Vapor-Liquid Equilibria from Perturbation

Gas Chromatography

Part Il: Application to the Polybutadiene/Benzene/

Cyclohexane Ternary System

This work brings together recent gas chromatography experiments
and theory involving multiple sorbing species at finite concentration,
and theories for multicomponent polymer solutions by means of the
parameter estimation procedure of Part I. Results quantitatively de-
scribe the wide variation in peak retention times that are caused by
phase equilibrium and chromatographic interference, the best solution
models doing so to within or near experimental error. The chromato-
graphic method is capable of detecting differences and peculiarities in
the various polymer solution models in both the accuracy of the calcu-
lated retention times and the sensitivities of the calculations to the
model parameters. Perturbation chromatography offers some unique
capabilities for multicomponent vapor-liquid equilibrium determina-
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tions.

Introduction

The technique of perturbation chromatography (alternatively
called elution on a plateau, step-and-pulse, or inverse chroma-
tography) as practiced in a variety of applications for deter-
mining the equilibrium sorption of a species at either infinite
dilution or finite concentration, is quite straightforward (Eq. 2
of Part I, Ruff et al., 1986). The elution time gives the concen-
tration derivative of the sorption isotherm at the steady state
concentration. At infinite dilution this gives Henry’s constant
directly, while at finite concentrations the sorption isotherm can
be calculated from a number of determinations over a range of
concentration.

However, the situation for multiple sorbing species at finite
concentration is considerably more involved (Glover and Lau,
1983). The complications, and a methodology for implementing
the theory to extract multiple sorption equilibria are discussed in
Part I.

Experimentally, perturbation chromatography has an advan-
tage over standard static methods for multicomponent systems
in that it does not require separate analyses to determine constit-
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uent concentrations, and experimental accuracy is maintained
at infinite dilution. All equilibrium information is contained
within the column response times, but a more complicated data
reduction procedure results. A number of measurements and
empirical or theoretical equilibrium models for each species are
required before any equilibria can be determined.

This research presents the first detailed application of the the-
ory of Valentin and Guiochon (1976) and Glover and Lau
(1983) to a ternary system with chromatographic interference.
Additionally, it adds to the limited multicomponent polymer
solution data in the literature and compares theoretical polymer
solution models in their ability to describe the ternary vapor-
liquid equilibrium, as manifested in chromatographic retention
times.

Specifically, vapor-liquid equilibria have been determined for
the benzene-polybutadiene-cyclohexane ternary system. Equi-
librium isotherms for the polymer solutions were calculated
using multicomponent forms of the Flory-Huggins, Flory equa-
tion-of-state, and Sanchez-Lacombe solution theories, each op-
timized by selecting the three binary interaction parameters at
each temperature that best fit the 30 different experimental
retention times. The dependence of the retention times on com-
position in the multicomponent environment is explained very
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well by the combined chromatographic and polymer solution
theories. Some differences between models are observed, and
they suggest that chromatographic data are quite sensitive to
model differences.

The experimental demonstration of perturbation gas chroma-
tography for determining multicomponent vapor-liquid equilib-
ria opens a new technique for engineering practice, although
care in experimental design must be exercised to obtain reason-
able certainty in estimates of parameters that represent interac-
tions between minor components.

Polymer solutions are natural candidates for gas chromatog-
raphy studies. Polymers generally are sufficiently nonvolatile to
be used as the primary stationary phase component, and solvents
will be sorbing species in the gas phase. Considerable experi-
mental work has been done previously on polymer systems using
perturbation gas chromatography for both infinite dilution and
finite concentration of solvent.

Since the pioneer work of Smidsrod and Guillet (1969) on
polymer systems, many researchers have used the technique of
perturbation gas chromatography to determine the equilibrium
of an infinitely dilute solvent with a polymer. Patterson et al.
(1971) introduced the infinite-dilution weight-fraction activity
coefficient to describe the thermodynamic properties of poly-
mer-solvent systems. This concept circumvented the need to
know accurately the polymer molecular weight and defined an
activity coefficient that remained bounded as polymer molecu-
lar weight became unbounded. Newman and Prausnitz (1973)
considered the experimental effects of gas flow rate, solvent
sample size, and the influences of the solid support on the reten-
tion time of an infinitely dilute solvent. Chang and Bonner
(1975a) discussed the effect of polymer degradation. Tait and
Abushihada (1977) used experimental determinations to discuss
the advantages of infinite-dilution gas chromatography over
static vapor pressure measurements.

The extension of perturbation gas chromatography to finite
solvent concentrations first was proposed by Guillet (1970).
Brockmeier et al. (1972a,b; 1973) extended the experimental
method to determine the thermodynamic properties for various
binary solvent-polymer systems over a range of solvent concen-
trations. Data for other binary systems have been reported by
Chang and Bonner (1975b) and Lau et al. (1982). Bonner and
Brockmeier (1977), and Dincer et al. (1979) have applied per-
turbation chromatography to the study of ternary solvent-poly-
mer-solvent systems. Bonner and Brockmeier reported data for
the case in which one of the solvents was at infinite dilution.
Dincer et al., working with the title system, presented finite con-
centration data that were correlated by using data from the
respective binary pair systems. The chromatographic theory and
the data reduction technique used in those publications, how-
ever, differ substantially from that presented in this work. Most
notably, interference between species is neglected in the chro-
matographic relationships and the interaction parameters for
the isotherm model are evaluated via single point determina-
tions from the binary pair systems. Dondi et al. (1977a,b)
describe a data reduction method for the theory of Valentin and
Guiochon that is a parameter estimation procedure, and then
compare eight different isotherm models in their ability to
describe the experimental data. Their study, however, was for a
binary system (benzene sorption on graphitized carbon black)
and hence did not test the interference aspect of multicompon-
ent chromatography. Comprehensive reviews by Guillet (1973),
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Bonner (1975), Gray (1977), and Conder and Young (1979)
summarized more experimental work on gas chromatographic
determinations of properties of polymers.

Solution Models

The chromatographic data of Lau (1980) are reduced to equi-
librium sorption isotherms by estimating the fit parameters for
an appropriate solution model. Polymer solution theories pro-
vide physically realistic models that describe the highly non-
linear isotherm behavior with a small number of adjustable-fit
parameters, one to account for each binary pair interaction. In
addition, some of these theories can be used to generate phase
equilibrium data at solution compositions not studied cxperi-
mentally, and to predict other thermodynamic behavior such as
mixture miscibility limits; i.e., binodals, spinodals, and critical
solution temperatures. The classical lattice theory of Flory
(1942, 1953) and Huggins (1942); the equation-of-state theory
of Flory (1965) and its simplification by Bonner and Prausnitz
(1973), and Bonner and Brockmeier (1977); and the lattice fluid
theory of Sanchez and Lacombe (1978) are compared as suit-
able isotherm models. Multicomponent forms of the model
equations, mixture rules, and equations of state are summarized
in Tables | and 2.

The Flory-Huggins theory was chosen because it represents
the first qualitatively correct attempt to model polymer solution
thermodynamics, and for its simplicity. This classical theory
performs remarkably well despite its simplifications and is still
widely applied today. Both volume fraction and segment frac-
tion forms were used.

Three equation-of-state theories were used. The Flory (1965)
theory, developed from the work of Prigogine (1957), represents
the first serious improvement to the description of polymer solu-
tion thermodynamics through theoretical considerations; it has
been applied extensively in the literature. Bonner and Prausnitz
worked with a simplified Flory theory that avoided the use of
segment-surface ratios and site fractions. Bonner and Brock-
meier (1977) extended the theory to ternary systems. Finally,
the recent theory of Sanchez and Lacombe (1978) was chosen
for its enriched predictive capabilities based on a generalization
of the original Flory-Huggins model.

Data
Chromatographic data

The chromatographic data used for isotherm calculations
were those reported by Lau (1980). These data were obtained
for the benzene-polybutadiene (PBD)-cyclohexane system at
333,355, and 373 K. A complete description of the experimental
apparatus, materials, and procedure used to obtain these data
was published by Lau et al. (1982). The data of 355 K are pre-
sented in Table 3. Two of the experimental net retention times in
this table differ from those reported by Lau (1980) as the result
of a careful review of the original chromatograms.

For each temperature there are fifteen steady state composi-
tions at which response times were determined. The first compo-
sition is infinite dilution in both solvents. The next eight are two
sets of four compositions, each of which is infinite dilution in one
of the solvents with the other maintained at various finite con-
centrations. The last six compositions have both solvents at
finite concentrations.

At each composition the two retention times depend upon spe-
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Table 1. Polymer Solution Model Equations

Model

Solution Activity (a;)
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Summations are from 1 to z unless otherwxse indicated.

cies interactions in solution and hence on solution theory binary
interaction parameters. For the first composition, both solvents,
being at infinite dilution, interact with only the polymer. Conse-
quently, both retention times depend upon only one binary inter-
action parameter, the appropriate polymer-solvent parameter.

For the next eight compositions, one of the solvents (the one that .

is at finite concentration) interacts only with the polymer, pro-
ducing a retention time that depends upon only that one binary
interaction parameter. The other solvent (the one at infinite
dilution), however, interacts with both the polymer and the
other solvent and consequently its retention time depends upon
both polymer-solvent parameters and the solvent-solvent binary

Table 2, Mixture Rules and Equations of State for Polymer Solution Models

Equation-of-State

Mode! Mixture Rules
Flory-Huggins
(VOL, SEG) None
n-1 n
Flory p* = Z V. pk — ¥, X,;6;
i i=1 j=i41
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Table 3. Experimental Data at 355 K

Vapor-Phase Net Retention

Mole Fraction Vapor Time, s Avg. Col.

Data - Flow Rate ——————— Pressure
Point Benzene Cyclohex umol/s Peak A Peak B kPa
1 0.0000 0.0000 4.65 173(B)* 145(C)* 102.3
2 0.0959 0.0000 4.96 164(B) 148 101.7
3 0.2000 0.0000 496 163(B) 152 101.8
4 02959 0.0000 4.96 167(B) 159 101.9
5 0.4000 0.0000 5.54 156(B) 164 101.1
6 0.0000 0.0790 4.96 162 139(C) 101.7
7 0.0000 0.1646 4.96 167 144(C) 102.0
8 0.0000 0.2436 4.96 177 149(C) 101.2
9 0.0000 0.3680 4.96 190 150(C) 101.4
10 0.0959 0.0790 496 145 168 101.5
11 0.0959 0.1646 4.96 144 179 101.4
12 0.0959 0.2436 4.96 153 195 101.6
13 0.2000 0.0790 4.96 152 185 102.2
14 0.2000 0.1646 4.96 151 196 101.8
15 02959 0.0790 4,96 156 186 101.6

*(B) Benzene peak; (C) Cyclohexane peak.
Mass of PBD in column = 0.2283 g.

parameter. For the last six compositions, both retention times
depend upon all three interaction parameters. Retention times
that depend upon only one of the polymer-solvent binary inter-
action parameters and not the other and not upon solvent-sol-
vent interactions are indicated with the appropriate solvent, B
(benzene) or C (cyclohexane) in the tables.

At each of the fifteen compositions, peaks with the retention
times shown may be produced by a variety of composition per-
turbations, and the observed effluent peak compositions vary
accordingly. The characteristic times, however, are always the
same. Figure 1 shows column responses to perturbations with

Detector Response

Time
Figure 1a. Column response to perturbation using a he-
lium carrier gas, 355 K.
A. Air
B. Benzene

C. Cyclohexane
n-H. n-Hexane
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three different species for compositions 1 and 8 at 355 K (Table
3). With all species at infinite dilution, each perturbation with a
pure component produces a single response peak at a time that is
characteristic of its own equilibrium with the polymer, Figure
1a. With cyclohexane at finite concentration, Figure 1b, a per-
turbation with cyclohexane again produces a single positive
peak. A perturbation with either n-hexane or benzene, however,
produces peaks for each of these components and also a second
peak at the cyclohexane characteristic time. These secondary
responses are the result of induced cyclohexane perturbations
created by injecting another species at constant pressure into the
finite-concentration cyclohexane carrier stream. At composi-
tions 10 through 15, injecting either benzene or cyclohexane
produces an induced peak and injecting n-hexane produces two
induced peaks. These experimental observations are in complete
accord with the multicomponent chromatographic theory.

Also in agreement with the theory is an initial shortening of
the retention time-molar flow rate product (proportional to the
retention volume) followed by a lengthening as concentration is
increased from infinite dilution for a binary system. For sorption
of a single species from a binary vapor phase this product, and
hence the retention volume, is proportional to the product of the
isotherm composition derivative and the mole fraction of the
nonsorbing vapor-phase species. This mole fraction factor has
been termed the sorption effect. Consequently, for polymer-sol-
vent systems where the solvent sorption increases essentially
exponentially with increasing concentration, the isotherm and
vapor phase concentration work in opposite directions to effect
changes in the retention time. As the vapor phase concentration
of the sorbing species increases, the concentration of the non-
sorbing species decreases (linearly) whereas the isotherm deriv-
ative increases essentially exponentially. As the concentration
builds from infinite dilution in a series of experiments, then, the
retention volume at first decreases but ultimately increases as

PBD/C
355K

Detector Response

;Tirhe

Figure 1b. Column response to perturbation using a he-
lium-cyclohexane mixture carrier gas, 355 K.

A. Air

B. Benzene

C. Cyclohexane
n-H. n-Hexane
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the isotherm derivative dominates the behavior. This phenome-
non is suggested by the experimental data in Table 3 and is more
obvious when the data at all three temperatures are reviewed.

Physical properties of the pure components

The Rackett equation (Smith and Van Ness, 1975), a gener-
alized correlation requiring only critical constants, was used to
estimate solvent densities at the three temperatures. Solvent
vapor pressures were estimated using the Antoine equation. The
experimentally reported density of 0.94 g/mL at 298 K for poly-
butadiene (PBD) was used for all models at all temperatures.
The solvent critical properties, Antoine constants, and acentric
factors were taken from Reid et al. (1977).

Characteristic parameters

Three characteristic equation-of-state parameters are re-
quired for each pure component for the Flory, simplified Flory,
and lattice fluid models: characteristic specific volume, pres-
sure, and temperature. These parameters are identical for the
Flory and simplified Flory models since both obey the same
equation of state. The Flory-Huggins segment fraction model
requires only values of the characteristic specific volume. In
accordance with literature, the characteristic volumes used for
this lattice model were from the Flory equation-of-state theory.

The characteristic parameters of the solvents were obtained
from Bonner and Prausnitz (1973) for the Flory model and from
Sanchez and Lacombe (1976) for the lattice fluid model. The
characteristic parameters of PBD were estimated from the data
of Barlow (1978) using the procedure outlined by Bonner and
Prausnitz (1973). This computational procedure need only be
modified to reflect the Flory or lattice fluid equation of state.
The resulting characteristic parameters are assumed to be inde-
pendent of temperature and pressure over the range for which
they are evaluated. Note, however, that their procedure cannot
be applied to a low molecular weight solvent for the lattice fluid
model because a corresponding-states principle is not satisfied.

Table 5. Segment-Surface Ratios for Flory Theory

Method S/ SerD Se/Serp sg/sct
Geometric considerations* 0.99 0.93 1.06
Group contribution format** 0.96 0.96 1.01
Gas chromatography*** 0.96 0.94 1.02

Ts8/5c = (S8/Spep)/(Sc/5emp)

*Delmas and De Saint-Romain (1974)
**Bondi (1968)

***This work

degree of freedom was eliminated in the simplified Flory theory
by Bonner and Prausnitz (1973), where equal contact areas for
all segments in the mixture were assumed.

Therefore, the segment-surface ratios for the Flory model
represent additional parameters that must be estimated. These
ratios can be estimated from crystallographic or other geometric
considerations (Eichinger and Flory, 1968; Pouchly and Patter-
son, 1976), or via the group contribution format of Bondi
(1968). A third possible method considered here is from gas
chromatographic data as an additional adjustable-fit parame-
ter. The results are given in Table 5.

Results and Discussion

The data reduction methodology presented in Part I was used
to obtain estimates of the binary interaction parameters. We
assumed that the standard deviation of the error in determining
the retention time was approximately proportional to the reten-
tion time and hence each residual was weighted by dividing by
the experimental time.

The parameter values for each of the solution models and
each temperature are given in Table 6. Confidence intervals for

Table 6. Estimated Interaction Parameters for Models

The characteristic equation-of-state parameters are compiled in N;?Sid Interaction Parameters*
Table 4. Temp. B-PBD C-PBD B-C
Segment-surface ratios Flory-Huggins

‘ . ) (VOL)

Both tl.le .FI(')ry 'a.nd lattice fluid models allow for mo.lecul.ar 333K 0.23(+0.05) 024 (+0.05) 0.29 (£0.06)
contact dissimilarities between components. The latter implic- 355K 0.18 (+0.03)  0.15(+0.02) 0.41 (+0.08)
itly accounts for surface area effects through the mixing rules 373K 0.13(x0.04) 0.10(20.04) 0.49 (+0.16)
(Sanchez and Lacombe, 1978), while the Flory theory intro- Flory-Huggins
duces the correction explicitly through the segment-surface (SEG)
ratios s;/s; (Flory, 1965). Note that this extra computational 333K 0.46 (0.06)  0.46 (+0.01)  0.30 (+0.05)

355K 0.47(+£0.02) 0.43(£0.02) 0.48(=0.10)
L 373K 0.46 (+0.03)  0.42 (x0.04) 0.61 (+0.20)
Table 4. Pure-Component Characteristic Parameters
Flory EOS
333K 22.7(+0.4) 18.6 (+0.5) 16 (£3)
Model oh pr T 355K 25.6(+0.9)  19.3(=0.7) 28 (+6)
and Component em’/g Ml/m K 373K 270(x1.8)  202(=x2.1) 40 (=13)

Flory EOS and Simplified Flory Simplified Flory

Benzene* 0.890 576 4780 333K 621.0 (+0.2) 591.0 (+0.3) 537(=+1)
Cyclohexane* 1.02 513 5060 355K 619.7(+0.5)  590.9 (x0.4)  530(=:3)
Polybutadiene** 1.051 689 5170 373K 618.9(20.9)  590.6(+1.0) 526 (x6)

Sanchez-Lacombe Lattice Fluid Sanchez-Lacombe

Benzenet 1.006 444 523 333K 8.6 (1.5) 59(+1.0) 12(22)
Cyclohexanet 1.109 383 497 355K 7.8(+1.2) 4.1(204) 18 (=4)
Polybutadiene** 0.964 441 598 373K 7.1(21.6) 3.2(£1.9) 24 (£8)

*Bonner and Prausnitz (1973)
**Estimated from PVT data of Barlow (1978)
tSanchez and Lacombe (1976)

1958
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*Parameters in MJ/m’ except for FHVOL and FHSEG, which are dimension-
less.

Numbers in parentheses are 90% confidence intervals.
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the estimated parameters, also shown in Table 6, were calcu-
lated by using an approximating linear expansion for each iso-
therm mode!l (Draper and Smith, 1981, Ch. 10).

Calculated weight fraction isotherms for the two binary poly-
mer-solvent systems are as previously reported (Lau et al.,
1982). Weight fraction activity coefficients for benzene in the
ternary system at 355 K are given in Figure 2, where curves are
shown for values of the partial pressures of the solvents fixed at
the actual experimental conditions. Results at the other temper-
atures and for cyclohexane appear in Ruff (1984). Adding

either solvent to the solution enhances the sorption of the other,
resulting in a reduced activity coefficient.

While the thermodynamic equilibrium results themselves are
of value, our primary interest in this work was the demonstra-
tion of the chromatographic technique to evaluate ternary sorp-
tion, and comparisons of several solution models available for
multicomponent polymer systems. Further discussion of the
results focuses on these objectives.

Retention times

For the five model versions considered (two Flory-Huggins,
two Flory equation-of-state, and one Sanchez-Lacombe lattice
fluid), the agreement of the calculated net retention time with
the experimental time (as a fraction of the experimental time)
for each experimental condition at 355 K is shown in Table 7.
Similar results were obtained at 333 and 373 K. As discussed
above, data points 1-9 in this table represent compositions that
maintain one solvent at infinite dilution and the other at various
finite concentrations. From these compositions, two sets of net
retention times, associated with the asterisked residuals in Table
7 and indicated by (B) or (C) in Table 3 were used to estimate
the two solvent-polymer interaction parameters. These parame-
ters were assumed to be independent of composition, an unnec-
essary constraint as far as the parameter estimation procedure is
concerned, but one that worked very well for this system. The
second response peak at each of these nine compositions arises
from perturbing with the solvent that is maintained at infinite
dilution. These times, in combination with data points 10-15—
which are results for both solvents at finite concentration—
involve solvent-solvent binary interactions and were used to esti-
mate the solvent-solvent interaction parameter (also assumed
independent of composition). An average residual value, re-
ported as the root mean square for each binary parameter, is
listed at the bottom of the table.

Table 7. Retention Time Residuals for Models, 355 K

Weighted Residualst

Data Exp. Net Ret.
Point Time Flory-Huggins Flory-Huggins
No. s (VOL) (SEG) Flory EOS Simplified Flory Sanchez-Lacombe
1 173* 145* -0.05* -0.0i1* -0.03* 0.01* —0.02* 0.01* -0.03* 0.01* —0.04* 0.00*
2 164* 148 -0.03* -0.04 -0.02* -0.03 —0.02* -0.02 -0.02* -0.03 -0.03* -0.03
3 163* 152 0.01* -0.00 0.01* 0.01 0.01* 0.01 0.01* 0.01 0.01* 0.01
4 167* 159 0.03* 0.03 0.02 0.03 0.02* 0.04 0.02* 0.03 0.03* 0.03
5 156* 164 0.03* -0.04 -0.00* -0.04 -0.00* -0.04 -0.00* -0.04 0.02* -0.04
6 162 139* -0.01 -0.01* 0.01 0.00* 0.01 0.01* 0.01 0.00* -0.01 0.00*
7 167 144* 0.01 -0.01* 0.02 -0.01* 0.03 -0.01* 0.02 -0.01* 0.01 -0.01*
8 177 149* -0.01 -0.02* 0.00 -0.03* 0.00 -0.03* 0.00 —0.03* —~0.01 —0.03*
9 190 150* 0.01 0.04* 0.02 0.02* 0.02 0.01* 0.01 0.02* 0.01 0.03*
10 145 168 -0.01 -0.00 —0.00 0.01 0.00 0.01 -0.00 0.01 0.00 0.00
11 144 179 0.02 -0.01 0.02 -0.00 0.02 -0.00 0.02 -0.00 0.02 —0.01
12 153 195 —0.01 -0.03 —-0.02 -0.02 -0.03 -0.02 -0.02 -0.02 -0.02 -0.03
13 152 185 0.00 -0.03 -0.00 -0.02 —0.00 -0.02 -0.00 -0.02 0.00 -0.02
14 151 196 0.02 —-0.02 0.01 -0.02 0.01 -0.02 0.01 -0.02 0.01 -0.01
15 156 186 -0.01 0.03 -0.00 0.03 —0.00 0.03 -0.00 0.03 0.01 0.03
Root Mean Square of Weighted Residuals for Each Interaction Pair.
Benzene-polybutadiene 0.0324 0.0180 0.0173 0.0192 0.0275
Cyclohexane-polybutadiene 0.0223 0.0159 0.0159 0.0159 0.0171
Benzene-cyclohexane 0.0207 0.0196 0.0197 0.0199 0.0192

tWeighted residual = (foe — fexp)/Texp
*Residuals for binary compositions, not used for ternary optimization
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Considering the wide range of experimental retention times
and the variation of composition, all five of the solution theories
did quite weli at reproducing the experimental retention times at
all three temperatures. The worst multiple correlation coeffi-
cient was 0.98 for each parameter of the Fiory-Huggins volume
fraction model at the lowest temperature. The agreement for all
but this volume fraction model and the lattice fluid model is
especially good, generally producing agreement with retention
times that approaches the experimental error of about 3%. One
retention time at 333 K is not described well by any model, hav-
ing a residual of about 10%. Most likely this point is not reliable,
considering the uniformly good agreement otherwise. The excel-
lent agreement between experiment and theory provides strong
support first for the correctness of the multicomponent pertur-
bation chromatographic theory and its experimental implemen-
tation, and second, for the applicability of the solution models
for ternary VLE calculations, at least for this system.

Isotherms

Even though the models all do quite well in an absolute sense,
there are some readily discernible differences between them.
Most notably, the Flory-Huggins volume fraction model and the
Sanchez-Lacombe model do a poorer job of reproducing the
experimental retention times, as noted above. These differences
are somewhat less noticeable when the isotherms rather than the
retention times are compared, either as dry-basis (moles of
sorbed solvent per mass of dry polymer) or weight fraction val-
ues. Calculations show that the sensitivity of these values to the
model parameters is somewhat less than the sensitivity of the
retention times, apparently due to the fact that the times are
related to the isotherm derivatives rather than to the isotherms
directly. This suggests that the chromatographic technique
offers some inherent advantages for model discrimination and
accurate parameter estimation over static methods, even for
binary measurements at finite concentrations, other factors be-
ing equal.

Observations on the parameters

The confidence intervals for the parameters shown in Table 6
in general depend upon both the quality of the fit and the sensi-
tivity of the model to the parameter. The effects of these two
factors are not equal for the two kinds of parameters, however.
The polymer-solvent parameter estimates are determined with
reasonable certainty and show some fairly mild deterioration
with increasing temperature. In this case, the sensitivity of the
model to the parameters, even at infinite dilution in solvent, is
quite good since the concentration of one of the species, the poly-
mer, is high. Furthermore, deterioration with temperature is
primarily the result of somewhat poorer fits rather than decreas-
ing sensitivity. The solvent-solvent parameter, however, gener-
ally is determined with somewhat less certainty than the poly-
mer-solvent parameters and exhibits a much more significant
deterioration with temperature. In this case, both effects are pri-
marily the result of the extremely low sensitivity of the models to
this parameter when the concentrations of both solvent species
are low. Solvent-solvent parameter confidence intervals can be
improved by using higher solvent partial pressures.

These parameter confidence intervals serve as additional cri-
teria for comparing the various models for VLE calculations,
apart from the criterion of residual comparisons. For example,

1960
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comparing the Flory EOS mode! with the simplified version,
which is simply a different form of the same equation with all
segment-surface ratios equal to unity, we see that the parameter
for the latter case must be known much more precisely (as a per-
cent of the value of the parameter) than for the former. This we
consider to be a disadvantage of this model and we would choose
to simplify the Flory equation, if that is desirable, by setting the
segment-surface ratios to unity without changing the form of the
equation. The lattice fluid model of Sanchez and Lacombe,
although not as good at modeling the data compared to the Flory
model, has a somewhat larger range of the parameter (as a per-
centage). That is, there is more room for error in choosing the
Sanchez-Lacombe parameter. This we view as an advantage.
The Flory-Huggins segment fraction model is clearly superior to
the volume fraction model in its ability to model the retention
times with no significant effects on the parameter sensitivity.

The sensitivity of a model to the parameters is determined by
the extent to which the model is truly predictive. The larger the
fraction of the activity coefficient that is calculated by the terms
not directly dependent upon the parameters, the less sensitive
the model is to the parameters. For instance, both the Flory-
Huggins segment fraction model and the Flory EOS model cal-
culate the same segment fractions and hence the same combina-
torial contribution to the activity. However, the Flory model
calculates some of the noncombinatorial part of the activity
from the pure-component properties, which are known, and
from the mixture average properties, which are not strongly
dependent upon the parameters. Hence, the contributions of the
parameters are smaller and the sensitivity of the model to the
parameters is smaller. The Sanchez-Lacombe model accounts
for an even larger fraction of the activity coefficient with combi-
natorial contributions.

Temperature trends in the parameters are noted in the values
of the optimum parameters, but they must be considered in light
of the parameter ranges discussed above. The mild trends in the
polymer-solvent parameters seen in some cases may be real, as
well as those in the solvent-solvent parameters. However, the
solvent-solvent parameter trend obtained from this work is actu-
ally opposite that determined from independent benzene-cyclo-
hexane VLE data, Table 8, although the actual values are not
unreasonable, especially at the lower temperature considering
the insensitivities of the gas chromatography estimates. The val-
ues of the benzene-cyclohexane parameter determined from the
binary VLE could be used a priori to obtain very reasonable
estimates of the ternary VLE. More precise experiments are

Table 8. Estimated Benzene-Cyclohexane Interaction
Parameters from Binary Solvent VLE Data

Temperature, K

Modelt 333 343%* 355
F-H(VOL) 0.377 0.334 0.192
F-H(SEG) 0.378 0.335 0.196
Flory EOS 19.8 18.1 10.6
Simp. Flory 535 536 539
S-L 159 14.7 8.7

tParameters in MJ/m® except for Flory-Huggins (VOL) and Flory-Huggins
(SEG), which are dimensionless.

*Boublik (1963)

**Scatchard et al. (1939)

***Harrison and Berg (1946)
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required to evaluate further the dependence of the parameters
on temperature.

Effect of segment-surface ratio

The ternary equations for the Flory EOS model contain three
segment-surface ratios, 5;/s;, which must be estimated. These
ratios, which quantify the molecular surface area to volume
ratio of component / to that of component j, reflect the relative
number of contact sites available for interaction between the
components. The results of three alternative methods, i.e., geo-
metric considerations, Bondi’s (1968) correlations, and gas
chromatography, all agree to within about 3% for the polymer-
solvent ratios and 5% for the benzene to cyclohexane ratio,
Table 5.

Each solvent-polymer ratio determined in this work was eval-
uated as that ratio which produced the minimum in the fit stan-
dard deviation. Then, the optimal solvent-solvent ratio was cal-
culated as the ratio of the two solvent-polymer ratios. Note that
ternary data were not used for these determinations.

For increasing temperature, the predicted isotherms became
less sensitive to the solvent-polymer segment-surface ratio, as
indicated by a broadening range of ratios which resulted in the
same minimum in standard deviation. At the lowest tempera-
ture of 333 K, however, the effects of the ratio were more pro-
nounced and it is the values at this temperature that are
reported.
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Notation

a; = activity of component { in stationary-phase solution
g = dry base sorption, moles sorbed per mass of dry polymer
M = molecular mass
n = total number of components in stationary phase
p = absolute pressure
P = reduced pressure, p = p/p*; p¥ for component i in a mixture
p* = characteristic pressure; p* for component i in a mixture
p¥ = binary interaction parameter for simplified Flory model
Apj = binary interaction parameter for lattice fluid model
R = universal gas constant
r = mixture average segments per molecule
r; = number of segments per molecule for component i in mixture,
Flory and Sanchez-Lacombe models, or for pure component §,
Flory model
r? = number of segments per molecule for pure component i, lat-
tice fluid model
s = number of intermolecular contact sites per segment, Flory
model
T = absolute temperature _ .
T = reduced temperature, T = T/T*; T, = T/ T} for component i
in a mixture
T* = characteristic temperature; T} for component i in a mixture

]

t, = net retention time of peak
v,, = specific volume
o = reduced volume, & - v/v*; 3} = v;/v} = v, /v}, for compo-
nent i
v* = characteristic close-packed volume per segment

v¥ = characteristic close-packed volume per unit mass
w; = stationary phase weight fraction
X; = binary interaction parameter for Flory model

Greek letters

6; = site fraction, Flory model
p = reduced density, p = 1/%; p;, = 1/, for component i
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®, = volume fraction
X;; = binary interaction parameter for Flory-Huggins models
W, = segment fraction

Subscripts

i, j,...=species |, j, ...
sp = per unit mass
B = benzene
C = cyclohexane
PBD = polybutadiene
calc = calculated using a solution model
exp = experimental
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