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ABSTRACT

The purpose of this research program is to understand and model the effects of dif-

ferent intermolecular forces on the thermodynamic properties of systems containing pure

compounds and mixtures. The compounds under consideration vary considerably in size,

shape and energy. Therefore in order to develop a theory capable of describing accu-

rately the thermodynamic properties and phase behavior of such systems over a wide

range of temperature and pressure, one has to take into account explicitly the differences

in shape and size among the various compounds as well as the different type of inter-

molecular interactions.

Over the course of this project, we have developed new equations of state for pure-

component chain molecules. We have shown that the excellent performance of compli-

cated theories, such as the Generalized Flory Dimer (GFD) theory can be mimiced by

simpler equations, if certain assumptions for the shape parameters are made. We devel-

oped engineering correlations based on the GFD theory, using local composition theory

to take into account attractive forces. During the current contract period, we compared

various methods for the calculation of the repulsive and attractive contributions to the

equation of state against computer simulation data for hard and square-well chains, and

against experimental data from the literature. We also have studied microstructure and

local order in fluids that contain asymmetric molecules. We developed a theormody-

namic model for polar compounds based on a site-site interaction approach. We have

shown the equivalence of various classes of theories for hydrogen bonding, and used this

equivalence to derive a multiple site model for water. In addition, simple cubic equations

of state have been applied to calculate physical and chemical-reaction equilibria in non-

ideal systems.

In order to obtain a better understanding of the intermolecular forces and to test

some of our recent models, we have performed considerable experimental work. We mea-

sured infinite dilution activity coefficients using HPLC. We also measured high pressure

vapor liquid equilibria of ternary and quaternary systems containing supercritical sol-

vents. In addition, we have used FT-IR spectroscopy to examine the self-association of

aliphatic alcohols due to hydrogen bonding, and to investigate the hydrogen bonding in

polymer-solvent mixtures.

In the future, we plan to extend our theoretical models for pure components to a

more general study of local compositions and non-random effects in mixtures of mole-

cules that differ in molecular size, shape, and type of interaction.
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Research Accomplishments

In this section we present briefly our research accomplishments over the period of

this grant. Details are presented in the papers referenced. Copies of these papers are

enclosed.

. We have developed a site-site interaction theory to describe the thermodynamics of solu-

tions containing polar and non-polar compounds. In this site-site interaction approach,

molecules are considered to be made of sites that interact with each other and with sites

on other molecules. A site is either an atom or a group of atoms that can be charac-

terized by its potential function. These sites are identified by their physical properties

(size, polarizability, dipole or quadrupole moment, and acid-base properties) and their

positions with respect to other sites on the same molecule. One advantage in using this

approach is that the sites come within site dimensions of each other and that the phys-

ical characteristics of a site are not smeared over the whole molecule. In contrast, in a

molecular interaction approach the molecules come within molecular dimensions of each

other and the molecule has net properties which are contributions of all the sites that

make up the molecule. Another advantage of the site-site interaction approach is that

it is applicable to multicomponent mixtures without using any additional mixing rules

or parameters, and therefore a wide variety of compounds and mixtures can be treated.

Details of the derivation and application of this theory are given in "Thermodynamics

of Short Chain Polar Compounds" by Walsh e_ al., (1991).

• We have made a rigorous comparison of the thermodynamic models for hydrogen bond-

ing systems. Three different classes of theories have been developed specifically to treat

hydrogen-bonding systems. Theories in the first class are based on the assumption that

hydrogen bonding results in the formation of new species and are referred to as "chem-

ical theories". Theories in the second class are based on lattice-fluid theory that is used

to describe different types of specific interactions, and are considered "quasi-chemical"
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generalized for multicomponent associating systems resulting in closed-form expressions

that eliminate the infinite series presented in earlier work (Economou et al., 1990). De-

tails about these expressions are given by "Closed-Form Expressions for "Chemical

Theory" of Associating Mixtures" by Campbell e_ al. (1992).

• In many equations of state for associating fluids the assumption is made that physical

and chemical interactions are separable. We have shown that chemical and physical

interactions are coupled and one can not assume a priori that each can be calculated

separately and their arbitrary separation leads to a thermodynamic inconsistency. This

is discussed in "Thermodynamic Inconsistencies in and Accuracy of Chemical

Equations of' State for Associating Fluids" by Economou and Donohue (1992a).

• We also have shown that in order to develop an equation of state for associating fluids

one must use an equation of state for the "physical" interactions between the species

present in the fluid and assume combining rules in order to calculate the parameters of

the associating species relative to the parameters of the monomer. With this equation,

the fugacity coefficients of the species involved in the chemical equilibria can be evalu-

ated. The expressions for the fugacity coemcients can be substituted in the expression

fbr the chemical equilibria in order to solve the chemical and physical equilibria simulta-

neously. Details are presented in "Comments on 'Thermodynamic Inconsistencies

i,n and Accuracy of' Chemical Equations of' State for Associating Fluids"' by

Anderko et al., (1993).

• We extended the Associated-Perturbed-Anisotropic-Chain-Theory (APACT) to corn...

pounds with three associating sites per molecule. Details of the derivation and results

are discussed later and in "Equation of State with Multiple Associating Sites for

Water and Water - Hydrocarbon Mixtures" by Economou and Donohue (1992b).

• We determined the local composition effects on the properties of the pure fluid. Using

the square-well potential, we derived an expression for the local composition that was in-

corporated into the Simplified-PI-ICT (SPHCT). The new equation is slightly more corn-



the correct second virial coefficient limit, as the dens!Lty approaches zero. For this pur-

pose, we used computer simulation data for the seco:ad virial coefficient of hard chains

by HaM and co-workers. The resulting expression is very accurate over the entire den-

sity range: from the ideal gas limit to liquid-llke densities. It also is applicable to both

small molecules and polymers. Details of the derivation of this theory are presented in

"Thermodynamic Properties of Hard-Chain Molecules" by Bokis et al. (1993a).

• The GFD theory has been extended by Yethlraj and Hall (1991a) to chain molecules

that interact through site-site square-well intermolecular potential. They showed that

both the repulsive and the attractive term of the equation of state have the same depen-

dence on the size of the molecule. Thus, they developed a theory for square-well chains

by incorporating the Ornstein-Zernike equation for monomers and the Reference Inter-

action Site Model (I_ISM) for dimers. Their equation, though in excellent agreement

with simulation data, is very complicated and not explicit with respect to the pressure

(it requires a numerical solution at each point of interest). We have developed simple

expressions for the attractive term of square-well monomers and dimers based on local

composition theory, which, when incorporated into the GFD theory, result in a simple,

closed-form equation of state. This theory is in very good agreement with simulation

data, and also suitable for engineering calculations. The derivation of this theory is dis-

cussed in "Local Composition Model for Square-Well Chains Using the Gener-

alized Flory Dimer Theory" by Bokis et al. (1992).

• We have calculated the site-site pair correlation functions of chain molecules using

molecular dynamics simulations. The results can be used to evaluate the parameters

of the equation of state by Walsh et al., (1991). DetaiIs are presented in A Parame-

,terization of the Conflgurational Energy for Short-Chain Molecules by Thomas

et al., (1993a).

• In addition to chain molecules that consist of tangent hard spheres, we also have studied

chains of various bond lengths. For this purpose, we have performed Monte Carlo simu-



lations for square-well dimers for bond lengths that are similar to those in real molecules

(chlorine and ethane). We developed analytic expressions for the equation of state for

square-well dimers using both local composition theory and perturbation theory. Com-

parison of these theories with the simulation data showed very good agreement. Simula-

tion results and details of the derivation of the theories are presented in "Square-well

dimers of different bond lengths: Theory and simulation for the equation of

state" by Thomas and Donohue (1993a).

• We also have studied the effect of the bond length in square-well chain molecules longer

than directs. Our goal was to develop an accurate equation of state for homonuclear

chains, using molecularly based equations for the repulsive and attractive contributions.

Four methods to calculate the compressibility factor for the reference hard-chain term

were compared. In order to take into account the effect of chain length on the attrac-

tive term, two methods were considered: the GFD theory, and the ei-model, a model

based on a site-site approach assuming that chain molecules are made of two kinds of

segments: end and internal. To test these theories, we performed simulations for chain

molecules with various bond lengths over a wide range of temperatures and densities.

The ei-model is in very good agreement with the simulation data for both freely-jointed,

tangent square-well chain molecules, and fused square-well chain molecules. Further-

more, this model showed very good agreement with experimental data for n-alkanes with

carbon numbers ranging from 4 to 20. Details of this work are discussed in "An equa-

tion of state for chain molecules using a site-interaction model: Theory, simu-

lation and correlation of experimental data" by Thomas and Donohue (1993b).

• We have developed a framework for calculating the thermodynamic properties of each

site on a chain molecule. The difference between this approach and other theories, such

as PHCT (Donohue and Prausnitz, 1978), GFD (Honnell and HaU, 1989), and SAFT

(Chapman et al., 1990), is that in our model, the bond energy is formally assigned to

the bonding between segments and belongs to the molecule as a whole. This distinction



between segmental and bond energies is unimportant in analysis of molecular proper-

ties; however, proper assignment of the bond energy to molecular segments is necessary

for a coherent definition of the segmental chemical potential and access to submolec-

ular information. This formalism provides a method for predicting the formation of

microscopically-ordered regions within a macroscopic bulk phase. The simplest of asym-

metrical molecules (a dimer consisting of a hard-sphere site and a square-well site) was

used to illustrate fluid microstructure with this sphere-and-bond model. Details of this

model are discussed in "Local Order and Mierophase Formation in Fluids Con-

taining Asymmetric Molecules" by Kuespert and Donohue (1993a).

• Using this sphere-and-bond formalism, we have developed a thermodynamic model of

local ordering in amphiphilic chain fluids, using the Flory equation for the entropy of

mixing and the mean-field approximation for the attractive energy. We have applied this

model to systems of an amphiphilic chain dissolved in a monomeric solvent and we stud-

ied the bulk and microphase equilibria of this system. Details about this model and re-

suits are presented in "Local Ordering in Asymmetric Chain Fluids" by Kuespert

and Donohue (1993b).

• We have developed a method that combines chemical-reaction equilibrium and phase

equilibrium in multicomponent, non-ideal systems. This method is applicable in any

fluid or condensed phase and over a wide range of temperatures and pressures. Com-

monly used cubic equations of state were used to calculate the chemical and phase equi-

libria for the water-gas shift reaction, the thermal decomposition of methylcyclohexane,

and the reaction of carbon monoxide and hydrogen sulfide. Details of this method are

discussed later and in "Equation-of-State Calculations of Chemical Reaction

Equilibrium in Non-Ideal Systems" by Economou et al. (1993).

• We have shown the importance of accurate second virial coefficients in phase equilibrium

calculations, especially calculations of dew points. We developed a model for the second

virial coemcient of chain molecules, similar to that from the square-weU potential. This
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new expression compares very well with simulation data and with experimental data for

n-alkanes. Details about this model and analytic results are discussed later and in "Sec-

ond Virial Coefficients for Chain Molecules" by Bokis et al. (1993b).

• We have compared various equations of state for chain molecules with computer simula-

tion data and with pure-component experimental data. Directly using simulation data,

we have developed a new equation of state for chain molecules, which is in very good

agreement with experimental data for real systems. Details about this new, simplified

GFD equation of state and results from pure-component data reduction are discussed

later and in "Application of a Modified Generalized Flory Dimer Theory to

Normal Alkanes" by Bokis et al., (1993c).

• We have measured the retention times of solutes in solvent mixtures using High Perfor-

mance Liquid Chromatography (HPLC). From this data, the ratio of infinite dilution

activity coefficients, for a particular solute in two different solvents can be determined.

Using this in conjunction with data from Gas Liquid Chromatography, activity coeffi-

cients can be calculated. The results obtained compare well with the activity coefficients

reported in the litarature. The results also were compared with predictions from dif-

ferent models including UNIFAC, NRTL and APACT. More details of the experimen-

tal procedure and results are given in "Measurement of Infinite Dilution Activity

Coefficients Using High Performance Liquid Chromatography" by Economou

et al., (1991b).

• We investigated hydrogen bonding between solvent molecules and between solvent

and polymer molecules using FTIR spectroscopy. The solvents used in this work were

methanol, chloroform and tetrahydrofuran. Methanol can self-associate and solvate

whereas chloroform and tetrahydrofuran can only solvate. The polymer used was a

polyketone capable of solvating with molecules having acidic properties. In addition,

hydrogen bonding between an ether with five bonding sites per molecule and methanol

was examined. The spectroscopic results were modeled using chemical theory expressed



in terms of segment-segment interactions. Details of this work are presented in "Hydro-

gen Bonding in Polymer-Solvent Mixtures" by Economou e_ al. (1991c).

• We measured lfigh-pressure vapor-liquid equilibria of several ternary and quaternary sys-

tems containing anisole, benzaldehyde, methanol, supercritical carbon dioxide and su-

percritical ethane. The phase equilibria of the systems containing carbon dioxide are

measured at 373 K and pressures up to 22 MPa whereas for the systems containing

ethane measurements were made at the same temperature and pressure up to 12 MPa.

Anisole and benzaldehyde hydrogen bond with methanol and therefore for the systems

where methanol was present, the solubility of these aromatic hydrocarbons increased.

Quantitative studies of the hydrogen bonding between the aromatic hydrocarbons and

methanol were made using FTIK spectroscopy. Details of the experimental work and

results are presented in "High Pressure Vapor-Liquid Equilibria of"Aromatic Hy-

drocarbons with Carbon Dioxide and Ethane" by Reilly et al. (1992a).

• A novel spectral analysis technique has been developed for the determination of peak ar-

eas from spectra in which there are multiple overlapping peaks. The technique involves

a combination of Fourier spectral analysis and profile modeling. It has been applied

to the problem of determining, from FT-IR. spectra, the peak areas that correspond to

monomeric and hydrogen-bonded species. The Voigt profile has been found to be better

than either the Lorentzian or Gaussian profiles for FT-IR spectra. Details of this spec-

tral analysis technique are discussed in "Analysis of' FT-IR spectroscopic data: the

Voigt profile" by Reilly et al. (1992b).

• FT-IR spectroscopy has been applied for the determination of the self-association of

aliphatic alcohols. Analysis of FT-IR. spectroscopic data enables one to determine the

species present in a mixture, as well as the equilibrium constants. A qualitative anal-

ysis of aliphatic alcohol spectra revealed that there are at least three types of hydro-

gen bonds occuring in the mixture. In addition, the formation of these bonds did not

occur until a threshold value of the alcohol concentration was reached. These results



can be used to test various theories for hydrogen bonding. More details and results

of the spectral analysis for alcohols of various chain lengths and at different tempera-

tures are presented in "Analysis of the self-association of aliphatic alcohols using

Fouriertransfbrm infrared(FT-IR) spectroscopy"by Thomas etal.(1993).This

manuscriptwillbe submittedforpublicationbeforetheend ofthecurrentcontractpe-

riod.

THEORY

In this section we discuss in detail some of the important aspects of our theoretical

research over the course of this grant period. In particular, we discuss our work on chain

molecules, on hydrogen bonding systems, and on chemical reaction equilibrium.

Thermodynamics of Chain Molecules

Equations of state that provide accurate representation of the properties of small,

spherically symmetric molecules are not accurate in describing the properties of chain

molecules, including polymers. This is because chain molecules have rotational and vi-

brational motions, some of with depend on density and hence, affect the equation of

state and other configurational properties.

Recently, a large amount of research has been focused on deriving theoretical models

for chain molecules. Figure 1 shows a comparison of several such theories with simula-

tion data for freely jointed, tangent hard 8-met and 16-met molecules. Four theories are

included in the comparison: the Perturbed-Hard-Chain theory (PHCT; Beret and Praus-

nitz, 1975; Donohue and Prausnitz, 1978), the Generalized Flory theory (GF; Dickman

and Hall, 1986), the Generalized Flory Dimer theory (GFD; HonneU and Hall, 1989),

and the Statistical Associating Fluid theory (SAFT; Chapman et al., 1990). PHCT was

derived from phenomenological arguments, and the parameter 'c' in the repulsive term

10
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has to be fitted to the simulation data. The GF theory has the same form as PHCT; the

difference is that the size parameter c (or ct in GF) is calculated from molecular geome-

try and does not need to be correlated to the data. Both GFD and SAFT take into ac-

count the effect of the formation of hard chains. In Figure 1, one sees that the GF equa-

tion overpredicts the compressibility factors of hard 8-mers and 16-mers over the entire

density range. The PHCT model, although the parameter c was fitted Co the simulation

data, is not very accurate. It overpredicts the data at low densities, and it underpredicts

it at high densities. However, GFD and SAFT give a very good representation of the

compressibility factors over the whole density range.

Figure 2 shows the compressibility factors for square-well 4-mers, calculated with

the GF, GFD, SAFT, and PHCT models at two values of the reduced temperature.

Comparison is made with the Monte Carlo simulation data of Yethiraj and Hall (1991b).

The GF theory overpredicts the data over the entire density range, as was the case for

hard chains. SAFT, although quite accurate for hard chains, as Figure 1 illustrated, is

not very accurate for the square-well molecules. This is because it does not take into

account the effect of the formation of chains in the attractive term. The GFD theory,

which explicitly takes into account the fact that chain molecules consist of connected

segments, has the best performance. PttCT also appears to be in good agreement with

the simulation data. Since calculations for the repulsive term with PHCT were not in

good agreement with simulations (Figure 1), this suggests that a cancellation of errors

occurs between the repulsive and attractive terms in PHCT.

The comparison of calculations using these four theories to simulation data shows

that the GFD theory, which rigorously takes into account the formation of the chains in

both the repulsive and attractive terms, can predict the properties of chain molecules

with reasonable accuracy.

Since the GFD theory is able to accurately describe both the repulsive and the at-

tractive part of the equation of state separately, it can be used as a tool in developing

11
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F|gure 2. Comparison of va_ous theories for square-well molecules. Monte Carlo simu-

lation data of Yethlraj and ]:[all (1991) for square-weU 4-mers also are include_[.
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a new, simplified expression. Figure 3 shows the ratio of the compressibility factor for

chains to that for spherical molecules. The chain compressibility factors were caiculated

by the GFD equation. One sees that this ratio varies linearly with the reduced density

for the repulsive term, and approximately linearly for the attractive term. In addition,

the slopes and intercepts vary linearly with chain length; therefore, a simplified version

of the GFD theory can be obtained, which has a similar form as PHCT. The difference

between this simplified GFD and PHCT is that in PHCT, the size parameters c and q

are constant for each species, whereas in the simplified GFD, they depend linearly on

density.

Figure 4 shows the same ratio for the repulsive term of the equaticn, calculated

from the GFD, SAFT, GF, and PHCT models. Monte Carlo simulation data of Dick-

man and Hall (1988) also are included. One sees that the simulation data show a sim-

ilar trend with GFD calculations; however, the slopes and intercepts are different from

those predicted by GFD. The same behavior is observed for the attractive contribution,

as shown in Figure 5. In this graph, Monte Carlo simulation data for square-well chains

are plotted together with calculations from the four theories. We have improved the sim-

plified version of the GFD theory, by fitting the size parameters c and q to linear func-

tions of density and chain length, using the simulation data directly.

To test the applicability of this new, simplified GFD equation, as compared with the

other theories, we fit pure-component experimental data. We found that this new model

gives the most accurate fits. PHCT, which assumes density independent size parameters

in both the repulsive and attractive contributions, is the least accurate. Our equation of

state is of the same order of accuracy with GFD; however, it is simpler than GFD and

therefore, more appealing for engineering calculations. Figure 6 shows typical results

from vapor pressure calculations. The Peng-Robinson equation of state also is included

for comparison. One sees that errors obtained with our simplified GFD equation of state

are close to experimental uncertainty.

14
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Figure 6. Vapor pressure calculations for octa_ue a_ud_cosane _th vazious equations of

state.
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We have shown that the second virial coefficients for spherical molecules, calculated

from the square-well potential, are not in good agreement with experimental data for

argon. We have developed a new expression for the second virial coefficient for spheres,

with a form similar to that from the square-well potential, but more accurate when com-

pared with experimental data. This is very important, since phase equilibrium calcula-

tions in mixtures, especially calculations of dew points, are very sensitive to the second

virial coefficients.

In order to extend this model to chain molecules, one has to make assumptions

about the type of interaction between the molecules at very low densities. At moder-

ate and high densities, chain molecules can be treated using a segment-segment ap-

proach. However, this is not the case at low densities. At low densities, interactions

occur on a molecule-mnl.ecule basis; in this case, the chain molecule can be viewed as

a large "equivalent" square-well sphere whose radius is approximately equal to the ra-

dius of gyration of the chain molecule. In addition, since the center of a segment on one

chain molecule can fall simultaneously into the attractive wells of several segments on

a different molecule, the well depth of the large "equivalent" square-well sphere is not

simply related to the well depth of a single square-well segment. This behavior is taken

into account through the introduction of a new parameter, which is fitted to data for the

second virial coe_cient of chain molecules. Figure 7 shows the results from fitting our

model to second virial coefficient data for dimers, 8-reefs and 16-mers, calculated from

computer simulations (Wichert and Hall, 1993). One sees that the fits are very good.

Very good results also are obtained when we fit experimental second virial coefficient

data for normal alkanes. This is shown in Figure 8. We plan to incorporate this expres-

sion for the second virial coefficient into our equation of state for chain molecules. This

will significantly improve the phase equilibrium calculations in multicomponent systems.

19



Figure T. Secondv_r_a_coefEdent=forsquare-well_mers,8-reefs,and 16-reefs:com-

putersimulation data (Wichert and Hall, 1993), and correlation with our model.
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Figure 8. Experiment_ second viri_ coe_cient data for small and large molecules, and

correlation _th our model.
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Therrnod_lnarnics of Associating Systems

Over the course of the current contract period, we have extended our model for as-

sociating systems to treat water and water-hydrocarbon systems. Modeling the ther-

modynamic properties and phase equilibria of mixtures of water with aliphatic and aro-

matic hydrocarbons is a difficult and challenging problem, since such systems show ex-

tremely non-ideal behavior that results in limited miscibility over a broad range of con-

ditions. Hydrogen bonding between water molecules results in clusters that can extend

over many coordination shells. Each water molecule has four bonding sites, and so each

molecule can form one to four hydrogen bonds. The strong hydrogen bonding tendency

of water results in the unusual thermodynamic properties of pure water compared with

other compounds of similar size. In mixtures, the clustering of water molecules results in

limited mutual solubility of water with compounds that do not hydrogen bond.

In previous contract periods, we have developed a rigorous thermodynamic

model for associating systems (Ikonomou and Donohue, 1986). This model, (APACT:

associated-perturbed-anisotropic-chaln theory), is able to give accurate description of the

phase equilibria for associating systems, such as alcohols and ketones. However, the re-

sults for pure water and water mixtures were not as accurate. This is because APACT

accounts for hydrogen bonding through a two-site association model, which is adequate

for alcohols and ketones but inadequate for water.

Wertheim (1986a,b), using perturbation theory with a potential function that mim-

ics hydrogen bonding, developed a statistical mechanical model for systems with a repul-

sive core and multiple hydrogen bonding sites. Economou and Donohue (1991a) showed

that Wertheim's perturbation theory and chemical theory (APACT) have essentially

identical hydrogen bonding terms. Therefore, we have used this equivalence to derive

a three-site APACT model for water. We chose the three-site model instead of a four-

site model, since recent experimental results (Wei e_ al., 1991) show that in clusters of
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activity is estimated from the concentration of the compound. However, this approxima-

tion is not correct at conditions of high pressure and thus leads to erroneous results.

In this work, we developed a method to calculate the activity of a compound over

the entire temperature and pressure range using an equation of state. This method has

been used widely to calculate thermodynamic properties and phase equilibria of asso-

dating fluids (Ikonomou and Donohue, (1986); Elliott e$ al., (1990)). In this approach,

the fugacity coei_cient, which is a measure of the non-ideality of the system_ is expressed

in terms of the equation of state. The advantage of this method is that it calculates ac-

curately the extent of reaction and at the same time it allows prediction of the phase

equilibria for the system.

The technique presented is general for multireaction equilibria for any equation of

state. Three cubic equations of state were presented. The Redlich-Kwong-Soave (RKS,

Soave, 1972) and the Peng-Robinson (PR, Peng and Robinson, 1976) equations of state

are the most popular cubic equations of state for thermodynamic and phase equilibria

calculations. A cubic equation of state developed recently by Elliott e_ al., (1990), the

EUiott-Suresh-Donohue (ESD) equation of state, was presented also. The ESD was de-

rived based on molecular simulation studies and so it has a semi-theoretical basis. The

method was applied to the water-gas shift reaction using the R.KS and P R. equations

of state to calculate the extent of reaction as a function of temperature and pressure.

More importantly, the method is able to predict condensation of water for a wide range

of temperatures and pressures. In addition, the proposed method was applied to the de-

composition of methylcyclohexane which is a strong function of temperature and pres-

sure. Finally, the method was used to calculate the extent of the reaction of carbon

monoxide with hydrogen sulfide forming carbonyl sulfide and hydrogen.

Figure 10 illustrates the extent of the water-gas shift reaction as a function of tem-

perature and pressure, calculated with the RKS and P R equations of state. This chemi-
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cal reaction is described by the expression:

CO +//'20 _ H2 + CO2

At low (room) temperatures, the reaction goes almost to completion. Since the reaction

is exothermic, at higher temperatures the conversion decreases. In addition, one sees

that at low pressures, the reaction is independent of pressure. At pressures higher than

100 bar, the nonidealities of the system have a significant effect on the equilibrium of the

mixture. It is interesting to note that at low temperatures, the pressure effect is higher,

since at these temperatures, intermolecular forces are strong and highly nonideal.

The water-gas shift reaction takes place in the vapor phase. However at tempera-

tures below the critical temperature of water (T_ = 047 K), water condensation might

occur. In industrial processes, it is very important to know whether the mixture forms

one or more phases. A condensed phase might cause significant problems and decrease

the efficiency of the process. For the water-gas shift reaction, water condensation would

cause problems to compressors, to the catalyst and to the reactor. Although it is often

assumed that the water-gas shift reaction is an ideal-vapor phase reaction ignoring any

water condensation, there is a need for a method capable of predicting the phase equilib-

ria of the system simultaneously with the chemical equilibria.

The method proposed in this work is applicable in both the liquid and vapor phases

and also can be used to calculate simultaneously chemical and phase equilibria of the

system. We developed an iterative algorithm based on phase equilibria fundamentals

that takes into account the constraints imposed by the chemical reaction. The equation

of state is used to calculate the fugacities of the components in each of the phases. In

Figure 11, the region of temperature and pressure where water condenses for the water-

gas shift reaction is shown. Each of the two lines, corresponding to the predictions from

the RKS and PR equations of state, divide the temperature-pressure space into two ar-

eas. For temperatures and pressures at the upper left part of the figure, liquid water

forms whereas at lower temperatures and pressures all the compounds are in the vapor
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phase. As the temperature increases, the boundary pressure for liquid formation in-

creases and eventually only one vapor phase exists over the entire pressure range. Al-

though the predictions from RKS and PP. agree qualitatively, the boundary pressure

predicted from the PR has a much higher slope than the boundary pressure predicted

from the R.KS equation.

EXPERIMENTS

While most of our work on this research project is theoretical and computational,

certain questions can be answered only through laboratory experiments. In addition,

experimental results can be used to check the validity and accuracy of the theoretical

models that we developed. Below, we present in detail some of the important aspects of

our experimental procedures and accomplishments.

Self.Association of Aliphatie Alcohols

A number of industrially important systems contain molecules, such as alcohols,

that hydrogen bond. To correlate the thermodynamic properties of such systems, as-

sumptions must be made in modeling the chemical equilibrium. One approach is to as-

sume an infinite equilibria model, where linear chains are formed having 1, 2, ..., n asso-

ciated monomers. Another approach is to assume that monomers, directs, and tetramers

are the dominant species formed. It is useful to determine if these assumptions for the

equilibrium models and constants are reasonable. FTIR spectroscopy has been used to

study the chemical association of compounds. Analysis of FTIR. spectroscopic data en-

ables one to determine the the species present in a mixture, the equilibrium constants,

and if the assumptions made about the equilibrium model are valid.

Figure 12 shows the spectrum of a binary mixture composed of 1-nonanol and n-

decane for increasing concentration of 1-nonanol. At very low alcohol concentration,
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there is only one peak, due to the fundamental stretch of the unbonded OH group. As

the alcohol concentration increases, the intensity of the unbonded peak also increases.

Second, additional peaks appear and grow in size as the 1-nonanol concentration is in-

creased. These peaks correspond to hydrogen bonds that form between 1-nonanol mol-

ecules, and occur at lower wavenumbers than the unbonded band. As Figure 12 shows,

these broad peaks are not present at the lower concentrations and are due to the self-

association of 1-nonanol.

We have applied a novel data analysis technique in order to determine the areas

under the different peaks (that often highly overlap). Therefore, the concentrations of

the various complexes formed with the hydrogen bonding of 1-nonanol molecules can be

evaluated. This enables us to estimate the equilibrium constants of the "chemical reac-

tions" that result in the formation of the complexes present in the system.

Shown in Figure 13 are the fits of the area versus concentration data for the

monomeric peak. The infinite equilibria model was used to determine the equilibrium

constant in each case. This involves regressing the enthalpy and entropy of association,

since the equilibrium constant is a function of both these quantities. Reasonable fits of

the data are obtained within approximately 5 percent difference between the fit and the

data points.

Spectroscopy in High-Pressure Fluids

In addition to spectroscopic measurements of liquids at atmospheric pressure, we

also examined the Lewis acid-base interactions and solvent behavior of high-pressure flu-

ids, such as carbon dioxide and ethane. Through the use of weU-characterized probes,

insight into the nature of high-pressure fluid solvents is found by spectroscopically ex-

amining the probes in the high-pressure fluid. This is very useful, since high-pressure

and supercritical fluids are widely used in numerous practical applications and therefore,

knowledge of their physical and chemical properties is very important.
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Over the course of the current contract period, we have used FTIR spectroscopy to

investigate the behavior of ethane and carbon dioxide at high pressures. For this pur-

pose_ we have designed and built a high-pressure spectroscopic apparatus. Three probe

molecules with known properties have been used (methanol_ cMoroform_ and methanol-

d).

Ethane is not expected to hydrogen bond with any of the probe molecules used in

this work. This also was supported by our results. Ethane behaves like inert solvents,

such as carbon tetrachloride, and no association between ethane and any of the probes

was observed. On the other hand, there has been some controversy about carbon dioxide

and its acid-base properties. Figure 14 shows the spectra for the O-D stretch of deuter-

ated methanol in liquid carbon dioxide at room temperature and three different pres-

sures. If a qualitative comparison is made with spectra of methanol-d in inert solvents

(such as CCI4), we find that the position and shape of the peak is similar to those in

high-pressure CO2. Therefore, using a probe that is very sensitive to the solvent envi-

ronment and can potentially hydrogen bond with carbon dioxide, we find no qualitative

evidence that hydrogen bonds are being formed.

Current research on high-pressure fluid spectroscopy is being conducted in order to

investigate the enhancement of the solubility of solutes in the high-pressure fluid, when

a third component is inserted into the system as an entrainer cosolvent. In particular,

we are examining the increase of the solubility of methanol-d in carbon dioxide at high

pressures, when acetone (which can hydrogen bond with methanol-d) is added as a cosol-

vent. In the future, we plan to add temperature control in the high-pressure apparatus,

so that the supercritical region is obtained.

Spectroscopy in A rnphiphilic Fluids

In order to test the applicability of our model for amphiphiles, we are currently

conducting laboratory experiments using FTIR spectroscopy. During the first phase of
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this project, we are synthesizing amphiphiles with fluorocarbon and hydrocarbon ends

(i.e., CF3(CF_),(CH2)bUlt3). This type of amphiphile offers two advantages. First, it

interacts only through simple dispersion forces; no hydrogen bonding or site-specific in-

teractions occur. Second, binary fluorocarbon-hydrocarbon mixtures can be easily pre-

pared so that they demix near room temperature. The thermodynamic transition be-

tween locaily-ordered mlcrophases a_nda r_dom bulk phase in such hydrofluorocarbon

axnphiphiles is strongly correlated with the demixing of a similar alkane-perfluoroalkane

mixture (Kuespert and Donohue, 1993a, 1993b).

After the synthesis of amphiphilic compounds is finished, we are planning to per.

form FTIR spectroscopic measurements in order to characterize their behavior, both

neat and in solution with hydrocarbons and fluorocarbons. We have performed prelimi-

nary experiments using a pair of commercially-available hydrofluorocarbon amphiphiles

(perttuorobutyl- and perfluorohexyl-ethene) and identified several infrared spectral fea-

tures that show apparent solvatoochromic shifts. We intend to perform a series of exper-

iments that will enable us to determine microphase compositions and polarities and to

study transitions from ordered to disordered states more effectively.
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