as £ 1.5 %. Another
source of uncertainty is-fluctﬁation in the saturator temperature and
pressure. Temperature fluctuations are small (£ 0.2 K) and probably
insignificant. Pressure fluetuations are slight in the flow method (&
0.1 MPa), however sampling during the displacement method is observed to

be accompanied by a momehtary pressure drop of as much as 0.5 MPa. This

accounts for the lower precision of the displacement method.

4.2 Calibration Method

Several methods are used .to measure lcompositions by chromatography.
Most of these involve comparing.the peak areas §f ingividual components
and tﬁe use of a calibration factor. For example, if two components 1

and 2 in a sample produce peak areas of =N and S, réépectively, then

(nllnz) = °1z(51/52) .- (1)

where n, and n, arg the number of moles of components 1 and 2 respec-

tively. The value of the constant c is a function of detector wavel-

“

12

ength. Other chromatographic variables.have negligible effect on Cig»
since they tend.to affect all peak areas in equal proportion. It should

be noted that this relationship applies only if the peak area is pro-
L™ ’
portional to the total quantity of a component. This is the case for
” . .

Ve
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the supercritical fluid chromafograph, which wuses an ultraviolet-
absorbance detector obeying the Beer-Lambert law.

Most supercritical fluid chromatographs use ultravi&)at-absorption

detectors. There is a problem in applying equation 1 when an uitra-

-
*

violet detector is used. Most of the golvents of interest in ‘supercri-
tical fluid extraction have lgw ultraviolet absorbances [38]. ' These
solvents may therefore produce no peak on the chrematograph.

Tests are done to check if the solvents used in this work can
produce beaks on the detector. Samples of pure solvent are injected
from the saturator, and peak areas are measured over the entire detector
wavelength ¢ (190 to 600 nm in 10 nm steps). No carbon dioxide
pea#s can ézﬂ:::;:::}\when nitrous oxide is used as the mobile phase. in
the chromatograph. Small and inconsistenf ethylene .peaks are observed
when carbon dioxide is used as a mobile phase.

These results indicate that equation 1 cannot” be applied to the
measurement of solubilities in this work. Another expres ion; based on
solute peak size and the properties of pure solvent, is derived below.

. The mole fraction of solute (2) in supercritical fluid (1) can-be

L
expressed as

¥y= ny/ (ny+ ny) | (2)

Ay
T

The number of moles of solute n, is proportional to the peak area

from the chromatograph, thus ' a

n, = f_ s ' . (3)
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where f2 is a constant characteristic of the solute. The value of\f2 is
& function of the operating conditions of the chigﬁgtograph, namely
column inlet pressure, column ovéﬁ temperature, mobile phase flowrate
and detector wavelength. ¢

If the mixture is sufficiently dilﬁte, then it will have properties

close to those of the pure supercritical fluid. The number of moles of

mixture can then be approximated by

n, +n, = PV/(2,RT) : (4)

where P, V and T are the pressure, temperature and volume.of the mix-
ture, Zl is the compressibility factor of pure supercritical fluid at
the pressure and temperature of the sample, and R is the gas constant.
Note thaF the volume of the mixture is equal to the volume'of ghe sample

loop and is therefore constant.

Substituting equations 3 and 4 into equation 2 gives,

Yo = €8,2,T/P (5)

where

9 sz/V (6)

0
[}

The calibration facter Cy is a function of chromatograph pressure, oven

temperature, mobile phase flowrate, detector wavelength and sample loop
volume. If these are held constant, then Cqy will be constant.

Equation 5 can be used to calculate solubility from experimental

data. The validity of the equation rests with the assumption that the
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properties of a dilute supercritical mixture can be approximated by the
pure supercritical fluid. To test this Essumption, the molar volume of

pure carbon dioxide is compared to that of carbon dioxide saturated with

~
naphthalene. Figure 7 clearly shows tﬁg;ngzgferences in molar volume

are small. - nixﬂ
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4.3 '"Bgtermination of the Calibration Factor
The calibration facFor ¢, can be obtained for naphthalene b§ comparing
thg peak areas reported in Appendix B to the so}ubility results of other

workers. Cheong [32] has obtained solubility results for the 308.2 K

4
e

isotherm of the carbon dioxide-naphthalene system which agree well with
p

those of other worfkers [22] [33]. He Jsed a flow method with apparagus

very similar to that in the saturator in this work. His results. are

therefore used for the determination ;f the calibration factor.

Average peak arecas obtained using the flow method are shown in
Table 4. Values of mole fraction interpolated from Cheong's data are
also shown. Valués of thd compressibility factor of pure carBon dioxide
are obtained from the IUPAC equatioﬁ of state given in Appendix A,

The best‘valu? of <, is foundlusing the method of least squares.
The expected mole fraction, designated yz, is obtained from Cheong's

data. The calculated mole fraction is obtained from equation 5. Thus

the quantity to be minimized is

LGy, - ¢,5,2,T/P) ' (7)

where the summation is over all the points given on Table 4. The best

value of <, is found to be 0.04641. Note that this value applies only

-

to chromatographic ?Perating conditions as given in Appendix B.



42
Table 4: Data for Calibration Factor Determination.

The system is naphthalene-carbon dioxide at 308.2 K, measured using the
flow method. This tabl? gives the data rmsquired for Equation 7. °

Pressure Peak grea  Expected Compressibility
P 52 X Z1
MPa :
10.07 27957 " 0.0101 0.24151
12.10 39605 0.0128 ©0.27000
" 13.96 46970 0.0144 0.29927
15.41 51572 0.0154 0.32256
17.41 55605 0.0163 0.35482
19.58 60523 0.0171 & 0.38981
.o 21.30 63323 0.0177 0.41762
. 22.89 . 66295 0.0181 0.44284
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4.4  Experimental Results » ' “

In this section the solubility méasurements are presented and are com-

.

pared to those of other workers. The actual measurements are given in

Appendix B. The average peak areas and their 95 % confidence intervals
are reported here. Each result’ represents the average of four to six
measurements, éompressibility factors calcylated from the IUPAC equa-
tions shown in Appendix A are also given hele. 'Méle fractions calcu-
lated from Equation'S are given with 95 % confidance intervals. . These
intervals assume that all of the uncertainty deriveg'from peak aréa

measurement, . and that tha\uncertainties from other sources are insig-

nificant.

44,1 Naphthalene-Carbo; Diogide
The calibration factor for naphthalene has been obtaiﬁ%¢ above. In
order to test the method of solubility measurement, results for the
naphthalene;carbon dioxide gystem afe ;presented and are compared to
those obtained by other workers.

The results for the 308.2 K isotherm are sho;n in Table 5 and are
compared to those of other workers in Figure §. All points are within a

95 % confidence interval of the results of McHugh [33] and Cheong [32].

There is some deviation from the results of Tsekhanskaya et al. [22] at

Tigh pressures. .

o .
The good agreement with previcus workers noted above is not surpris-

ing, since the calibration factor is obtained by fitting results to
previous data feor the 308.2 K isotherm. A better test of the calibra-
tion test is to compare results for another isotherm. The results for

the 318.2 K isotherm are given in Table 6 and are compared to those of



I ‘
Tsekhanskaya et al. [2] in Figure 9. Agein there is good ‘agreement,

&4

with all points except cne being within & 95 % confidence interval of

previous results.
The naphthalene-carbon dioxide sys%em has' a phase diagram similar to
thet shown in Figure &4(B) [33]. The LCEP .temperature is 307.7 K [Z], ,

and the temperature of the minimum in the SLG line is 331.0 K [33]. The

-

) r oy
results therefore represent solid-supercritical fluid eguilibrivm. -

-

. e/




Table 5: Solubility of Naphthalene in Carben Dioxide at 308.2 K.

The calibration factor is 0.04641.

Pressure  Peak area Compreésibility Mble fraction
MPa :

Flow method

. 10.07 27975 £ 875 0.24151 0.00960 + 0.00030
12.10 39605 584 '0.27000 0.01264  0.00019
13.96 46970 59 0.29927 0.01440 0.00002
15.41 51724 363 0.32256 0.01549 0.00011
17.41 55605 510 0.35482 0.01621 0.00015
19.58 60523 845 0.385981 0.01723 0.00024&
21.30 63323 0.41762 0.01776. 0.00018
22.89 66295 698 0.44284 0.01835 0.00019

Displacement method
11.58 36253 % 1755 0.26221 0.01174 + ©.00057
14.07 47364 577 0.30089 0.01449 0.00030
15.82 50224 1542 0.32927 0.01495 0.00046
17.27 56636 1507 0.35269 0.01654 0.00044
18.62 58648 1376 0.37430 0.01686  0,00040
21.37 " 61400 | 1277 0.41859 0.01720 0.00036
/
1.
\ )
‘\



Table 6: Sclubility of Naphthalene in Carbon Dioxide at 318.2 K.

The calibration factor is 0.04641. .The flow method is used.

Pressure Peak area Compressibility Mole fraction
MPa : .
b
10.27 15898 £ 1422 0.26804 0.00613 £ 0.00055
12.13 31386 - 671 0.30375 - 0.01164 0.00025
13.34 ° 51228 552 0.30026 0.01703  0.00018
14.82 58430 798 0.32203 0.01875 _0.00026
17.03 .68560 546 = . 0.36486 0.02169 0.00017
19.51 79590 735 0.40185 0.02421 ¢.00022 |
21.96 -~ 88520 1002 0.43882 0.02612 0.00030
s
& .
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4.4.2 Anthracene-Carbon Dioxide

. ;o
In order to obtain scolubility measurements for a new system, the cali-

bration factor of the solute must be known. The calibration factor for

other solutes can-be. readily obtained fromrthat for naphthalene, as
explained below.

Equation 3 relates the number of moles of a ﬁomponent and its peaﬁ
area on the chromatograph. 'for two components, the ratio of the numbe;
of moles of each component is related to the ratio of their peak areas

by Equation 1. If the peak areas for both components are measured using

the 'same. chromatographic operating’ conditions, the equations . can be
combined to yi;bi
12 = /5, _ "\ (8

The calibration factor ¢y is related to the constant fi by equatien 6.

If the 'same sample loop volume is used in sampling mixtures of both
components, equations & and 8 can be combined to give

€12 = /% B A

Note that the value of g depends only on the detector wavelength, and

is independent of the actual chromatographic operating conditions. The
calibration factors c:1 and €, must apply to identical chromatographic

operating conditions and sample loop sizes. However; ¢y, can take dif-

.

ferent detegtor wavelengths into account.
In this study, the value of Fio is determined by direct injection of
samples of known composition into the chromatograph. -Details of this

procedure and the actual results are giﬁen in Appendix C. The value of
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1o for anthracene (1) ‘and naphtﬂplene (2) is 0.001182 + 0.000014. The

calibration factor for anthracene as calculdted from Equation 9 is

4.185x10°.

The results for the 308.2 K and 323.2 K isotherms of the anthracene-

-

carbon dioxide system are shown in Table 7 and are compared to téQse of
Johnston et al. [3Q] in Figure 10. The results of this work afe wzéﬁip
a 95 % confidence interval’éf those of Joﬂnston et al. for the 323.2 i
isotherm. lﬁote that the less precise—displacement method is used in'
this case. This is because the flow method could not be used, since the
ocutlet valvgvcould not be heated to the melting point of anthracene.

The phase behaviour of the anthracene-carbon dioxide system has not
been stdd;ed. However, since the mole fracéion of a?thracene is very
" low, .the LCEP is probably'close'to the critical temperatﬁré of carbon
dioxide,‘namely 3p4.2 K. The SLG line probably exists at tEmpe;athes

close to té;_melting point of anthracene, namely 489.5 K. - Therefore the

results obtained above probably represent solid-fluid equilibrium.



Table 7: Solubility of Anthracene. in Carbon Dioxide.

. The calibration factor is 0.00005486.

51

The displacemeﬁt method is used.

Pressure

MPa

Peak area

Compressibility

Mole fraction
x 10000

Temperature = 308.2 K
. 77523 £ 3091

11

.03
12,
14.
16.
18.
21.

10
20
34
62
17

98450
127967
150150
177200
191480

4447
2927
2529
3920
5589

Temperature = 3é3.2 K
37540 + 3995

11.
.82
15.
17.
.65
21.
.B6

13

19

23

96

93
79

79

100510
174880
245125
284525
319375
352175

3259
4876
8325
6115
9107
8141

0
0

o

(oo Rl

[=NeNoBolNolNeNol

.25430

127012
.30314
.33762
.37446
41544

.33562
.33907
.36162
.38622
41233
44332
47368

.302 £.0.012
.372 0.017
462 0.011
.525 0.009
.603 0.013
.635 0.019

S OO0 O0C

0.186 £ 0.020
0.437 0.014
0.704 0.020
0.944 0.032
1.009 0.022
1.152 0.033
1.240 0

.029
*.
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4.4.3  Biphenyl-Carbon Dioxide
The calibration factor for biphenyl can be determined by the same pro-

cedure. used above for anthracene. The i for biphenyl-naphthalene

L]
cannot be directly cbtained, since their peaks are not completely sepa-
rated “on the chromatograph. Instead the €19 for biphenyl (1) and

anthracene (2) is determined. From Appendix C, the value of 1o is
1189 + 1.5. The value of the calibration factor for biphenyl-obtained

from Equation 9 is therefore 0.006084.

The results for biphenyl at 308.2 K are shown in Table 8 and are
{9'

compared to.the results of McHugi'[33] for.the 309.0 K isotherm iﬁ Fig-
ure 11. The results compare well with those of McHugh.

The biphenyl-carbon dioxide system has a phase diagram similar to
that shown in.Figure 4(B) [33]. The LCEP is at 305.2 K [39], and the
miniﬁum in the SLG line is at 321.7 K [33]. The results therefore rep-

‘resent solid-supercritical fluid equilibrium.



Table' 8: Solubility of Biphenyl in Carbon Dioxide at 308rZK. |

The calibration factor is 0.006084. The flow method is used.

Pressure Peak area Compressibility Mecle fractien
MPa :
10.31 238950 + 3508 0.24445 0.01062 + 0.00016
13.10 270975 3858 0.28560 0.01108 0.00016
14,55 288850 4258 ,0.30869 0.01149 0.00017
16.06 323800 6278 0.33304 .0.01259 0.00024
18.51 354160 3835 0.37367 0.01341 0.00015
20.58 391180 74696 0.40593 0.01447 0.00017
22.10 398475 5877 0.43170 0.01460 0.00022
24.41 420400 3948 0.46695 0.01508 0.00014

—

54
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4.4 4 Anthracene-Ethylene

In Equation 5, the effect of the actual solvent used is reflected in the

compressibility factor. The solvent should have no effect on the cali-

bration factor. In order to show this, ethyle is used as a solvent

instead of carbon dioxide;‘_

The results for the anthracene-ethylene system at 308.2 K and 323.2
K are shown in Table 9 and are compared to thoje of Johnston [27] in
Fig;re 12. The results ére withip;; 95 % confiden q\interval of those

cf Johnston for‘the 323.2 K isotherm. Again the less' precise displace-

ment method is used, for the same reason stated for the anthracene-

\

-

carbon dioxide system.
The phase behaviour of this system has not been studied. However,

’ . I N .
_for the same reasons discussed for the anthracene-carljon dioxide system,

"\

these -results probably represent solid-supercritical fluid equilibrium.
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"Table 9: Solubility of Anthracene in Ethylene.

. The calibration factor .is 0.00005486. The dispiacement method is used.

\
4

_ i \
Pressure Peak area Compressibility. Mole fractio
MPa x 10000
. e
' Temperature=308.2 K
11.31 43744 £ 2952 0.39565 0.259 + 0.014
12.89 68800 4615 0.42317 0.382 0.017
14.93 %9184 4128 0.46374 0.521 0.012
16.58 =~ 122767 3685 0.49814 0.624 0.010
18.10 143000 - 4942 0.53032 0.708 0.014
20.72 171080 4408 0.58616 0.818 0.020 .
Temperature=323.2 K T ) i‘\
13.38 - 62200 £ 3475 0.47376 0.390 + 0.022
15.62 150050 6507 0.50673 0.864 0.037
17.79 205183 4758 0.54523 1.115 0.026
19.55 . 241560 3733 0.57845 1.267 0.020
21.41 298180 5903 0.61448 1.517 0.030
22.82 343940 8335 0.64211 /y/-l 716 0.042 \
- . \/
-
W
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4.5 Eorrelation of the Results

~

The correlation of solid-supercritical fluid solubility data is rela- -
tively straightforward. This is because the assumption of pure, ihcom-
pressible solid phése~1eads to a simple thermodynamic expression. The

/’\—" : -
data obtained in’this work\fi? correlated using an equation of state

- /

- .

If a binaersolid-supercritical fluid system is in equilibrium, then

approaéh.

both phases must have equal temperaturé T and pressure P, and chemical
petentials of both compenents must be equal in both”phases. From the

definition of fugacity it follows that at equilibrium, for the solid

(component 2) : (/“»H.

£, = i, , (10)

~
B

where,f2 designates the fugacity, and the superscripts 8 and F refer to
the solid and fluid phases respecta pli;\\L

v

s

L
The fugacity of a component in the fluid phase can be obtained from

the definition of the fugacity coefficient,

F _ F

where ¢§ and y, are the fugacity coefficient and mole fraction respec-
tively of component 2 in the fluid phase. The fugacity. coefficient can
be calculated from a pressure explicit equation of state using the

well-known expressicn

RTEn(¢g) = !;[(ap/an

Z)T,v’n1+RT/v1§p - RTZn(Z) _ (12)

[}

’j\\_fi” ..
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where V and 2 are the volume and compressibility factor of the fluid,
and n; is the number of moles of compcnent i.

An expression for the fugacity of\thé solid is now derived. If the

sclid is pure, then by definition
dp§~= RT dEn(fg) \ ) (13)

where ug is the chemical potential of the solid. Also, the Gibb's fun-

damental relation for a pure solid is

-t
S _ a8 o oS S .
du2 = dG2 = SZdT + vzdP (14)
S S s o . .
where Gz, S2 and v, are the molar Gibb's free energy, entropy ‘and volume

of the solid coabbﬂent 2 respectively. Combining Equations 13 and 14 at

constant temperature gives
S5, _ .8
dzn(fzj = vzdP/(RT) - (15)

Integrating this equation with the assumption of constant molar volume

of the solid gives

fg = fgeXP[Vg(P'PO)/(RT)] . : (162

where the superscrip; o designates a reference state. Let the reference
state be saturated solid. Since the saturation pressure,for a solid is
usually very low, its vapor can be treated as an ideal gas and its
fugacity is thus ecqual to its vapor pressuré. Eqﬁation 16 therefore

becomes

£ = pT efp[vg(P-pgAT)/(RT)] (17)

where PEAT is the vapor pressure of. the solid.
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'Equating the fugacity expressions of Equations 11 and 17 gives the

final expression .,

T, , "
v, = (B3 /P) (1763 exp vy (-BSAT) / (RT) ) S asy

The fugacity. coefficient in the fluid phase is obtained from an equatipn
of state thrbugh Equation 12, as éxblained above. In this study,
Soave's modification of the Redlich-Kwong equation of state [40]. This

equation is
P = RT/(v-b) - a(T)/[v(v+b)] (19)

The constants a(T) and b for a pure component are given by

.

- 2 1.2
a(T) = 0.42747 [(RT)/P_] [14m(1-T_*)]

o
1

0.08664 RT /P
c' ¢

2

1=

0.480 + 1.574. 0 - 0.176 w

where TC and PC are the critical temperature and pressure respectively,
w is the acentric factor and Tr is the reduced temperature. The values

of the constants a and b in a mixture are’ obtained from the pure compo-
P . ) ‘ oo

nent constants using the one parameter random mixing rules, o C&\\\\\-
. rd

a=11IL i yj aij (20)
b=1% Yy bi ‘ (21)
where
3
a,, = [a, a.]1°(1-k..
ij [ J]_ 13)
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The parameter kij represents interactions between the components: It is
often found to be a function of temperature. Substituting the Equations

19, 20 and 21 into Equation 12 gives

o
o

in(gh) = (b,y/b) (3:1) - fn(Z-B)

+ (A/B)[2(y151+y2512)/a;b2/b]zn(1+5/2) @)
vhere
A = a(T)B/(RT)?
B = ?é/(RT)

Equation 18 is fitted to the data in this work. - Each isofherm of
| ; - ' . -
cach ‘system studied is fitted separately. The following objective

~function is used

Ty, - ¥, . (23)

-~

where y; is the vglue of yz'calculatea from Equation 18. The objective

function is minimized by adjusting the value of ki..

The experimental data, aleong with the fitted equations and the fit-
ted values of the parameter are shown in Figure 13, Figure 14, Figure 15
and Figure 16. The fit for the naphthalene-carbon dioxide syétem (Fig-
ure 13) is good at low pressures, but deviates somewhat at higher pres-
sures. The fit for both anthracene-carbon dioxide (Figure 14) and
anthracene-ethylene tFigure 16) is good at all pressﬁres. However, the
fit for biphenyl-carbon dioxide (Figure 15) is clearly inadequate. One

N
reason for this_ is that the Antoine equation coefficients used for

W

N
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biphenyl do not apply to the temperatures. studied [35]. Another reason

63

is that the molecular structure of biphenyl is fundamenfally different
from‘ that of naphthalene or anthracene. Naphthalene and anthracene
consist of fused benzene rings, whereas the benzene rings in biphenyl
are not fused: This indicates that while the correlation works fairly

weIi for fused ring compounds, it may not be generally applicable to

other classes of compounds.
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" Figure 16: Fitted Equation _for the Anthracene-Ethylene Data. The
value of kij is 0.08609 at 308.2 K and 0.06577 at 323.2 K.




Chapter V

CONCLUSIONS ~

In tHis research, supercritical fluid chromatography has been ;pplied to.
the measurement of so}ubilities 6f solids in supercriﬁical fluids.

Equilibrium between the Solid-andlfluid phases is achieved using either

a flow method or a static displacement method. Samples of the saturated

fluid phase are directly sampled and analyzed using a superc;itical

fluid chromatograph.

The flow methed is found to gide more precise results than the dis-
placement Imethod. This is because a large momentary pressure drop
occurs during sampling in the displacement method. ’
Convgntional calisration techniques for the chromatograph cannot Be:

»

abpliea. This is because it uses aﬁ ultraviolet-absorbance detector
which is transparent to most soI;ents commonly studied in supercritical
systems. Tegts confirm that this is Fhe case with the solvents used in
thié, work, Therefore & new calibration equation is developed which
relates the mole fraction of solute to the compressibility faq%or of
pure solvent and the peak area of solute as measured by the chromatc-
graph. -

- A calibration factor for naphthalene is determined by comparing
measurements for the naphthalene-carbon dioxide sy;tem at 308,22 K with-
fesulgs of other researchers. Sclubility results for_sthis system at

-

308.2:K and 318.2 K gompare well with previous work. -
’ -3
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A simple method is developed which allows calibfation factors for
otﬁer solutes to be determined from that f;r naphthalene. Calibration‘
factors for anthracene and biphe;y] are determined and are used t;
obtain solubility results for the anthracene-carbon dioxide system at
308.2 and 323.2 K, the biphenyl-carbon diogide system at 308.2 K and the
anthracehe-ethylene system at 308.2 and 323.2 XK. The résults compare
well with ﬁ;evious work, The calibration fgztor is shown to b; inde-
pendent of the solute used. 5
‘The results afe‘ correlated using the Séave modification of the

Redlich-Kwong, equation of state. One-parameter randem mixing rules are

used. Except for the biphenyl-carbon dioxide system, the results are

’well correlated.

As stated in the introduction, this research’'is undertaken to devel-

op an improved method -of measurement of solubilities in supercritical

fluids. This has been largely accomplished. The use of a supercritical

fluid éhromatograph allows simple and direct composition measurement.
The accuracy is at least as good as in e;isting methaas. CaliBration
factors fQr new soiutes can be easiiy determined from'éhose already
known. Compositi6ns in multiple solute syitems can be measured once the
calibration factors for individual solutes are'knownf. Thé simpliﬁ}ty
and speed of cpmposition.mqasuremént suggests that supercritical fluid
chromatography would be useful for on-line analysis in industrial

supercritical fluid extraction processes.



,//’R\ . Appendix A

EQUATIOMS OF STATE FCR CARBON DIbXIDE AND ETHYLENE

High precision equations'of state have been developed for carbon dioxide
and ethylene by IUPAC [36] [37]. This appendix gives these equations as
well as computer p}ograms for their uyse.

The equation for cdrbon dioxide is

_ P DS S L
Z2=1+1I1 bij(lfTr 1) gpr 1) ‘ (A.1)

where Pr i; the reduced density'and Tr is the reduced temperature. The
critical density and temperature are 0.01063. mol/em  and 304.2 K
respectively. The values of the coefficients bij are given in the com-
puter program listing.

The equation for ethylene is

-1 i-1
7%

Z=11 Bi.T (A.2)

]

with _p in mol/cm3 and T in K. The values of the coefficients Bij are

given in the computer program listing. *
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104
116
12a
136
149
158
166
179
1864
154
209

21D

228
238

268
279
© 22a
299
’&dlam
210
328

338 :
348

256
360
270
2B
590
463
410
426
450
44
450
460

. 47
450

426

5413
516

248,
2%

71

REM #####**###&##*#*#***!**#*#**##**!########!##!#*####K*########*#%*##**

Y

REM % THIS PROGRAM CALCULATES THE COMPRESSIEBILITY.FACTOR OF CRRBON DIOXID
REM ¥ UUSIMG THE AMALYTIC EGUATION OF STATE DEVELOPED BY IUPRC
REM #
REM % REFEREMCE: ' - : -
REM % RMGUS,S., ARMSTROMG, B/ AMD K. M. LEREUCK
REM % "INTERMATICOMAL THERMODYHAMIC TRELES OF THE FLUID STATE, C02"
REM % PERGRAMON PRESS, DXFORD (1976) :
REM #
REM #% DESCRIPTIOM OF WARIABLES:
REM % T: TEMPERATURE IN K \\\5,,
REM # P: PRESSURE IH MPR : , < L4
REM % RO: DEMSITY IM GMOL/ML : -
REM % B(I,JY: PARAMETERS OF THE ERUATION OF “THTE -
Rgm ¥ Z: COMFRESSIBILITY FACTOR
RPM % Z1,22,2%: VALUES OF 2 USED IW THE COMVERGEMCE ROUTIME
REM % F1,F2: YALUES DOF THE CONYERGEHCE FUHCTION
REM *####f#&##¢w*+####Zr######¢+##+++##*#¢#¢##¢w*+###*w*#########$#####w#
EEM ¥ FEARD IM CREFFICIFMTS #
OIM BC9.ED y .
FOR I=8 TO @ -

'FOR J=0 T £

{tRERD EBCI.J) , »

CINERT T .
HEAT )
DATA - 954 437,-.1 rsﬂzq?4E11.wdQ58(721;.3? 45574
DATA = F e?ser,~ A71456126, -, 147156928
IRTA 44rm6910J,.13€eJuFQ1E1 ,SOE9STA45EL, . 154645835E2
DATA . 194443475E2 . B64280497E1, A
DATA -. 172611999, - .1””4581?8E1,— 4F148?6??E1, . Te212192681
DATA . 2E@171345E1, . 49226555261, 8 r
DATA 446”ﬁ4911E—¢:— 1763054 1E1, -, 1114°s7aJEz,- 27821544662
DATA -.2716B5720E2,-. 6421 77872E1.0
DATA . 255421571, 2374 14246E1 ., ,PSOR25141E1, . FFi 333121
DATA —.242663210E1,~, 257944032E1. 0 ’
DATA . S34667233E-1, . 116974E83E1 . ?4““ﬂ¢41m51 1ERC4ETIIER, .:5749554551,9J
DATA =.147260010, ~, 169232871E1, ~. 4F?21993?E1; .312517448E1,9,0.0
DATA . 12671844 1E~1, - .1@m4q235m,— 1E3653R06E1, -, 137AS292R3E1 . 0. A, 0
TATA 2922045 75E~1, . 4415A2812, , BR6741970,0. 0,8, 8 -
DATA -, 1198720%7E~1, -, ~4F9J194 E-1,,464564570E~1,

0,6.0,0

~
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REM % INPUT DESIRED POINT # o

REPERT -
INPUT "TMMTEMPERATURE (K", T
INPUT "PRESSURE (MFRI"P

A REM % IMITIAL GUESS %
Z21=.312=.6
REM # FIMD ARCTUAL £

PRINT "MITERATIOWS: "
PRINT » 2=0;271
z=71:GOSUR 818:F1=21-7 | '
§ REFEAT ' Vé

DPRINT ' Z="; 22

t12=R2G0SUE 210:F2=22~2
1 iZ23=(ZoWF1-21¥F2)/EF1-F2)
1121=72:22=731F1=F2 -

UNTIL RBS(F2)<.PB20BS - |

PRINT "MCD2 COMPRESSIBILITY FRACTOR ="; IMT(Z2¥1ES+.5)/1ES
IHPUT "MITRY RGRIM (Y W™ A$ |

e

UMTIL Ag="H" N

EHTY ‘ \ - N

REM # SUBROUTIME T0 CALCULATE Z FROM ILPAC ERUATION #
RO=P/Z/T/2.314 ~ .

Z= y—

FOR 1= TOL-9

DFOR J58 TO 6 |

Drriz=ZA BT, JO#0304. 2/T-10 TIHCROS 196310 11
LHERT T , :

MEXT 1

Z=1+Z4R0/ . B1063

RETIURM
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186
119
124
126
148
156
164
17a
186
199
289
216
2za
230
248
258
2ee
279
226

73

-

AT R AR PRI T IR PR LRSS RS BESEREE L EEEEEE AL EES RESE A EELEL AL et E R b

REM % THIS PROGRAM CALCULATES THE COMPRESSIBILITY FACTOR OF ETHYLEME
REM % USING THE HIGH-FRESSURE ERURTIOM OF STATE DEYELOPED BY IUPAC

REM % -

REM # REFEREMCE: . _

REM ¥ AMGUS, 5., ARMSTROMG, E. AMD K. M. JEREUCK

REM ¥ "INTERMATIOMAL THERMOLMYHAMIC THBLEQ OF THE FLUID STATE. ETHYLEHE'
REM % PERGAMON PRESS, OXFORD (1972

REM #

REY % DESCRIPTION OF YARIABLES:

REM % T: TEMPERRTURE IN K

REM ¥ P: FRESSURE IM MPA

FEM % RO DEMSITY IH GMOLAML )

REM % BCI,J): PARMMETERS OF THE ERQUATIOM OF STATE

REM % Z: COMPPESSIBILIT? FRACTOR

REM ¥ 2Z1,22,23: “YALUES OF Z-USED IM THE PDHVERPEHPEIPDHTIHE

REM % F1.F2: WRLUFL t TUE Crtey GEHCE FLMCTION

REM ############*#*###*#####*####*####***#*##*#########*#w#*#*#*######+-

298

200
318
324
238
34a
- 359
364
374
~. 358
336
466
410
420
44

REM # RERD IM ECS roEFFIrIEH%f
DIM B(7,3)
FGH 1=0 T0 7 . L , '

‘FOR_J=0 TO 3 : ' /

'READ BC(I, I . s 4

MEAT J L . N
HEXT 1 ,
TATA . 28332659, -, 2492575E-2, . 1 ZR0ER1E-4, -, 1320792E-7
DRTA -.2206079ES . 472808EE1, -, 1476258E-1, . 1672872E~4
DATR ~.111773EE, ~. cc1cpass:,.47?74£151,- E087E72E-2
DATR -.202427E%, . 4964753E6, -, 166835E4, . 1915835E1
DATA . 16G2E23E11, -. 9998289E8, . 32212P7ER, ~. 3269599E3
DATA —.118243E13, . 539673 PElﬁ:—.2’4fEFEJJ._FI?PFBEJ

TATAH 4F15294E14; '°FPﬁBJ8E12,.1B2678°E16,* Q40n232ER
Dﬁlﬁ5:/5646144E1q; LB1ET963E13, . 1483726E11, . 127124 1E2

-, -
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L

"WETHYLENE COMPRESSIPILITY FACTOR = THT (Z2#1ES+. 53/ 1ES

SUBROUTIME TO CALCULATE 2 FROM IUPAC EQUATION #

<]

443
456 REM # IMPUT DESIRED POIMT %
4@ R
473 REPERT
488 INPUT fﬂMEPRESSURE.(MPH)"JP
492 IHPUT "TEMPERATURE (T>";T
1515 I
518 REM % IMITIAL GUESS ¥
S528
530 Z1=.3:122=.6&"
Seg Ie .
556 REM # FIMD Z2 BY REGULA-FALST METHOD # .
S66 ) .
578 PRINT "MITERATIONS:"
Sep PRINT " 2=".Z21
590 Z2=z1:G0OSUE 7I0:F1=21-2
=08 REPEAT : ®
19 PRINT " Z2=";22 -
628 :Z=22:G0SUB 73Q:F2=22-2
£330 1 Z3=(Z2%F1-R1¥F2)/(F1-F2)
G4@ 1 121=22:22=23\Fi=F2 '
£S6-UNTIL ABS(F2,X.008805
EfEA PRIMT
E7R THPUT "WTRY AGAIM (WAHI";Af
558 UHMTIL RAg="H" :
£98 END
vea
710 REM ¥
728 AT
TIA RO=P/2/8.3214/T
748 Z=8
TEAR OFOR I=@ TO 7
7ER D FOR J=8 TO 3
7R i i Z=Z4BCl, I0#TCI-10%ROMCI-1)
TEE L MEXMT J
LT MEXT 1
=EE RETURM

& A

J
L

-



K Appendix B . f

_ RAW DATA

The solubility measurements made in this work are given in this appen-

dix. The data is organized into tables of individual isotherms for each

" supercritical ‘fluid-solute system measured. The data is-in the form q{

peak areas measured on the chromatograph at different system pressures.

. - .
The chrémgfogmaph operating conditions used to obtain the data are

— . . -
s follous: ’ . -
*  Mobile phase flowrate 2.00 mLmin. d ( ¢
. Ezlumn inlet pressure 30.0 MPa. | ) BN
. K'Column gven temperature 323.2‘K.
. Detector wavelength. as, given below. )
. Detector refcrencc.wavelengtﬁ 430 nm.

. Integrator slope sensitivity setting of 1.0.

The detector wavelength is chosen to yield a‘;acceptnble/peak responge

&
for- the substance. ‘ . .
- .

-
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Table 10: Naphthalene-Carbor Dioxide Data at 308.2 X *(1). .
" The detecter wavelength is 330 nm. The fIbu\Tsyhod is used.
Pressure Peak area Pressurei? ~ Peak Area ) : -
MPa MPa
- ) v
10.07 27410 17.41 54820
27680 55480
. 28150 55740
28660 56330
. 55590
12.10 39360 55670
39550
39370 19.58 59860
. 140140 61040
) : 60340
13.‘96 46960 60850 *\\
47020 , .
, 48530 ~21.30 63160 “\\
. 46970 62940 N
'3 63860. AN
° ’ 15.41 51090 63330
51650 ‘ \\
51540 22.89 65720 '
51850 66240 /
51730 66240 /
66760 !
N . .
.
* . L
B i
, (N -
N 9\ 4 <A
& \\\.—.
\v..n-\ -
- L
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Table 11: Naphpitalene-Carhon Diokide Data at 308.2 K (2).

The detector wavelength is 330 nm. The displacement method is used.

Pressure Peak Area Pressure Peak Area

MPa . MPa
7 - : = L "
1.58 36410 ' 17.27 57860
37300 L 58040
34700 : ' 56040
36600 55560 ' o
’ 55680 ce
14.07 47330 ’ o /f\
48490 18.62 58040
46710 : 59420 -
- 46560 . . ' 57770
_47730 59360
' 15.82 .- .50590 21,37 60560
50480 - 61320
48810 61290

/51010 . - 62430 ;7
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Table 12: Naphthalene-Carben Dioxide Daté*at 318.2 X.

The detector wavelength is 330 nm. The flow method is used.

¢
Pressure Peak area Pressure’ Peak Area ‘ .
MPa MPa
] 10.27 16830 : . 17.03 67930
\ . . 14770 68670
15650 - ¢ : 68550
16340 ? 69160
. 684907
12.13 30910 ) :
30830 19.51 79570
31980 ' 79020
31690 _ 79620
31520 80150
13.34 50830 21.96 88110
51570 88910 .
51050 87870
A 51460 . 89190
14.82 57840
‘ 58270
59030 Y
58580
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Table 13: Anthracene-Carbon Dioxide Data -at 308.2 K.

«

The ‘detector wavelength is 300 nm. The displacement methed is used.

’ 1
Pressuré Peak Area " Pressure Peak Area
MPa ) MPa '
11.03 75320 16.34 146300
77490 . 148300
74950 152700
75130 1151600
81460 ‘ 150400
80790 151600
12.10 1000060 18.62 179700
95900 ‘ 173800
101600 177700
96300 . 177600.
¥ 14.20 Q@ 125800 21.17 196800
_ . 130700 189500
. 124700 : 188300
131600 187000
v 126400 _ 195800
~\\-"/’. \ . 128600 -
. o : _
6“' .
Y. 4
. 3



4¥ﬁf/ K Table 14: Anthracene-Carbon Dioxide Data at 323.2 K.

The detector wavelength is 300 nm.

The- displacement method is used.

Pressure

Pressure Peak Area Peak Area
MPa MPa
11.96 36220 17.79 239300
40910 B 250600
3515¢C 248500
37880 ) 241600
13.82 . 102400 19.65 283300
96700 : 2835500
100600 280300
. 103400 285000
v 99450 -
. / 21.79 314400
15.93 178800 . 325800
170400 322600
3 177400 314700
X © . 176900 ~
- . . 170900 23.86 355100
. 350500
357500
346100
. ( )
. J/
\‘] * R

L1



Table«15: Biphenyl-Carbon Dioxide Data at 308.2 K.

The -detector wavelength is 300 nm. The flow method is used.

Pressure Peak area Pressure Peak Area
MPa MPa :
10.31 238600 18.51 354200
240200 - 352000
235333;/// 359200
24 354100
: 351300
13.10 74000
272800 20.58 N 386200
268000 395000
273100 394500
391600
14.55 290300 388600
288600
¢ 285200 22.10 400600
™ 291300 -393200
1 398700
16.06 324200 401400
318600
- . 324200 24.41 425300
: 328200 ’ 4209500
418600
416800
~ 420400
PR
\

81
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Table 16: Anthracene-Ethylene Data at 308.2 K.

The detector wavelength is 300 nm. The displacement method is used.

N
Pressure Peak Area Pressure Peak Area *s\
MPa - MPa”
11.31 . 45450 16.58 119800
40630 ' 125900
46150 127300
.41880 123600
- ) 44610 . . 121800
. : 118200 .
12.89 70420 .- -
65570 18.10 . 145600
67270 b - 141900
‘ - 71940 - o ¥ 139100
T 145400
~14.93 T - 103600 .
: 99010 20.72 s 170600
101300 ) - 168500 .
95920 . C 173400
96090 . : 167100
: . 175800
: —
& T .
Y.
) -
‘ »



The detector wavelength i§;300 nm. . The displacement method is used.

Table 17: 'Anthracene-Ethylene Data at 323.2 K.

Pressure Peak Area Pressure Peak Area
MPa MPa
13.38 63710 19.55 244900
65390, 239600
-59880 . 243000
58700 242900
63320 237400
"1L5.62 150500 7 21.41 293700
. 144300 304300
151500 293700
153900 297500
. ' 301700
17.79 209600 - )
207900 22.82 338600
198700 345100
201300 353700
209400 . 345600
204200 ) 336700
]
5
3 ‘
k)
a .
- ‘3 's,‘[
.\
. ~——

83.



) Appendix C_
DETERMINATION OF CALIBRATION FACTOR RATIOS -~ ¢~ N\

In this Appendix the proportionalit& constant ¢, in Equation .9 P§4’4)
determined for naphthalene and anthracene and for anthracene and biphe;
nyl. As mentioned . in the Discussion, this'is done by direct injectien

into the chromatograph of solutions of known composition.

Hﬁe(égziating_conditions of the chromatograph are as follows:

g

Mobile phase flowrate 1.00 ml/min.

. Column inlet pressure 30.0 MPa. : (’4’
L o - \

. Column ovell température 323.2 K. » \

. Detector wayelength as given below. !

. Detector reference wayelength'&BO nm. e .

. Integrator slope sensitivity setting 1.0. -

.C.1  Anthracene-Naphthalene
i The peak areas for naphthaleng are measured at 330 nm, while those for

anthracene are measured at 300 nm. The value of 12 determined here,

P

must apply tc peak areas measured at these wavelengths in order to be
usable in this work. Therefore the wavelength df”)the detector is

changed between the elution of the naphthalene and anthracene peaks.

. o -

':84‘. - LT T
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. '
The following solutions of anthracene and naphthalene in appyoxi-

matei& 100 mL of acetone are used: . | o
. ‘ Solution 1

—.~ Aﬁthfacene‘ﬁ.13546‘g

- Naphthalene 5.54024 g
ot Solution 2

- Anthr;cene 0.07323 g

- Naphthalene 5.71599 g N

Tab}e 18 shows the peak areas obtained from severdl injections of these

" solutions. The wvalue of g is obtained from a rearranged form ' of .

equation 1 - .

where m is mass iﬁ the solution, MW is molecular weight, and the sub-
séripts 1 and 2 designgte anthracene and naphthalene. respectively. The
calculated values of blz are given in table Table 18. The average valug
of the 1B measurements of g is 0.01182, with a standaFd dgviation of
.000528. This corrésponds to a 95 % confidence interyal,of 0.001182 +

0.000014,.
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Table 18: Value of 4o for Anthracene (l)-Naphthalene‘(g).

naphthalene peak at 1.50 minutes, the detector wavelength is changed to

The detector wavelength is initially 330 nm. Af the elution of the
300 nm. The anthracene peak elutes at 2.12 minutes

Solution Injection " Peak Area

C12
velume :
Naphthalene Anthracene

- : - 10761 ) *1000 -
. 1 10 18460 283800 1.144
o 16090 244600 1.157
18280 277600 1.158

. 17560 272400 1.134
18210 . 273100 1.172

18210 271700 1.179

- 17390 252600 1.211

17000 248500 1.203

17530 259500 1.188

17210 258000 1.173

17500 258900 1.189

2 10 24630 189400 - 1.198

' 22180 180400 1.133 .

22550 175800 , 1.182

23300 174500 5 1.230

22250 . 169900 1.207

1 4039 _ 30740 1.211

2846 -21810 1.202




2

c.2 . Biphenyl<Anthracene . )

.
~ -

The following solutions of anthracene and biphenyl in approximately 100
. ’ . N,

ml. of acetone are prepared: . ) . \\\
o . N\,
. Solution 1 _ t . \\y;)
' - imee ' . ’ - - . .
- Anthracene 0.07100 g : T,
. _ * .
- Biphenyl 13.46760 g .
. Solution 2 T .
. \ . _ . ~ \ s .

- -Anthracene 0.12227 g

- Biphenyl 12.49134 g .

-

The peak areas ?;gslting.from the injection of these solutigns into the
chfomatograph are shoyh in Table 19. The table also shows the values of

19 with ‘siubscripts L and 2 corresponding tb-biphenyl-énd anthracene

respectively. ‘The average of the 8 measurements of 49

is 110.9, with a
i L
standard deviation of 1.75. )This corresponds to a 95 %\~?onfidence -

interval of 110.9 + 1.46. ,

e

’

Table 19: Value of ¢y, for Biphenyl (1)-Anthracene(2).

The detector wavelength is 300 nm. The biphenyl peak elutes at 1.35
*minutes, and the anthracene peak elutes at 2.12 minutes.

Solution Injection Peak Area . c

volume 12
' ’ ’ Biphenyl  Anthracene -
1076 L : g
1 5 120200 65520 114.0
145400 74860 109.9-
. 103100 * 52480 °  116.6
2 5 133100 127200 .112.8
_ 139900 129400 109.2
1 , 52480 48670 109.5 5
56590 52590 109.77 .
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Appendix D

CORRELATION PROGRAM

m#m#mm&m#*#m&m*#m**#mmmm#mm&mmﬂmmémﬂmmmmmmmmmmmmmmmﬁmmmmmmm*m*mmmmmmm

REM
1810 REM % THIS PROGRAM CALCULATES PREDICTED HEAYY COMPONENT MOLE FRACTIONS
1920 REM % AND THE SUM OF SOUARE RESIDUALS FOR MERSUREMENTS OF THE
1838 ggp z SOLUBILITIES OF A SOLID IM A SUPERCRITICAL FLUID.
q %
1856 REM % THE SOAVE-REDLICH-KWOMG EQUATION OF STATE. AND (ONE PARAIMETER
1868 REM % RANDOM MIXING RULES ARE USED. -
1070 REM ¥ : '
1938 REM % NOMENCLATURE: , : —_
1858 REM % SUBSCRIPTS: - o
1199 REM % 1: COMPONENTS, 1=SUPERCRITICAL SOLYENT, 2=50LID. . ’
1110 REM %  J: EXPERIMENTAL POINTS
1120 REM  YRARIABLES: . g :
1138 REM % R’ GRS CONSTAMT. §314 J/K/KGMOL .
1140 REM %ae TCCI): CRITICAL “TEMPERATURE IN K. '
1156 REM # PC{I»: CRITICAL PRESSURE OF IN PA.
1168 REM %  OMCI): RCENTRIC FACTOR.
1170 REM W__#S: MOLAR YOLUME OF THE SOLID IN M8/KGMOL.
1180 REM.# 7 (1,C2,C3: AMTOINE COEFFICIENTS FOR THE 'SOLID, PSAT IN PA, T IN K.
1199 REM %. PSAT: YAFOR PRESSURE OF SOLID IN PA. : )
1200 REM % T(J»: TEMPERATURE IM K.
1215 REM\ W~ F(Jy: PRESSURE IN PR, S
1220 REg# | v(Jy: MERSURED MOLE FRACTION OF SOLID. - * .
1238 R wP(Jy: PREDICTED MOLE FRRCTION OF SOLID.
1243 R Wi ASSUMED MOLE FRACTION OF SOLID. : _
1250 REM #  MCI),AC(IY,ACI),BCIY: PURE COMPONENT PRARAMETERS FOR THE SRK EOS.
1260 REM %  B,B,AA, BB: MIKTURE PARAMETERS FOR THE SRK EOS.
1270 REM % K: JNTERACTION PRRAMETER.
1286 REM % A12: CROSS COEFFICIEMT.
1298 REM ¥  2: COMPRESSIBILITY FACTOR OF THE MIXTURE. . 5
1565 REM % ., PHI: FUGACITY COEFFICIEMT OF THE MIXTURE.
1319 REM %  S5: SUM OF SRURRE RESIDURLS.
1320 REM *.mmmmmmwmmmm*mmmmmw#*m*#mwm#wm#+#wmwvw#wmmmmwmm#wwmmmwwww#mwm»wwwwww
™,

-~ 88 -




1330
1349
13508
13608
1370
13589
1390

. 14008

1410
1420
1436
1440
1459
© 1460
1470
1480
1490
1500
1510
1520
1530
1540
. 1550
1560
1578
1560
1598

1680
1610

1620

1638

89

REM sWwkmsiiwn INPUT PROPERTIES MMM MO
DIM T(30)>,P(32),Y(30>,YP(307

R=8314 : :

FOR I=1 T0D 2 - .
Li7F 1=1 THEN PRINT “7FLUID PROPERTIES:®:ELSE:PRINT “MSOLID PROPERTIES:"
. VINPUT " CRITICAL TEMPERATURE (K>“;TC(ID .

{1INPUT " CRITICRL PRESSURE (MPR>";PCCIYiPCCII=PCCIINIEE 3
(i INPUT " ACENTRIC FACTOR";OMCI)

MEXT 1 *

INFUT "  MOLAR YOLUME (ML/GMOL>";VS:YS=YSM1E~3

PRINT "  AHTOIME COEF. FOR P IN MPR, T IN K

PRINT " WHERE PSAT=1@t(C1-C2/(T~C3)):"

INPUT " C1";Cl '

INPUT V. C2";C2

INPUT " C3";C3

REM W#skkummw# CALCULATE COMPONENT PARAMETERS mwmfgﬁmmmm
FOR I=1 TO 2 ' ,
LiMCT Y=, AB+L, STAROMC D)=, 176ROMC D) 12 AN

ACCT Y=, 4274THRAZHTLCI ) 12/PCCTD '

L B(1)=, BECEARRMTCCI) /PCCD)

NEXT 1 |

REM wsmrdnnin TMPUT DATA Hpsssmmmmok

REPERT :REM LOOP FOR MEW DATA |

PRINT "TIIHPUT DRTA"

INFUT "HOW MANY FOINTS"iH : .
FOR J=1 TO M

: {REPERT : |
Dt TPRIMT "MPOINT "5J

L INPUT " TEMPERRTURE <KD";iTCJD ‘
Lit+INPUT " PRESSURE (MPAX";PCJ):PCIN=P(I)¥IES
UINPUT ® MOLE FRACTION SOLID';Y(J)

164@ i1 INPUT oK (?fN)"Jﬂﬁ

1658
16606
1678
16E9
1699

DHINTIL Fg="r"

NEXT J

REM $smkpssnnt INFLUT K MRRERERRION > .
REPEAT :REM LOOP FOR NEW K . p,
INPUT "TK"5K | ,

e -



1760 KEM waskedkkds MATN ROUTINE seddmmuns

1719 S5=0

1720 PRIMT " T"," P","¥¢","yP"

1730 FDR J=1 TO M:REM LOOP FOR EACH POINT. -

1740 ::YP(J)=Y(J):REM ASSUME Y=Y(J) ' .
1750 REPEHT REM LOOP TO COMVERGE YPCJ) -
1760 :::iY=YPCI)

1779 if:iREM SRty CALCULATE MIXTURE PARAMETERS Sesmpwasm
1788 ::::FOR I=1 TO 2.

1798 @t RCIDEACCIYMCLHMOID R (L—CTCII/TCCII D P S ) 12

1800 ::iNEXT I .

1810 ::::A12=CAC1OKACZID T, Sk (1-K)

1820 i A=CL-Y) T2RACL Y HY TRHAC2) +2HYH (L~ VI¥ALZ

183D, ' ' B=(1-YORB(1 ) +Y¥B(Z) -

1240 TWARA=AKPLI ) /R12/T () 12

1858 ::::BB=B¥F(J)/R/T(J)

1860 @ iREM wwsiokwonkik CALCULRTE 2 e Moy mes

1879 ::::2=,5:REM RESUME Z=.3 °

1pe@ :::!REPEAT:REM LOOP TO CBNVERGE Z

189@ :: i F=Z13-Z212+2%(AA-EB-EB 12 -AA%LE

1966 i DF=3%Z212-2%2+ (AA-EB~BB12)

1910 i1 Z=Z-F/DF

1928 ::::UNTIL RBS(FJ)<SE-& N
1930 iREM ®ewdkspens CRLCULATE 'YFP Skiobioksss

1948 ::::P1=-L00(Z-BB)4+B(2)/BM(Z- 1)

1958 :::P2=~FAA/BERC2¥CMAC2Y+C(1-YI%A12) /A~ sz\/B)mLOG(1+BB/Z)
1968 ! PHI=EXP(P1+P2)

19?9'11f:P”HT=IBT(CI-CZ/fT(JJ—P;))

1988 D IYROI)=FSAT/P(J) PHI#ERP(WS/RAT(IIHIP(J)- PuﬂT))

1990 UHTIL ABS(Y=YP(J ¥ /YP(J)<{. 00005

2000 ::88=58+((Y(J)~-YPL{I 1) YPCID )12

_2818 'PRINT (I, PfJ)/ £, "INNEI" ;Y (T), "INEE" ; INTCIEP#YPCI I+, 50 /1EY
2e28 HEXT J

2838 PRIMT "SUM OF CDUHPEU— g=f
2040 INPUT "HARD COPY (Y/N)" ;A%
2658 IF A$="Y" THEM HRDCPY

2660 INPUT "EMEW KIJ (¥ MH)"iA$
2070 UNTIL RA$="H"

26880 IMPUT "EMEW DATA (?/H)";Ri
Y 28598 UNTIL R$="HN"
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