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ABSTRACT
[ I3 [] h . N .
Solubilities.of propene, isobutene, n-butane and isobu-
tane were measured, at atmospheric pressure in the solvents
n-octane, chlorobenzene and n-butanol. The experiments were

conducted at -temperatures of 298.15 K, 323.15 K and 343,15

K. The apparatus used for the measurements at aEmOSpheric

pressure was similér in type to that used by a number of
researchers at the University of Ottawa bﬁt was modified for
the gases of high solubiliEy that were to be investigated.

A method of interpolating and extrapolating gas solubi-
lities that are available at atmospheric pressure to cher
temperatures is presénted. Two-parameter equations are used
to describe the solub}lity behavior in systems composed of
non-polar or slightly polar solvents and various solute
gases, including hydrogen and helium.gases.

Solubilities of highly soluble gasesg measured at atmos-
pheric pressure in a number of polar'and associating sol-
vents including:njputanol were used to illustrate a means of
correlating solubility data using hydrogen-bonding factors.
This method, based on a limited-émount of solubility data in
polar and associating solvents, is expected to be useful for
the prediction of solubilities of other highly soluble gases
in similar polar and associating solvents.,

Solubilities of propane and isobutene were measured in
the solvents n-octane, chlorobenzene and n-butanol at

elevated pressures up to 1,93 MPa utilizing a volumetric
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solubility apparaﬁus‘develdped in this investigation. The
experiments were conducted at.  temperatures of 298.15 K,
323.15 K and  343.15 K. For the determination of the gas
solubilities at elevated pressures, a .knowledge of the Fen—
sities of the gas—saturated solutions was required, Thefe—

fore the densities of the gas-saturated solutions were

measured under pressure for the same gas-solvent systems.

- The apparatus used for the solution density measurements

involved the use of a new equilibration technique and the
use of an Anton Paar density meter for high pressures., A
knewledge of the solution densities permitted the accurate
determination of solubilities ae elevated pressures.

In order to check the consistency of the solubility
measurements at elevated pPressures, gas chromatogrephic
analyses of the gas-saturated solutions were performed. The
resulting good agreement between the results obtained by the
velumetric measurement and those obtained by the gas chroma-
tograpﬁic analysis indicated that the solubility measure-
ments were consistent., As a result it was considered that
the solubility apparatus developed in this investigation was
suitable for investigating the solubility behaviour of gases
at elevated pressures,

%Ihally, solubilities obtained at elevated pressure;

were compared with those predicted by wutilizing the SRK

equation of state and the UNIFAC method. Good agreement

between the experimental and predicted solubilities was

obtained for the systems involving n-octane as the solvent,



iii ' T

but large deviations between the experimental and predicted

solubilities were observed for the systems containing

nfbutanoi as the solvent,
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CHAPTER I

INTRODUCTION

A knowledge of equilibrium gas solubility is essential

for the design of absorption or desorption equipment for
chemical processes. If we have the informqtion thaé some
component of a gas mixture is much more soluble in a parti-
‘cular solvent than are the other gases present, we can use
that solvent as an absorption medium for that gas. As a
specific example, in the separation and purification process
of C, and C, hydrocarbons which include propane, propene,
'1,3—butadiené, trans-2-butene, cis—2—bhtene, isobutene,
n-butane and isobutane, which may b; obtained as a result of
a fractional distiilation of a hydrocarbon mixture, a combi-
nation of absorption and eeractive distillation may be
utilized for the separation of the éomponents involved. For
such a process ﬁhe precise information concerning the equi-
librium gas solubilities is required for the design of the
separation equipment.

It is of particular interest that the solubilities of C,
and C, hydrocarbons at atmospheric éressure in many hydro-
carbon solvents are very high (1,2,3,4). Usually the termi-
nology "gas solubility" 1is reserved for solubilities in
which the dissolved gas concentration in the solvent 1is
about 5 mole %. However, those of C; and C, hydrocarbons

often exceed 30 mole % and especially at low temperatures

gas solubilities sometimes exceed 80 mole §&. This fact



indicates that there is no clear dividing line between gas
solubilify and vapér-liquid equilibria.

- Tﬁis investigation involved firstly, the precise
measurement of gas solubilities at atmosphericapressure as
well as at elevated pressures for highly solﬁble gases and
secondly, an attempf-io extend the knowledge concerning the
solubility phenomena of highly soluble gases. _As a starting
point for our discussion we may consider, for example, that
when gas solub;lities are plotted as a function of the abso-
lute temperature on a log scale it is confirmed that the gas
solubilities approach unity when tﬁe solubility relations
are extrapolated to the boiling points of’ solute ﬂgases.
Experimental observations for solutions of highly soluble
gases agrée with the characteristic relationship for ideal
gas solubility in which the mole fraction solubility depends

on the solute gas vapor pressure as follows:

x;deal . 101.325 (1-1)
P> —~
2
In the above expression when Pg is the saturated vapor
pressure with units of kPa for the solute component, at the
boiling point of the solute gas the ideal gas solubility

becomes unity.
©  "The aim of this investigation was to engage ih a systé—
matic study of gas solubility behavior including that of
highly soluble gases. This investigation involved the

measurement of the gas solubilities of propene, iscobutene,

n-butane and isobutane in the solvents, n-octane, chloroben-



zene and butanol at atmospheric pressure and for pressures
to 2 MPa (300 psia) over a wide tempera£ure range. The
experiments were performed using a dynamic o? solvent flow-
type of gas solubility apparatus which was designed and

tconstructed for moderate pressures. An apparatus for
measuring the density of gas—-saturated solutions under
pressure was also developed because this property was useful
for precisely determining gas “solubilities at high pressure.
Also developed was a method for gas chromatégraphic analysis
of gas-saturated solutions. Good agreement between the
results from the volumetric determinations using the solﬁbi—
lity apparatus and those from gas chromatographic analysis
was obtained, indicating a high degree of consistency bet-
ween the two methods.

This investigation also involved the develgpment of a
correlation for gas solubility in non-polar solvents at
atmosphgric pressure. The correlation developed was
intended for the extrapolation and interpol?tion of gas
solubiégties to other temperatures using one or two known
values of solubility. It has been confirmed that the corre-
lation devéEOped permits the extrapolation or interpolation
of gas solubilities to other temperatures with good accuracy
for the solvents, carbon disulfide, carbon tetrachloride,
benzene, toluene, cyclohexane, n-heptane, n-octane, 1isooc-
tane, hexadecane and perfluorcheptane. I£ i1s considered to
be applicable for other non-polar éolvents.

-~

This thesis is presented in seven chapters, the first



being the introduction itself. The second chapter gives a
brief review of the literature that is relevant to this
investigation. In the third chapter the develbpﬁent of the
correlation for gas 'solubilities measured at atmospheric
pressure is discussed. fhe properties of the chemicals used
in this investigati?n are presented in Chapter 4, fhe
details of the experimental equipment and the operating
techniques involved are described in Chapter 5. The reéults
and discus;ion of this investigation are presented in

Chapter 6 and the conclusions drawn are presented in Chapter

7.

A



CHAPTER IT

LITERATURE SURVEY

This chaéter contains a brief review of the literature
that is relevant to this investigétion. This chapter has
been separated into two sections. The first section deals
with the development of experimental techniéues inveolved in
the measurement of gas so%ubilit& in liquids at atmospheric
and elevated pressures., ‘Emportant considerations reqguired
for the successful measurément of gas  solubilities are
reviewed. In this section the broad classification of gas
so;ubility'apparatuses is discussed and the eritical tecﬁ-
niques involved ar? reviewed. In the second section the
literature concerning gas solubility correlations and pre-
dictions is Keviewed. Both theoretical and empirical

approaches describing gas~ligquid solubility equilibria are

quoted and discussed.

Comprehensive reviews related to the subject of gas
solubility in 1liquids are available including thosel of
Markhmj and Kobe {(5), Clever and Battino (6, 7), Katayama
(8), and Wilhelm, Battino and Wilcock (9). These reviews
describe many different methods for determining the solubi-
lity of gases in liquids.

It is understood from the literature survey that in the
experimental measurement of gas solubility some apparatuses
are simplé in construction and easy to use, and others are

complex and difficult. Some methods are available 6nly for



pressures. near atmospheric pressure and temperatures near
ambient temperature, but others are useful for wide ranges
of pressufe and temperature. Some methods are appropriate
for high solubility systems, but others are not. Also, some
methods promise hidh accuracy‘for the results and others
provide just approximate values_,of gas solubility. It is
apparent that the choice of solubiLity equipment depends
upon the sfétems to be exémined, the measurement conditions
desired, and the ease of measurement and accuracy required.
There are several original theoretical models for the pre-
diction or correlation of gas solubilities .in liquids.
These include the regular solution theory developed by
Hildebrand (10, 11) and the scaled particle theory intro-
duced by Pierotti (12) to explain the phenomena of gas-
liquid solubility equilibria. In many cases the prediction
and correlation methods reported to date utilize these major
ideas as a basis, but ﬁhe original theories are modified
when they are applied to specific problems involving parti-
culér gas-liquid systems. It is noted that for predictions
and correlations. involving gases of high solubility, the
methods for describing vapor—liquid equilibria may also be
applicable. For example, there are methods for the predic-
tion of vapor-liquid ’equiiibria utilizing equations of
state, and methods utilizing liquid phase activity coeffi-
cients. It is appropriate to say that no general or widely

applicable method for predicting and correlating gas solubi-

lities in liquids has yet appeared except perhaps for those
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partially successful original studies which were previously

mentioned.

-

2.1 EXPERIMENTAL TECHNIQUES

Various types of equipment for the measurement of gas
solubility in liquids. have been reported depending upon
specific needs;and applications. It is seen, however,. that
there are largé discrepancies between published values for
gas solubilities which are obtained using different experi-
mental devices. This fact indicates that each apparatus has
more or less its own drawbacks. Cook and Hanson (13)
pointed out the factors which lead tolerrors in solubility
measurements, These factors include failure to completely
degas the solvent,  failure +to attain equilibrium, and
failure to ascertain the true amount of gas dissolved.
These three important factors need to be considered in the
design of equipment for.measuring gas solubilities. Follow-
ing the classification of gas solubility equipment, the
solvent degassing techniques and equilibration techniqués

appéaring in the literature are reviewed.,

2.1.1 CLASSIFICATION OF METHODS FOR EXPERIMENTAL DETERMINA-

TION OF GAS SOLUBILITY

The methods for the determination of gas solubility may
be largely divided into two broad classifications: physical
methods wherein the amounts of gas and liquid required for

the solubility equilibrium are determined by means of purely



physical analysis, and next, chemical methodé wherein the
composition is determined by chemical reaction. The latter
methods (14, 15, 16) are naturally limited to specific gas-
liquid systems in which a quantitative 'determination of
solute gas concentration can be made by means o@/gn appro-
priate chemical reaction. Those solute gaseg/;re usually
expected to have either acid, base, or redox properties for
the purpose of chemical analysis.

Physical metheds are used more frequently for determin-
ing gas solubility because of their wide applicability.
These methods include volumeﬁric ﬁethods, mass spectrometric
methods, and gas chromatographic methods. |

Volumetric metheds (13, 17, 18, 19, 20, 32) are among
the most - precise available. These methods involve the
measurement of volumes of gas and liquid required Ffor the
gas—liqqid solubility equilibrium. The volume measurement
for the liquid required is relatively easy, while that for
the gas is generally difficult because the gas is compressi-
ble. Special techniques are required for the quantitative
measurement of gas volume dissolved in a known volume of
liqgld. For example, these techniques may involve a method
to replace the gas dissolved in the solvent using mercury
(20), a method to count the number of soap bubbles created
in the gas burette as the gas expands, a method utilizihg a
gas—ﬁight pigton keeping the pressure constant and finally,

a method to determine the change in the gas volume by obsger-

ving the pressure change in the gas reservoir of Xnown



volume (41).

Mass spectrometric methods (21, 22, 23} for. solubility
determinations involve fir§£ the quantitative degassing of a
gas—saturated liquid solution and then the entrapment of the
gas for analysis’ by mass spectrome£ry. These methods havé
been used, for example, for the solubility of argon in
liguid ammonia and_various gases in bloo& (120}).

Gas chromatographic methods (24, 25, 26, 27) usually
involve passing a carrier. gas through a known volumg~ of
gas;éaturated liquid to separate the soluﬁé gas -from the
sélvéﬁt, and then analyzing for both compénehts . by gas

Y . -

chromatography.

2.1.2 SOLVENT DEGASSING TECHNIQUES

The.complete removal off gas, usually air,‘from a liquid
prior to a solubility determination 1is .essential for the
precise measurement of gas solubility in liquids. Cook and
Hanéon (13) mentioned that incomplete degassing of solveﬁt
is one of the factors which leads to erroneous solubility
meaéurements. Gas solubilities obtained tend to be lower
than the actual solubilities because of the tendency of the
gas or air originally present in the solvent to contaminate
the gas phase during the solubility_determinaﬁion. As a
result, the partial pressure of the dissolving gas is
reduced and solubility obtained is errcneously low.

The most frequently used method for degassing a liquid

is to boil away a portion of it under vacuum. This method



is effective espec;ally when heat, in addition to vacuum, is
applied t§ the liquid. However, the.loss of the liquid is
usually significant, being approximately 10 to 20% of that
initially charged.

In order to prevent the loss of solvent during
degassing, another degassing method was devéloped. This
method (28) employs a procedure of "pumping on" the frozen
solvent which involves subjecting the frozen solvent to a’
high vacuunm. It produces effective degassing with little
logs of the solvent, but it also requires more time €£for
degassing since the process of gas removal out of the solid

solvent .is much slower than from the liquié solvent., Usual-~

© 1ly this method must be repeéﬁéd'a number of times, alterna-
tely freezing and thawing the solvent, and is ngt appro-
priate when a large amount of golvent is to be degassed.

Another method (29, 30) of degassing £he liquid utilizes
a fine nozzle through which the liquid is sprayed into an
evacuated flask. "It is found ‘that rapid and complete
degassing is obtained by this technique, but it is also
accompanied by a considerable loss of solvent. |

A successful methed for degassing liquids while minimiz~
ing the loss of solvent was employed by Battino and
coworkers (31). The apparatus is madé from a suction flask
but is equipped with a condenser to minimize soclvent loss.
The vigorous stirring of the 1liquid by means of a
magnetically-driven stirrer in the flask enhances the rate

of degassing.
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2.1.3 EQUILIBRATION TECHNIQUES FOR GAS-LIQUID SYSTEMS

For the determination of gas solubilityL_the attainment
of equilibrium is of prime importance. Failure £6 aﬁtﬁin
equilibrium may'result in large errérs between the apparen£
solubilities and the true values. Many attempts have been

made to ensure that equilibrium is established at the expe-

rimental temperature and pressure, and accordingly various

equilibration techniques have been proposed.

Coock and Hanson (lé) provided a means for shaking the
whole apparatus such that equilibrium was enhanced in the
container where the gas and liquid were in contact. The
whole apparatus was mounted on a steel plate which was
shaken at a frequency of about 170 cycles/min, and at an
aﬁ§1i£ude of about 3/8 incheg.‘ The direction of the shaking
was horizontal to minimize pressure disturbanceé resulting
from the vertical acceleration of mercury present in the
apparatus. The entire apparatus was housed in an air ther-
mostat controlled to within 0.1 C. The reproducibility was
claimed to be better than 0.1%.

Morrison .nd Billet (32) utilized a gas-filled glass
absorption spiral through which the liquid flowed forming a
thin film’ In their method, solvent is allowed to drip
slowly into the absorption spiral and by the time the liquid
arrives at the lower end, gas-liquid equiiibrium is esta-
blished. Several modifications have been made to this type
of apparatus. One of these is an apparatus described by

Battino et al. (33). They provided a storage spiral for
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degassed solvent at the top of the regular absorption
spiral, and also equipped a container to draw off saturated
solvent for the measurement 0f solubilitiea for gases of low
solubility, They claimed i? preciﬁion:of less than 1.0%.
Hayduk and Chang (20) also utilized an &pparatus based on
the Morrison—Billet method of equilibration. ' They used a
motor-driven syringe to provide degasséd solvent into the
absorptipn spiral to avoid the irreqular rate of dissolution
of solute gas caused by the[arOPwise supply of soivent. The -
motor-driven syringe is calibrated prior to the meésurement
and therefore, the solvent flow raée in the absorption
spiral ié known. After passing through the absorption
spiral, the saturated solvent stagnates momentarily in a
small ﬁ—tubg__manometer so that the pressure inside the
absorption spiral can be compared with atmospheric pressure.
The precision claimed is about 1.0%.

Dymond and Hildebrand (34) utilized a solubility appara-
ég; in which the gas—-liquid equilibrium was achieved by
spraying slugs of solvent into the gas, resulting in good
contact as the solvent ran down the container walls as a
thin £ilm, Thg solvent was circulated through the gas to
promote the attainment of equilibrium, The apparatus was
claimed to provide solubilities which h;d a precision of
about 0.5%.

Gerrard (35) utilized a solubility apparatus which con-

tained a bubbling tube. It consiasted of an absorption

vessel with a capacity of about 20 to 25 cm3, fitted with
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two glass taps, one at either end. The first was cénneéted
to:h cone and the otheg.td a spcket, Solute gas was intro-
' éucéd throuéh..the ‘socket o the Dbottom of the bubbling
Qésset containing the solvent to. be saturated, In this
ﬁéthod for the determination of solubility, a bubbling pro-
cess for the éas in' the liquid was considered to enhance
-eﬁuilibration. The excess gas and vapor of the solvent were
passed into a cone wheré the pressure wéé measu;édiby means
of a manometsr. :The solubility was baéed on an increase in
the mass of the‘g;;—saturated éolﬁtion which was obtained by
closing the taés, removiﬁ§ the bubbling tube, and then
weighing it. S '

’Equilibration techniques for the -measurement. ofi gas
solubility at pressures Hiéher than atmo;gheric iﬁvoive,more
~difficulty than tﬁo;e désigned for atmospheric pressure.
‘Adequate mixing of both gas and liquid phases'is.essential
during the process of-measﬁring,solubility to ensure thath
egquilibrium is established. The precise control of tempera-
ture and pressure is also required to .maintain the desired
cbnditions during the operation. ’

Wieb, Gaddy and Coworkers (36, 37, 38) utilized eéuipv
ment which involved the continuous bubbling of compressed
gas through a liquid to establish the -equilibrium. Thé
excess gas was allowed to escapé to the atmosphere, and the
ghs-saturated solution was sampled and analyzed. It was

r‘onsldered p0551ble to use this equilibration method even

for high pressures (to 10 Mpa). A disadvantage is that it
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is limited to systems in wnich inexpensive, nontoxic, and
nonflammable gases are used as solutes, because they are
simply ventéd to the atmosphere.

Gardiner and Smith (39) modified the apparatus developed
by Wﬂﬁbh_et al. by installing é magnetically-driven flat-
bladed, tﬁébine stirfer that disperses gas bubbles in the
liquid. The equilibration was enhanced since the gas’was
drawn intc the liguid through the hollow turbine shaft
provided for that purpose. 3ecause .of the partial vacuum,
the gas was dispersed in the liquid and mixed by the turbine
blades.

Pray et al. (40} used an apparatus in which equilibrium
was established by placing the gas lquld equilibrium cell
in a rocking autoclave that could be set in motion during
operation. A disadvantage of this equ1llbratlon technique
“is- that a long period of time .is requlred for establishing
equilibrium.

Koonce and Kobayashi (41) used a solubility apparatus
with a ball bearing mixer that was magnetically activated to
‘provide a recipro;ating motion in the equilibrium vessel. A
5/8 inch diémeter ball bearing was placed within the cylin-
drical vessel of nonmagnetic‘stainless steel that was 3/4
inch in diameter and 18 inches in length. The ball bearing
inside the vessel was raised and lowered in accordance with
the reciprocating mociqn of a stfong horseshoe mégnet fitred
directly around the cylinder body. This motion resulted in

goed mixing of the gas and liquid, thereby enhancing equili-

»

bration.
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2.2 PREDICTION AND CORRELATION OF GAS SOLUBILITY IN

LIQUIDS

Since the emergence of the regular solution theory of
Hildebrand (10, 1l1) attempts have been made to predict or
correlate gés gsolubilities in liquids based on this theory.
This simﬁlé and yet sugéessful theory for non-polar solvent-
solute systems utiliz%a so0lubility parameters as a measure
of the intermolecular?forces. Solubility parameters may be
evaluated for most volatileﬂsubsténces and are defined as
the energy of vaporization per unit volume raised to the
one—half-power: Some of the attempts for predicting solubi-
lity have involved modification to the nature of the solubi-
lity parameters. themselves. Gjaldbaek and Anderson (42)
introduced the dipolé interaction ‘io polar solvents.
Lachowicz And Weale ({43) introduced a solute gas-solvent
interaction parameter'té replace the solﬁbility parameter.
Gjaldbaek and Nieman (44) treated the solubility parameter
as ‘a function of -the dielectric constant of the solvent and
the .polarizability of the solute gas. Despite such modifi-
cations to the solubility parameter, however, -predibtions
for gas solubility were not significantly improved.

Prausnitz and Shair (45) proposed a gas solubility pre-
diction method alsc based on- the regular solution theory.
They divided the gas dissolution process into two steps, the

first being the condensation of the solute gas to a hypo-
e :

thetical state having a liquid-like volume, and the second

being the dissolution of the hypothetical liquid-like £luid
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in the_solvent. The sum of the Gibbs free energy for the
two-step dissolution process was then equated to zero
because of the establishment of equilibrium. The activity
coefficient involved in the second step was determined by
means of the regular soclution theory. Although somewhat
complex, their correlation.préved to be more u;eful for the
prediction of gas solubilities for non-polar systems than
the regular solution theory itself. .

Yen and Mcketta (46) developed a correlation utilizing a
gsimilar idea to that of Prausnitz and Shair. They modified
the regular sclution theory for application to polar liquids
by employing the Stockmayer potential function to describe
solvent-solvent molecular interactions and the Lennard-Jones
pqtéﬁtial function for soluie—solute interactions. The
average deviation between experimental and calculated gas
solubilities in polar nonassociated liquids is geported to
be about 16%. T

Another approach to gas sclubility prediction and corre-
lation was the use of equations of state which are capable
of describing vapor-liquid eqﬁilibrium with good accuracy.
The advantage for the use of eguations of state is thét they
are applicable for the prediction or correlation of .solubi-
lities even for mixed solvents and over wide ranges of
temperature and pressure. A difficulty involved in the use
of equations of sgstate is that a binary interaction para-
meter, characteristic of each pair of components and each

equation of state, has to be determined precisely to be

.
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useful for other conditions or compositions. Although there
are some correlations for binary interaction parameters
{47,48,49,50), tpe best determinétion of these parameters
usualiy requires accurate vapor-liquid equilibrium data. In
this sense equations of state do'npt provide an independent
method for the prediction of gas solubility.

Sazaméto et al. (51) incorporated an equation of state
based on the 1liquid phase activity coefficients Sbéained
from the regular solution theory in order to predict gas
solubilities at high pressure. The equations of. state
employed were the Redlich-Kwong (52) equation of state and
the Benedict-Webb-Rubin {53, 54) equation of state. The
prediction results for gas solubilities obtained by means of
the Equationé of state were both satisfactory, but it was
found that even minor changeé in the wvalues of Dbinary
intergction parameters greatly affected the prediction
results,

Sagara et al, (55) also utilized Benedict-Webb-Rubin
equations of state along with the regular solution theory to
predict Henry's law constants for binary hydrocarbon systems
ang hydrogen-hydrocarpoﬁ systems., They proposed equations
to estimate hypothetical 1liquid properties of solute and
obtained satisfactory results for the systems examined.

Chu and Lu (56) applied a modified Redlich-Kwong equa-
tion-of"state to predict gas solubilities and phase equili-

bria of normal fluid mixtures with one supercritical compo-

nent, They obtained results by their methods which agreed



well with the experimental results found in the literature.

Preston and Prausnitz (57) derived a generalized thermo-
dynamic expressioh for Henry's law constants based on the
two fluid theory of Scott (58) and utilizing the Strobridge-
Gosman (59) equation of state.,’ The general equation
obtained was successful in correlating Henry's law constants
for non-polar systems. This method was extended for systems
involving polar solvents by K Cysewski and Prausnitz (60).
They applied the Carnahan and Stafling (61) equation of
state instead of the Strobridge-Gosman egquation ofiﬁtate.
However, the results were subject to large errors.

Moyson et al. (62) utilized the Soave-Redlich-Kwong (63)

~ "and Peng-Robinson (64) equations of state to predict the

solubility_of hydrogén in hydrocarbon solvents. The binary
interac;ion péfameters were determined so that the predicted
gas solubilities agreed with-tﬁoée experimentally obtained,
and a cor?@lation for the'binary_intera;;ion parameters was
developed. They confirmed that both eguations of state
could be used to predict hydrogen solubilitiés in hydro-
carbon solvents.

There are several other reports (64, 66, 67, 68) that
also .desgcribe methods‘ﬁtiiizing equations of state to pre-
dict or correlate gas solubilities in liquids. It should be
realized, however, that equations of state are oftég-unsuc—
cessful for describing equilibria of systems involving polar

substances.
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Yet another approach for the prediction and correlation
of gas solubilities involves™ the concept of a molecular
model in which  cavities are considereq to exist in the
liguid structuag for possible locatioqs of dissolved solute
as proposed first by Uhlig (69) and subsequently extended by
Pierotti (12, 70). 1In this approach it is considered that a
hole or cavity is created in the solvent .and that the‘gas
molecule is then inserted into the cavity. The solubility
is determined by calculating the work required for cavity
formation and the interaction energy betweeq the solute gas
énd solvent molecules. Pierotti introduced a Lennard-Jones
(6-12) pairwise potential to Ealculate the solute gas-sol-
vent interaction e€nergy. The agreement between the experi-
mental and predicted gas solubilities was quite satiéfactory
for the non-polar systems considered.

There are also other approaches available to predict or
correlate gas solubilities and Henry's law constants. - For
example, there are methods based on classical thermodynamics
(71, 72, 73, 74), those based on statistical thermodynamics
(75, 76, 77, 78, 79) and those based on the prediction of
the activity coefficient, which include the ASOgG method (8¢)

and the UNIFAC method {(81). These methods, as well as many

.0f those mentioned above, however, are uéually not success-

ful, if applicable, for the prediction or correlation of gas
solubilities at atmospheric pressure. Part of the difficul-
ty in describing solubility phenomena may be related to the

range of solubilities involved, Gas solubilities at atmos-
~
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pheric pressure given in mole fraction vary in magnitude
from the order of 10-! to that of i0“5 depending upon the
solute and solvent. Because of this extremely large range
in solubility, the prediction and correlation for gas solu-
bility at atmospheric‘pressure based on empirical or semi-
empirical equations rather than theogetical approaches .
appear to be more practical and useful at present.

A semiempirical correlation for gas solubility in non-
polar solvents, intended for engineering applications, was
proposed by Katayame et al._(82, 83). Théy chose benzene as
a reference solvent and developed a correlation by consider-
ing the differenci in solubilities of a gas in benzene and
in other .solvents. With the correlation, the solubility
prediction is also possible for systems for which there is
no datg available. They estimated that prediction errors
usually fell within 15%.

Himmelbiau (84) presented a fourth order empirical equa-
tion for «correlating the temperature variation of ghe
Henry's law constant for ndn—polar gases in water. The
proposed correlation requifes at least one value of the
Henry's law constant at one temperature before it is
employed for the estimation of the constant at other tempe-
ratures. The temperature variation of'thq Henry's law cons-
tant for simple permanent gases is claimed to be .represented
to Within 3%. ‘

Hayduk and Laudie (85) proposed an empirical éorrelation

for the solubility of gases in water and other associated
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solvents based on the "hydroéen—bonding factor", which was
defined: by them as the ratio of ‘actual gas solubility to
ideal gas solubility; They considered that a large reduc-
tion in solubility from the ideal gas solubility was attri-
buted to strong hydrogen-bonds in the solvent, and success-
fully correlated hydrogen;bonding factors of a gas in a
polar liquid to that of the same gas in other associated
liquids. It 1is claimed that‘semiquantitative predictions
of solubilities in associated solvents are possible with

their correlation, in many cases with good accuracy.

.r:._ .
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CHAPTER III

DEVELOPMENT OF A GAS SOLUBILITY CORRELATION

Hayduk and BucE}ey (100) reported that the extrapolated
gas solubilities of many solutes in any solvent had a ten-
dency to approach some constant  solubility at the solvent
critical temperature. This solubility, unigue to a solvent,
was referred to as the "reference sdlubility". Beutier and
Renon (106), and subsequently Schotte (107), thermodynami-
cally justified such a limiting law of gas solubilities in
liquids and suggeéted that any theory or correlation for gas
solubilities in iiquids should consider the limiting beha-
vior. A gas solubility correlation developed in ;;is invesg-
tigation is based on the cencept of the reference solubility
and intended for practical engineering applications.

For the purpose of developing the correlation, gas solu-
bility data were collected from the literature., Four crite-
ria for choosing solute gas-solvent systems were considered:
the first was that the solubility data should be those
measured at low bressures, the second was that tﬁe solvent
should be non-polar or slightly polar, the third was that
the solvent should be one in which gas solubilities of many
solute gases were measured, and the fourth was that the
solubilities should be available for at least three dif-
ferent temperatures. © All the solubility data utilized for

the development of the solubility correlation are tabulated

in Table 3-1.
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Source of gas sé@ubility data used for the
correlation,

Solvent Solute-gas, source of data

cs, N,0(86), C0,(87), CH, (87), SF(87), Ar(ss),
N,(87), CF,(89), D,(20), H,(90)

cCe, . C3Hg(1), N,0(86), C,H, (102), SFE(SQ), Ar(ss),
CF, {89}, D,(23), H2(93),_N2(92), o,(02),
co(92), CH“(92); C2H6(92), C2H2(92)

C H, Coh,(96), N,0(86). Xe(95), Kr(94), SF (89),
Ar(94), CF,(89), D,(93), H,(93), Ne(94),
He(94).

CeHCH, C,H,(96), Ar¢97), D,(93), H,(93), Ne(97),

He(97)
i

-

cyclo—CsHlé C,Hg(98), 62H6(99), cyclo-C F,(98), Xe(99),

CCAF;(98), CO,(99), C,F,(98), SF,(89), Kr(99),
C,F(98), Ar(99), CrF,(89), N,(99), 35(99),

Ne(99)

n—C7HlG

C,Hg(20), C,H,(102). N,0(86), co,(101),
SF¢(89), Kr(94), CH,(100). Ar(94), cF,(89),

92(93), 32(93), Ne{94), He(94)
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‘T

Solvent Solute gas, source of data
Ne(94), He(94)"

iso-C4H |, C,Hg(87), Xe(95), N,0(86), SF¢(87), co,(103),
CH,(103), cF,(89), 0,(104), D,(93), H,(93)

n~C, H,, C,H, (130), 502(131), HoS(131), NH,(131),
CO,(131), CH,(91.130), CO(131), N ,(131)

n-C,F §F,(87), C0,(87), CH,(87), N,(105) D,(93),

H,(93), He(87) - \\'

)
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The development of the correlation will now be detailed.
It was expressed by Hildebrand and Scott {l1) that the
temperature coefficient is related to the partial molar

entropy change of the solute during dissolution:

61nx2
{ —
"3 ANnT

} = aS,/R (3-1)
p
where x,, T, P, A§2, and R are mole fraction solubility,
absolute temperature, total pressure, partial molar entropy
change and the gas constant, respectively.

It was found in this study that the change in-partial
molar entropy for dissolution is well repr-esented by the

equation of the following form:
45,/R = C, + C, &nT (3-2)

In the above equation C; and C, are the constants specific
to a soivent and solute gas system. In Figure 3-1 the par-
tial molar entropy change is plotted és a function of the
logarithm of absolute température for the four solute gases,
sulfur dioxide, carbon dioxide, carbon monoxide and nitro-
gen, in hexadecane. It is evident from the figure that for
all these gases the partigl molar entropy is linear with the
1ogari£hm of absolute temperature. |

The observation by Hayduk and Buckley that extrapolated

gas solubilities go through a reference solubility characte-

ristic of a solvent at the solvent critical temperature is



~26-
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»a . . CO2

S04

Figure 3-1 Partial molar entropy change of the solute
for n-hexadecane as a function of the logarithm
of absolute temperature.
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- -1

éxpressed mathematically by:

X, = X at T =17

In the above expression, and T are .- the reference

lt ll
asclubilxty of a solvent, and the critical temperature of the :
-solvent, respectively.

The combination of Equations (3-1) and (3-2) with the

condition given by Equation (3-3) results in:

by

2 < )
AN —— = A N —— + A, {(in —) (3-4)
xcl'- ! Tey 2 Te1 : )

In. the above equation A, and A, are constants specific to

1?

eack solute ‘gas-solvent system.' Equation (3-4) was used as

the model equation: for the solubility correlation developed
in this study. ':,f

Because the reference soiubility, X is considered

cl’
unigue to a soLvent,kan xtl value was obtained for each
solvent._ The best  value of thp reference solublllty was
determined on the basis that the summation of .all the
percent deviations between the experimental gas solubilities
and those obtained-’ using the model eguation was minimized.

The xcl values thus obtained are. listed in column (3) of
Table 3.2, The flow chart for this'calculatién ntilizing
the computer (IBM 370) is shown in Figure 3-2, '

-

Further on in the development of the correlation, it was

{ '
necessary wo relate the reference solubilities of a number

~
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Table 3-2. Summary of correlation results for gas solubilities

in
various solvents. -
dql.(l) Col.(2) Col.(3) Col.{(4) | Col.(s) Col.(6) Col.(7)
UG e s A s e
cs, : 9 7.75x107% 7.62x107%  0.46 1.05 2.5
cc,, 14 1.13x10-3 2.23x1073%  0.76 . 1.67 4.5
C H, S 1.32x1077 2.07x1077 0.1 7 169 3.0
CeHLCH, 6 1.42x10~3 2.28x10- 0.59 1.06 5.5
* cyclo-C . H,, 15 1.70x1073  2.42x10-3 0.29 0.63 ‘ 1.9
N n-C;HiG 13 1.79x1073% 2.42x10"3  0.4% 1.01 3.3
‘n-CgH,, 7 1.85x10%3 2.20x1073 .34 0.81 1.9
iso-CgH 4 ‘ 10 ' 1.69x10-3 2.28x10"3 0.29 0.60 5.2
n-C, H,, 8 7.43x10%7 7.85x10-3  1.37 . 3.84  16.7

perf-Cc.F . -7 3.55x1073 2.87x10-3 . 0.28 0.58 3.4
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Read all the experimental solubilities and

critical temperature of solvent

exp
cl

+ +

Assume X at Tc

1

Fit Model Egn. to experimental

gas solubilities to obtain xM’s

' | |
xM - x©®XP
Calculate [ —————— x 100
x &XP
' |
<M _ (eXP
Check if T ox x 100 is minimum
. X ‘ No
+ Yes

exp

xcl .

exp
cl

-Figure 3-2 Flow chart for the calculation to determine
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of solvents to other appropriate variables, It was consi-
dered that for up to moderate pressures, gas solubilities
for a solute partial pressure equal to one atmosphere, are

expressed by Henry's law:

1
X, = S . {3-5)
Hyy (T, PY)

. . S, .
In the above equation, H,, (T, P|) is the Henry's law cons-
tant at temperature T and the solvent vapor pressure P?.

Henry's law 1is also expressed by the following

equation:

v
PY .9,

Sy _ 4.
Hy (T, Pl) = lim (
x2+0 X

) (3-6)
2

In the above equation, ¢;' P, Y, and #2 are, respectively,
the fugacity coefficient of the solute gas in the ‘vapor
‘pPhase, the total pressure, the solute gas mole fraction in
the vapor phase and the solute mole fraction in the 1liquid

phase,

The ¢;'m, which is the fugacity coefficient of the

solute gas at infinite dilution in the vapor phase is"

+

expressed in terms of the cross virial coefficient:

! -

vV, o 2512 v
$," = exp | 5 - in 2,) (3=-7)
Vi
In the above expression, Blz‘ Vﬁ and Z{ are the cross virial

4
a
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coefficient, the molar volume of solvent vapor, and the
compressibility factor for the solvent vapor, respectively.
The combination of Equations {3-5), (3-6) and (3-7) results

in:

Xy

)

lim (2
Y2 - (3-8)

x2+O

s 2B 2 v
P exp (———= -~ in 2zV)
N v 1

Vi

It is assumed that Equation (3-8) is valid for temperatures
increasing to the critical temperature of the solvent. Then
Equation (3-8) may be written in terms of a relationship,

*%mo(xz/yz) = 1 derived by Hala (108):

+

1
Xe1 = 7 2B (3-9)
P exp ( T inz )
cl Vcl ) cl
In Equation (3-9), Pcl'-vcl' ch and Bc are the critical

12

- pressure, the critical volume, the critical compressibility

factor of a solvent and the critical virial coefficient at
the critical temperature of the'solvedt} rexpectively, .

In order to make the reference solubility a function
only of the solvent properties, the term 2BC in Equation

12

(3-9) was expressed as a polynomial in Vay®
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2 3 .
= + -
2Bclz a. + chl + cvcl dvcl {3-10)
It was observed in the above equation that a, b, ¢ and d

could be universal constants regardless of the:solvent. The

substitution of Engtion {3-10) into {3-9) thus results in:

1
X = {3-11)
el a + bV o+ cvil + dvgl '
Po1 exp{( V] ) - ancl}

The constants a, b,. ¢ and d were determined so that
Equation-(3—ll) adeguately expressed X1 values. For this
calculation, Equation (3-11) was reduced to a linearized
form of the equatiqn and the constants were estimated by
means of the least squares method utilizing the computer.
The wvalues of a, b, "c and d obtained are listed in the
Nomenclature. In column (4)- of Table 3—2,. the
X1 values calculated by means of Equations (3-11) are
listed. Also listed in column (5) of the same table are the
average percent deviations for each solvent. The deviations
indicated are those between experimental solubilities and
those calculated by the model equation (3-4) with
X1 determined using Equation ‘3—11). It is obServéd'£hat
Equation (3-4), wﬁen used with thé_ correlated referenée
solubility, fits the experimehtal éolubilities very well;
the maximum average percent deviation being 1.37%.

1

In ﬁigure 3.3 are shown the solubilities in n-heptane,

along with the fitted curves which pass ‘through the refer-
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— " Model equation

~——~— Shair and Prausnitz
. -

(LogTey ylogxey)

L I f

log T

Figure 3-3 Correlated gas

2,6 2.7 28
(T in K

solubilitids in n-heptare.
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ence solubility determined by Equation (3-11)}. fThe dotted
line in thé same diagram represents the gas solubiiities
prédicted by the ﬁethod proposed.by Shair and Prausnitsz.
Only those predicted solubilities which are relatiyély closge
to experimental solubilities ére shown. Those not shown in
the figure have deviations welllover 100%. Such a situation
' implies that truly successful pred{ction methods for -gés
solubilities aré yet to be developed. It is noted therefore-
that interpolation and extrapolation of gas solubilities
based on a minimum amount of gas solubility data are much
more likely to Dbe. accurate than prediction methods them-
selves. Similar diagrams for other solvent systems are
shown in Appendix A. | \33“
Attempts were made to interpolate and extrapolate gas
solubilities with changing temperature using Equation (3-4),.
It involves two constants, A, and A,; therefore, if two
v;lbes of- gas solubility at different temperaturef are
available, A and A, can be estimated analytically. If only
a single value of. gas solubility is available, it is
- hecessary to introduce another equation for evaluation of
the two characteristic constants,
When two gas solubilities at different temperatures are
available:.(xZI, Tl) and (x22, Tzf, the two constants, A,
and A; in the model Equation (3-4), are expressed analyti-

\-.,,\

ally as follows:
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X T

22 21 2
(in 5—) " (2n ¥—) - (an-—) (un )
A, = cl cl cl cl (3-12)
17 T, 2 T, T, T, -
{in T_) (4n T/ - {an —T—) {2n 711—'-—')
cl ﬁ? cl cl cl
T b4 X T
2 ™21 22 1..
{in T—) ('ln 'J'(—'-) - (4n 'x—-) {(an T
- cl cl cl cl ‘
A2 = T P T T {3-13)
(2 =) %(an 22 Z (an by (am L2y
T T T T

cl cl <l cl

)

The constants were evaluated utilizing solubilities at the
highest and . lowest temperatures in each solvent. Using the
constants obtained, average percent deviations between
experimental and estimated gas solubilities were calculated
for all the solubilities in this study.. The results are
shown in column (6) of Table 3-2.

For the case when only a single value of gas soiubilit&
was assumed available at a certain temperature, another'
approach was taken. It was reported by Jonah and King (109)
that the temperature coefficienﬁ is suitab;y expressed by

the following equation:

d&nx, RTx2 :
(SEET—)J-K = =2 % aT - (1 + oT) (2in ) (3—;4)'
) o @

In the above equation V, g, R and T are the molar volume of
the solvent, the dérivative of the -loéarithm of V with
respect £o temperatureh gas constant and absolute tempera-
ture, respectively. It was considered that Equation (3-14)

enables one to predict the temperature coefficient for
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common solvents at temperatures corresponding to a solvent
reduced temperature between 0.5 and 0.65. On the other
hand, the temperature coefficient for Equation (3-4) is

obtained for comparison by differentiation as follows:

L‘"-‘ .
alnxz ) T
(W)M = Al +_2A2(£ﬂ E.c—l-) ' (3-15)

’ .

To estimate constants A, and A, in the model equation
usiﬁg a single known wvalue of gas solubility at some
teﬁperature, the témperature coefficient_is first calculated
by meéns of Eéuation (3-14). Then the temperature coeffi-
cient éo obtained is substituted into Equation (3-15) by

setting:

-

E ~ asnx, 3inx

ST ok T Gimr u . (3-16)

The constants A, and A, are estimated by equating Equations
(3-4) and - (3-15). The resulting equations for the two
) . T e - .

constants in this case are:

d4&nx, T, X1
(W)J_K (in T—T) + (an x—c-'I)
A, = - = (3-17)
Ty
(lﬂ T—‘—)

cl
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dinx, T X2
(mT—-)J_K (inic—l - {2n 'fc—l-)
AZ = Gy (3—18)
1 .
(2n .'..IT—'"—)
cl

In the above expression, X5, is the gas solubility' at the

temperature T). In column (7) of Table 3-2, the percent

h
Y

dauga}iOns between experimental and estimated gas solubili-
ties\are listed for the éolvents used in this study based
on a single solﬁbility" value, In this calculétion, the
single gas solubility value was always the experimental one
measured at the lowest temperature. In these calculations,
it was also necessary to estimate the saturated ligquid
density and its temperature dependence. 'The method proposed

by Yamada and Gunn (110) was utilized for this purpose,
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CHAPTER IV

PROPERTIES OF MATERIALS

The materials used in this.investigation were obtained
from diffefent companies, The solute gases, propene,
isobutene, n-butane and isobutane were purchased from Air
Products. The specified minimum purities of these gases
were 99.0, 99.0, 99.5 and 99.0%, respectively. Of the three
solvents used in this investigation, chlorobenzene and
n-butanol were purchased from J.T. Baker, fnd n-octane was
supplied by the Aldrich Chentical Company. The ciaimed puri-
ties of these sclvents wére 99.8, 99.8 and 99.0 +%,lre5pec-
tively. The physical pfo erties of the solvents and solute
gases that were requlred in this 1nvestlgatlon are listed in
Tables 4-1 and 4 2.

Molar densities of solute gases were calcula£ed by means
of the second virial coefficienti For thé solute gases,
propene (111), n-butane (112) and " isobutane (llé){ the
experimental’ data for the second virial coefficient were

available and were fitted by the following equation:
B = eT . (4-1)

In the equation above, B is the second virial coefficient, e
and f are the constants characterlstlc of the substance, and
T is the absolute temperature. The constants, e and f for

propene, n-butane and isobutane, which were determined by

I
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Table 4~1. Physical properties of the solvents used in this

investigation (1l15).

Property (*) n-Octane Chlorobenzene n-Butanol
M.W. 114,232 112,559 74.123
B.P. 398.8 404.9 390.9
F.P. 216.4 227.6 183.9
Tc 568.8 632.4 562.9
Pc 24.5 44.6 43.6
Ve 492. 308. 274.

Zc 0.259 0.265 0.259
w 0.394 0.249 g.59
Table 4-2. Physical properties of the solute gases used in

this investigation (115),

Property (*) Propene Isobutene n-Butane ~ Isobutane
M.W. 42,081 56.108 58.124 58,124
B.P. 225.4 266.3 272.7 261.3
Tc 365.0 417.9 425.2 408.1
pe 45.6 39.5 37.5 36.0
Ve 181, 239, 255. 263,

Zc 0.275 0.275 0.274 '0.283
w 0.148 0.190 0.193 0.176

(*)
point in K, F.P.:
tical temperature in
Ve: critical volume
pressibility, w:

X,
in

Pe:
{cm3

M.W.: molecular weight in g/mol, B.P.:
normal

normal boiling
freezing point in K, Tec:

critical pressure in at

/mol),

Zc:
Pitzer's acentric factor.

critical

cri-

com-
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the optimization techniques utilizing the computer, are
listed in Table 4-3.

The virial coefficient obtained by  Equation (4-1) was
then substituted into the truncated form of the virial

equation of state:
PV/(RT) = 1 + B/V . (4-2)

e In the above equation, P, V, R and T are the  pressure, the
molar volume, the gas constant and, the absolute temperature.

The molar density, (MD), which is “the inverse of molar
volume, V, was obtained by the transformation of Equation
(4-2) asg:

(MD) = {0.5D + 0.5 (D2 + 48D)9" 517 gy
In thé above expreséion,-D = RT/P. For the-molar densi-
ties of isobutene, the second virial coefficient was pre-
dicted by the method proposed by Pitzer and curl (114).

This method requires the following equations: —

' — =00 Dy
RT_ :
~
n(°)=o.1445-0.330/Tr—o.1385/Tr2—o.0121/Tr3- (4-5)

Y

(1)

5 =0.O73+0.46/Tr—0.S/Tr2—O.O97/T£3-O.0073/Tr8. (4-6 )

L]
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Table 4-3. Constants of Equation (4-1) to calculate setond

> virial coefficient.

Constant Propene n-Butane Isobutane
e - -1.012x108 © -7.985x108 -1.403x10°9
£ -2.209 -2.436 -2.542

+

/\



In the eguation above, T.. P,. w and T_ are the critical

tempergture; the cripical'préssuré, the'acéntric factor and
the reduced temperature. Thé second virial coeffiéient
calculated by means of Equations (4 -4) to (4 6) wds ‘also
substltuted in Equation (4-3), and the molar den31t1es of

-

Lsobutene'were obtained.. - ;

Saturated vapor pressﬁres-of all the solvents_and solute
gases were calculated by the;ﬂntoine equation (115) énd the
equatlonbproposed by Gomez- -Nieto and Thodos (l16). For each
substance, the constants required ;n thesé equéﬁions are
listed in Table+#4-4.

Satd}ated liquid densities of these gases, propene and
isobutenéx whicﬂ were used as references -in the density
medsurements at elevated pressurés, were predicted by .the
equation propoaed by Gunn and Yamada (118) The saturated
densities at the reference temperature required for the
density calculatlon are shown in Table 4-5 along with the

proposed equation.

Densities of all the solvents used in this ﬁnvestigation

S

- were measured at atmospheric pressure., Therefore, the

method utilized in the measurement of solubilities and den-

sities and the results are presented in Chapters 5 and 6,
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Table 4-4. Constants required for the saturated vapor

_.pressure calculation.

f T T - 1
' (*) (**) (**)
n-Qctane Chlorobenzene® | n-Butanol
B = 4,41938 A= 16.0676 A= 17,2160
y = 0,17823 . B = 3295,12 B = 3137,02
m ='1,47145 C= -55.60 C = -94.43
| : ] 7
(*) (**) (*) S {(*)
Propene Isobutene n-Butane Isobutane
- ]
8 = ~4.22339 |A = 15.7528 |g = -4.42382 B = -4.11217
Yy = 0.15757 {B = 2125.75 y=0.14194 | y = 0.19181
mo= 1.29720 |C = -33.15 - [m= 1.30784 | m = 1.34774
N
- (*) Gomez-Nieto and Thodos equation . >
- 1 ' 7 _ _
s r
where P_ = P/Pc and T_ = T/TC )
(**) Antoine equation
nP=A - B (4-8)



A
~44- Po

Table 4-5. Densities at the reference temperature used in -

Gunn and Yamada equatj (118), o in g/em3, T in

1\"“‘ \——_//\
Propene Isobutene ' \\\\‘-

T . 233, : 293,

K.

o 0.612 0.594
L L. -1 J

Gunn-Yamada equation:
' ' .y (0), R R
M Ve AT L {1 - wl{T_ ") |

pE = . (4-9)
VR Vr(O)(T;) 1= wrtr)

(1) v (9,

0,2 < Tr < 0.8: V(O)

0.33593 - 0.33953 T_ + 1.51941 T2
N r . r r

2.02512 TI + 1,11422 TS (4-10)

0.8 < T_ < 1.0: v %0413 1 - 7.9 1og , (2 —:Tr)
. -0.50879 (1 - T ).~ 0.91534 (1 - T )?
| v (4-11)
(ii) 1=
0.2 ¢ T_ < 1.0: I = 0.29607 - 0.09045 T, = 0.04842 12
(4-12)
= T/Tc
= TR/TC
M: molecular weight

M

vR, ligquid specific.volume (= °R

)

w: Piter's acentric factor
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- CHAPTER V

-EXPERIMENTAL‘ EQUIPMENT AND PROCEDURE,é

- Several different experimental devices were used in this
investigation. For the density measurement of pure solvents
at atmospheric pressure, an Anton Paar density meter for
atmospheric pressure was utilized. An apparatus for the
measurement oflgas solubility at atmospheric pressure was
similar in- type to that initially pEOposed by Hayduk and
Cheng (20)." sSome modifications were made to the original
apparatus in the interest of improving the reliability or
accuracy. The densitiés of gas-saturateé 'solutions at
elevated pressures, which were necessary for the .precise
determination of gas solubilities also at elevated pressu-
res, were measured utilizing an Anton paar high pressure
deénsity méter. For the measurement of gas solubilities at
moderate pressures; a dynamic or , solvent-flow type volume-
"tric apparatus was developéd. Also developed was an appara-
tus to anilyze gas-saturated solutions. The last-mentioned
apparatus, which involved a gas chromatographic techﬁique,
was utilized in order to check independently the validity of

the high pressure solubility measurements using the high

pressure volumetric apparatus.
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5.1 APPARATUS AND OPERATING PROCEDURE FOR DENSITY

MEASUREMENTS OF PURE _SOLVENTS AT ATMOSPHERIC

o~ PRESSURE

- 1¢] .
'Preceding the measurement ©f gas solubilities at atmos-
pheric pﬁessure, the densities of solvents were measured at
three temperatures, 298.15 K, 323.15 K and 343.13 K. For
the precise measurements of solvent densities, an Anton Paar
aensity meter was utilized. This density meter consisted of
two components. One was the sensing unit, DMA 601, which
contained a U-shaped sample tube within which was mounted a
glass reed oscillator. The other component, . DMA 60, which
was essentially a ffequency couriter, “displayed in numbers
the period of oscillation of the reed characteristic of the
“liquid or gas in the sampling tube. In this investigation,
the electrical output ‘of the DMA 60 was combined with a
Fisher analog recorder so that changes in the period of
oscillation could be observed. The sample tube was equipped
with a circulating chamber within which the temperature
could be controlled to within 0.01 C. For density measure-
menés using the Anton Paar density meter, the density of a
liéuid,p ié related to the period of oscillation, Q of the

liquid by the equation: .

p =g (@2 - h) - (5-1)

In the above egquation, g and h are apparatus constants,

which are determined by the operator as a result of two
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measuremeﬁts of frequency for two samples of known density.
Let the'dehsities of two reference substances be Py and Py
and the corresponding'periode of oscillation read from DMA
66 be Q, and Q,. The sdbstatution of these variables into

equation (5-1) results in:

P2 -F) 5-2
g = (5<2)
2 2
Q- Q,,
2 2 _ ,
T A RLANE © (5-3)
P2 = Py

With the apparatus constants thus obtained, Equation (5-1)
was utilized to determine experimental densities of sol-
vents, In this investigation, nitrogen and distilled water
were used as reference substances for which densities were
accurately known and which could be used for the determina-
tion of the apparatus constants. |

Briefly, the operating procedure for the measurement of
liquid densities involved setting the temperature of the
sample tube at the measurement temperature, and then clean-
ing the inside of the ‘sample tube with distilled water and
éztone. After the cleaning procedure was repeated several

-~ .
/‘times, nitrogen was passed through the sample tube to dry
the residual acetone. Then a degassed sample of llquld was
injected into the sample tubé by means of a syringe, such

that the sample tube was completely filled homogeneously

without any entrapped gas. The sample tube, made of glass,
v - -
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is wvisible through the window installed on DMA 601 ‘and :
therefore the liquid being injected into the sample.tube-can
be observed. In order to avoid entraining any gas .n thel
sample tube during the filling procedure the iiquids were
charged slowly so tha® the shape of the wmeniscus at the
gaé—liquid interface did not deform significantly. AppProxig-
mately 0.7% :gm3 of liguid sample was' required for ‘eéch
measurement. After .the charging operation was compléted,
the DMA 60 was switched on énd the‘period of oggillatidn
appearing on the display was recorded by méans ©f a Fisher
analog recorder, Usually in about 8 to 10 minutes, the
sample liquid was observed to reach thermal equilibrium
inside the thermostatted sample tube, Finally, the i-
lized period of oscillation was recorded and subsequently
used to «calculate the densiﬁy. The . éperation far the
measurement of the nitrogen (gas) density involved a proce-
dure similar to that mentioned for liguids. In this case,
nitrogen was trapped in the sample tube utilizing two teflon
stoppers at both ends of the sample tube. 'The calibration
was conducted at éach measurement temperature to determine

the apparatus constants.

5.2 APPARATUS AND OPERATING PROCEDURE FOR MEASUREMENT OF

GAS SOLUBILITY AT ATMOSPHERIC PRESSURE

Gas solubilities of propene, iscobutene, n-butane and
isobutane were measured at atmespheric pressure in the sol-

vents n-octane, chlorobenzene and n-vutanol. Experiments
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were conducted at three temperatures, 298.15 K, 323.15 K and
343.15 K. The apparatus used for these measurements was
similar to that initially proposed by Cheng and Hayduk. The
schematic diagfams of the apparatus used in the measurement
ére shown in Figures 5-1 and 5-2.

The diagram shown' in Figure 5-1 ismthe'degassing apbara—
tus. ﬂhg_degassing_technique chosen for this apparatus i;
the most frequently ﬁsed method, ana consisted in boiling
away a portion of the solvent under vacuum. Since the gas
solubility measurement  at atmospheric pressure required a
_very small émount of solvent, this conventional and effec-
tive technique for degassing the solvent was htilized.

The prggedure for degassing the solvent involved first
*providing a suitable amount of solvent (about 30 am3) in a
flask equipped with a tape heater, and then applying a
vacuuml After a boiling time of about 20 to 30 minutes had
elapsed, the solvent was allowed to flow into an evacuated
column packed with glass beads, where further -degassing was
performed. When the lower portion of the column was filled
with degassed solvent, the vacuum was released, aﬁd a por-
tion of the solvent stored in the void  space between the
beads was withdrawn by means of a syringe, the needle of
which was inserted through a septum rubber stopper installed
at the lower end of the packed column. The reasons for
using the bead packing in the column are first, to provide
an extensive surface area to the liquid for further boiling

anq second, to avoid the exposure or dissolution of air into



-50-

To Vacuum

Tape heater

Flask, o

Teflon cock

Beads-packed column

F“ lass wool

Septum rubber stopper

Figure 5-1 Degassing apparatus used for the solubility measurements

at atmospherilc pressure.
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\ . (4) Solution collecting burette
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(6) Heat exchanger
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Figure 5-2 Solubility apparatus for the measurements of
gas solubilities at atmospheric pressure.
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the degassed solveqt Qhen the vacuum was reieased. lfhg
glass wool installed at the bottom of the bead-packing was
to aveoid the passage of glass beads into the bottom tubing.
The septum rubber stopper was ,replaced by a new one after

each degassing operation. The syringe containing thé

- degassed solvent was then attached to a syringe-pump, and

the‘degassed'solvent wds injected into the spiral tube'of
the solubility apparatus.

The syringe used was a 5 cm? gas-tight Hamilton syrlnge,
and the syringe-pump deV1ce was a Harvard Apparatus syringe
pump which operated with a 1nterchangeablg constant speed
motor. Motor speeds of 1/10 rpm and 1/20 rpm were used for
the solubility measurement and the corresponding solvent
infusion rates were 0.01723 cm?/min and 0.00873 em3/min,
respectively. The Qolumetric infusion rates were determined
accurately by weighing the quantity of distilled water deli-
vered in a given period of time. The very low infusion fate
for degassed solvent was consisten; with the high solubili-
ties anticipated.

In figure 5-2 is shown a schematic diagram of the solu-
bilEty apparatus for the %easurement of gas solubility at
atmospheric pressure. The apéaratus consisted of a gas
bureﬁte(l), a spiral tube(2), a miniature capillary U-tube
manometer(3) and a solution collecting burette(4}). All
these were enclpséd inside a cylindrical glass jacket(3)
through which water at cbnstant temperature was circulated.
The heat exchanger (é) to which the syringe was attached,

. o
™ ] ‘ e

-~

v

~
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was also installed for the sSlvent to be heated to the fem-
per&ture of the ekperfﬁént. Thg mercury shown in the gas
burette was.connected £hrough a tube to the mercury leveling
bottle (7). By raising the mercury leveling bottle, the
‘dissolved volume of the solute .gas stored in the gas burette
was repiaced by mercury. The gas solubi;ity~in tﬁe mercury
was assumed to pe negligigly small.

For the hiéh solubilities of gases involved in this
investigation, some modifications were madée to the original
apparatus used by Hayduk and Cheng, the latter having been
designed for low solubility ﬁeasurements.

The residence time for the solvent liquid as it passed
through the spiral ‘tube, was usually 15 to 30 minutes for
the low solubility systems. This residence time was deter-
miﬁed by measuring the duration of time from the initial

starting: time of the syringe pump to the time when the

il

liquid was first observed in the U-tube manometer. When the

apparatus designed for the low solubil;ty systems was used
for the high solubility systems, the solvent residence time
was found to be three to five times greater than when iow
solubilities were measured, because of the very low ligquid
flow rate. The reason for utilizing the very low flow rate
for the high solubility systéms was to ensure that ﬁhe sol-
vent was saturated with the solute gas, but the resulting
timé required for a single meésurement was excessively

long. t

There were two possible ways to reduce the residence

s



-54-

timé for the high solubility measurements, lOne way waé to
moaify the spiral tube so that\ the residence time became
shorter, and the ohher way was to adopt appropriately higher
liquid flow rates. In selecting. an appropriate methbd,
consideration was given to the fact that for the same resi-
dence time, the lowerlliquid flow ratés always resulted in
more consistent, and slightly higher, experimental solubi-
lifiés. Therefore, modifications were made to the spiral
tube in order to shorten the time required fdr the measure-
ment while still utilizing the lower solvent flow rates

The necessary modifications’ 1nvolved changes to the number
of COllS in the spiral tube, the radius of the spiral éoil,
and the radius of the spiral itself. These were all reaﬁced
in size when ccrpared with those previously used in the
meésurement dinvolving gasés of low solubility, but, at the
same time, the slope of the spiral tube was increased.

The experlmental procedure for solublllty measurements”
will be brlefly described. While the solvent was belng
degassed, the solubility apparatus was purged with solute
gas. Then the syringe(8), filled withAdegassed solvent, was
first attached to the heat exchénger.(G)-and then to the
syrihge pump(9}. The needle of the syringe was inserted
into the spiral tube(2) passing through the heat exchanger
(6). It was confirmed at the beginning of each run that the.
tip of the needle actually toucﬁed the wall of the spiral
tube in - order to ensure a continuous supply of solvent:

Otherwise a dropwise supply of _the solvent caused an

-
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Lntolersgﬁe fluctuation in gas preséﬁre. Next, the stopcock
of the solvent collecting burette(4) was 4%’losed and the
syringe pump device was switched on: The solubility appara-
‘tus was left with the solute gaa‘slowly flowing through the
apparatus until'a gas-saturated solvent solution éppeared in

t.'\ )

the U-tube manometer (3} one end of which was open to the

atmosphere. Then the flow of solute gas was shut off and:

the mercury level ‘in the gas burette(l) was raised by mecha-
»

nically adjusting the position of ‘the merchry "levelling _

bottle sc that .the liquid in the U-tube manometer remained

at a constant fevel'indicating'a constant gas pressure in

" : ' &

the soiuﬁility apparatus, The volume replaced by the mer-

‘cury -in the gas burette, which was identical to the volume

of soluté gas dissolved in the sgolvent, Was recorded at

S-minute time intervals, With the knowledge of volumes of -

digssolved solute .gas and those of degassed solvent supplied

[ 4
to the apparatus the .gas solubility was determined.
W o
4

Y L]

© 5.3 TREATMENT OF DATA FOR GAS SOLUBILITY AT ATMOSPHERIC

PRESSURE

' + N ) . -’ : 3
e volumes of disgsolved gas as measured at fixed time

'mﬁ‘ -
1ntervals were always found to be directly proportlonal to
f

e

thg- volumes solVent supplled. Gsﬁ' solubilities were

g 6

'detexmined utilizing'tﬁi/glnpgs of the.lf&eg as obtained by

- -

! lxnear regression for all the systems..

-~

‘Let the slope (gas\to li&%id) of the 11near line result—

4

ing from, the least squares fitting be (SP) Also, let the

v

‘

&3
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N_\\—N&aw and the ideaiity for the liquid phase,
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molar densities of solute gas and solvent, and the liquid
phase mole fractivns of' solute gas and solvent be (MD) ,
(MD) ,, X, and x,, respectively. Then these variables can be

related to the #o;iowing equation:

E = (sP). o), (5-4)

! (MD) |

- . X

In the above equation, the molar demsity of solvent, (MD)1
was calculated from the mass density measured at atmospheric

pressure in this investigation, and the molar density of

s%lyte gas was calculated by the method described in chapter
4. o - : .
The gas solubility, x, at atmospheric pressure, P and

. t X
temperature, T was, then gbtained by Equation (5-5}.

., 2
. ?T-
x, (P,T) = —0 0 (5-5)
? *2 + 1
X

» It is conventional to convert the gas solubility
measured at temperature, T and atmosphprie pressure, P into
the gas solublllty in whlch the partxal pressure of solute
gas 1is one atmospﬁ,bé (101 325 kP). Let the la&ter be
¥,{(P, =.101.325, T). Also, let the vapor pressure of the
solvent at the .temperature be P?. Thgh}\Sssuﬁ;ng Hénry'a.

(P, = 101.325,

] - - -
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T) can be expressed as:

xy(P, = 101.325, T) = x,(P,T) ———20k:325 . (5.¢)

p—p? (1 - x,(p,7)}

A further discussion concerning the conversion of gas
solubility and the presentation of the gas "solubility

results is made -in Chapter 6.

5.4 APPARATUS AND OPERATING PROCEDURE FOR THE DETERMINA-

TION OF GAS-SATURATED SOLUTION DIEJNSITY

“For the precise determination of gas solubiiities_ at
high pressures, the densities of the gas-saturated solutions
were required;- For this purpose, the Anton Paar density
meter intended for the denéity meagsurement at high pressures
was purchased and utilized in this investigation. This
density meter, as described in the section 5-1 for the den-
city meter for atmospheric pressure, also.consisted of two
components. One was DMA 512 for pressures up to 40 MPa and
temperatures to 423 .K which contained a stainless-steel
sample tube, functioning as a sensiﬁg compoﬁént fdr the den-
sity. The capacity of -the sample tube is approximately 1.0
cm3f and the sample tube is enclosed by a jacket for circu-

[

L Y -~ . . . 4
lating constant temperature fluid controlled to within 0.01
. - ‘ ) - ’
°C. - ®8oth ends of the stainless-steel sample tube are

equipped with 3 mm Swagelok fittings. This component of the

.
fl




the liquid to-be analyzed under preésu;g can be circulated
through the'sample:tube. The other compbnent wasg DMA 6Q,
the electronic and  digital display component, the game
equipm;nt as 'described for the density measurements at
atmospheric pressure. The period of oscillation of the

compressed liquid sample.in the sample tube of DMA 512 was

determined by means of this componert, In the _actual.

measurement the sample ﬁubé'was connected to ﬁhe equilibra-
tion cell by means of a stainless steel tube such that the
gas-saturated quution was circulated through the sample
tube. For circulation of gas-saturated solution, a Milton
Roy high pressure metering pump was in;talled in the tubiﬁg
between the equilibration cell and the sample tube. For
confirmation that the solvent was saturated with gas, the
period of oscillation which was  read from the DMA 60 was
also recorded by meéns of a Fisher analog recorder.l When
there was no more change in the period of oscillation, it
was considered that equilibrium had been established.

For the purpose of enhancing the rate of equilibration

for density measuréments at elevated pressures, a new equi~
libration technique was devised in this work. A schematic
diag;am of theléquil{gration cell is‘shown in Figure 5-3,
The cell body (1) is a Whitey high pressure vessel of 300

cm? capacity, made of stainless steel.' The cell was

enclosed in a cylindrical jacket (3)'thngygh which-water at

L

constant temperature was circulated. The gas—liquid contac-

tor was a spiral coil made from a 1/8~in stainless sSteel

2



-59-

Syringe needle

]

Out

\ . (1) Stainless steel vessel
- (2) Spiral coil
(3) Cylindrical jacket

(3)

‘_? Water In

Figure 5-3 Equilibration cell used for the measurements

of gas-saturated solution densities.
¥
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rod. The solvent v;vhich was to be fully satﬁrated, was
provided through a. syringe needle onto the surfa_c:ef‘of— the
coil at the top end of the spiral coil. Satufaﬁion was
enhanced while the 1liquid flowed dowvnward creeping on the
outs:.de surface of the sp:.ral co:.l exposing a thin film and
providing good contact ‘with the solute gas pre:s.ent_i;x the
vessel, The gas-saturated solvent which passed down the
spiral coil 'was then circulated from _the‘ equilibration cell
to the sample tube of th'e density meter by means of the .
metering pump, and returned back to the equilit;ration cell
via thg syringe needle. -Thus the solvent liquid was .circu—
.lated and saturation was promoted. By utilizing such a;m
equiiibraéion technique, complete saturation was rapi_dly

7\

A schematic- dlagran of the apparatus used for the densi-

K

:achievgd .

tyr measurements of gas- s,aturated solutlons is ‘'shown in
'Figure 5-4. with referen;e to“this frigurle, the operati_ng
procedure was as‘follow’s. }'E‘irst':, ap?ro‘ximately 10 cmid of
solvent was provided into ‘_the equilibr’ation cell (6) ~and
t‘ne’n vacuum was a.ppl‘ied thle hbt.wét'ér was clrculating
through the j.acket (\7) -in c»:rderAto degass the solvent,
After 6 the degassing operatioh was compiéted the tempe'ra—
tures of the circulating water and the thermost:at of the
sample tube ln DMA 512 were adjusted to the measurement
temperature. Then the solute gas was introduced into the
cell and brought t? the experim.ental pressure. Then the
solvent which wag i;1 contact with the solute gas in thel‘

cell, was circulatéd through the sample tube in DMA 512 (3)

r
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. Ve | (13) (11) @
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(11) Liquid nitrogen trap
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High pressure precision metering pump
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Jacket for water circulation
Pressure transducer

Analog recorder

(10) Two way valve

Figure 5-4 Schematic diagram of

the apparatus used for the

density measurements of gas-saturated solutions.
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By means of the high pressure precision metering pump (5);
The pressufe‘heasurEment in the equilibration cell ‘was made ™,
by ﬁegns of a pressure tfansducer(a) obtained from Data
Instruments.- In order <o maintain the constant temperature
conditiocn; the system tubing through which the solvent was
circulated was well ihsuiated. As time elapsed, the
' pressure tended to decrease since £he gas dissolved iﬁ th

-~ .

solvent. The operation was carried out in such almanner
that the pressure was kept essentially constant by cogéﬁ;nt-
ly prov%ding.soiute gas from the s£orage_pylinder(2) into
the,equ;libration cell(é). Equilibrium was considered to
have been esﬁablished when the gas pressure and the output
of ‘thed digital: display (4) of DMA &0 remained constént.
Finally, the period of oscillation appearing on the diépiay
of DMA 60 was recorded. Density measurements were carried
out for each solvent-solute gas system at constant tempera-
ture and at several pressures ranging from a pressure

slightly higher ‘than atmospheric to that close to the satu-

ration pressure of the solute gas,

3.5 CALIBRATION OF THE HIGH PRESSURE DENSITY METER

Prior to the density measurements of gas-sgsaturated solu-
ﬁions, calibration of-the density meter was necessary. The
calibration was conducted for the same temperatures as.those
us;d for ﬁhe density measurements. de reference substances

whose densities under pressure were known were required for

the calibration. For these substances distilled water and

-



nitrogen were used., The densities of distilled water at the
calibration tempera%qfés and elevated pressures were taken
from those available in the tables by Haar -Kell et al,
(117). The density data of distilled water at three dif-
ferent calibration temperatures, 298,15 K, 323.15 K, and
343,15 K at different pressures are shown in Table 5-1.

Since .the densities of nitrogen required for the cali-
bration were very accurately reproduégd" 5y utilizing the
Pitzer-Curl method to predict.the second virial coefficient
(described in Chapter 4) when compared to those available in
the tablesg prepared by Din (119), the Pitzer-cCurl method was‘
used. For comparison, molar volumes of nitrogen by predic- .
iion, and those of Din, are both shown in.Table'5—2.

At constant temperature and varied pressures, the cali-’
bratlon constant for the denSLty measurement at high

pressures as obtained by means of the'ﬁnton Paar denSLty

meter is expressed by the following equation:

2 _ 2
Q, Q,
P1 = Py

A =

(5-7)
) .

In the above.equation, pp, and p, are.the.densities,of the
reference substances, nitrogen and distilled water, and 02
and Q, arerthe periods of oscillation read from the DMA &0
for nitrog=n and distilled water, respectively. ‘The “A" in
the above equationlis the calibration constant., At constant

temperature, the -calibration constant (A) values resultlng

from the calibratlon at varied pressures changed very little

-
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i

as expected, and therefore these values were regarded as
pressure-independent constants. Thus the density, p of any
solution whopse period of oscillation was read as Q from the

L3 ~

DMA ‘60, was expressed by'the following equation:
=1 (52
P =3 (2 - Q3) + Po (5-8)

In the above equation, the period of oscillation for
nitrogen, Q, was linearly correlated with pfeésure accurate-
ly at all the calibration temperatu:és}

L]

Q, =k, + k.p . (5-9)

In the above equation, k, and k, are temperature-dependent
constants.

On the other hand, the density of nitrogen, p, was also
expressed as a function only of pressure at constant temper-
ature based on theé Pitzer-Curl method to predict the second
virial coefficient:

py = Mz(MD)2 (5-10)
In the above equation, M, is the molecular weight of nitro-
gén, and (MD), is the molar-density of nitrogen given by

Equation (4-3). "
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Thus by substituting Equations (5-9) and (5-10) into’
Equation (5-8), the density of any solution was expressed as
a function only of pressure, P, -and the period of oscilla-

tion, Q, the resulting form of the egquation is:

{qu - (k| + k,P)2} + M,(MD), (5-11)

o)
1
e 1o

The values for the calibration constants, A, k;, k, and the
second virial coefficient for nitrogen, B, are listed in
Table 5-3 for the measurement temperatures, 298.15 K, 323.15

K and 343.15 K.



Table 5-1. Densities of water at tem
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peratures of 298,15 K,

323.15 K and 343.15 K at elevated pressures
(117) .
Density
Pressure ({Bar) 298.15 K 323,15 K 343.15 K
1 . 0.99706 0.98803 0.97778 ¢
2 0.,99711 0.98807 0.97782
3 0.99715 0.98812 0.97787
4 ¢,99720 0.98816 0.97791
5 0.99724 0.98820 0.9779¢
6 n 0.99729 0.98825 0.97800
7 0.99733 0.98829 0.97805
8 0.599738 0.98834 0.97809
9 0.99742 0.98838 0.97813
\ 10 0.99747 0.,98842 0.97818
11 0.99751 0.98847 0.97822
12 0.99756 0.98851 0.97827
13 0.99760 0.98855 0.97831
14 0.99765 0.98860 Q0.97835
15 0.99769 . 0.98864 0.87840
16 0.99774 0.98868 0.97844
17 0.99778 0.98873 0.97849
18 0.99783 0.98877 0.97853
19 0.99787 0.98881 0.97857
20 0.99792 0.98886 0.97862
21 0.99796 0.98890 0.97866
22 0.99801 o 0.98894 0.97871
213 0.99805 0.98€£99 0.9787s5
24 0.989810 0.989%903 0.97879
25 0.99814 0.98908 0.97884
! \_5/.



—67=

i7,

Ir\—.

Table 5~2, Comparlson of molar volumes of nltrogen avaligb{e in
Din's table with those calculated by- Pitzér-Curl
method. -

Molar volumes of nitrogen
Pressure (atm)| 290°K 300°K 320°K 340°K 360°K
1 ©23791 24613 26258 27902 29548
: 23791 24614 | 26259 27903 |29547
5 14753.3 | 4919.4 | 5251.2 | 5582.5 |5913.4
4753.4 | 4919.6 | 5251.5 | 5582.9 5913.9
X .: 10 2373.9 | 2457.9 | 2625.5 | 2792.6 [2959.4
.//,,_\\ - 2373.7 | 2457.8 | 2625.6 | 2792.9 [2959.7
15 1580.9 1 1637.6 { 1750.5 | 1862.9 |1974.9
1580.4 | 1637.2 | 1750.3 | 1362.8 -|1975.0
20 -1 1184.6 | 1227.6 { 1313.0 | 1398.0 |1482.7
. 1183.8 | 1226.9 | 1312.6 | 1397.8 {1482.6
25 946,9 981.7 | 1050.7 | 1119.3 '}1187.5
945.8 980.7 | 1050.0 | 1118.8 |1187.2

Upper column: from tables by H. Din (119),
Lower column: cal¢ulated by Pitzer-Curl method.

L

Table 5-3. cCalibration constants for hlgh pressure density meter
and the second virial coefficients for nitrogen.

LN :
Temperature (K) ki (*) . k., (%) A B({cm3/mol)
298.15 376514.3 29,503 1.90129x1019 -4.353
323.15 378329.4 27.476 1.92524x1010 0.1877
343,15 379918.2 26.000 1,92505x%x1010 3.294 1

1

(*) In Equation (5-9), the units of pressure, P is atm.

P
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5.6 APPARATUS AND OPERATING PROCEDURE FOR MEASUREMENT OF

GAS SOLUBILITY AT ELEVATED PRESSURES

A gas solublllty' apparatus for use up to 20 Mgew//

A4

developed based on the dynamic or solvent-flow method. In
this method, the solubllltles were determined by measurlng
the volumes of solute gas required to steadily form a gas-
saturated solutlon._when using a small constant flow of
degassed solvent. Degassed solvent, prepared by. the boiling
‘method, was prov1ded 1nto the equilibration cell by means of
a high pressure precision meterxng pump. The gas-liquid
equmllbratlon technique adoPted was -similar to that utlllzed
for the density measurement of the gas-saturated solution.
That is, while. the liquid was flowing downward at a very low
flow rate on the surface of the stainless steel coil ins-
talled inside the\gas-filled equilibration cell, it became
saturated with the compressed solute gas, p

The neQ apparatus developed in this inﬁestigation has
several advantages, First it reouires only a small amount
of gas and liquid for a measurement; it also requires only a
short time for a‘measurement. The design of the apparatus
is simple,'and therefore, the‘operation for a solubility
lmeasurement 4is also simple.r Thi's apparatus is suitable for
SOlEﬁlllty measurements of highly soluble gases, at elevated
presgﬁres

As well as advantages; there' are several'disadvantages
of the new apparatus., First, the pressure needs to be Kept

very tonstant'since the pressure_effectdpn gas solubillty is =

-~
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significant and hand control of éressure is tedious. Next,™
the apparatus is not entirely suitable for solubilitys
measurements of slightly soluble gases.

with regard to the secon@ disadvantage,.although actial

solubility measurements have not been made for élightly

soluble gases, it is considered that much more socivent would

" " be required for such systems than for gases of high solubi-
lity. However, .in order to ensure thé saturation of solvenﬁ
with solute gas, the flow rate could not be increased signi-
ficantly. Therefore[‘?ﬁé_ti&e requi:éd for.a measurement
would bépome much longer than for gases of high solubility.
Also, the correction for the change in gas volume would pé
affected by the significant increase in the volume of gas-

saturated solution which results.

The problem of the volume occugied by the gas—satufatad_.
solution was also considered for the highly soluble gases as
measured in this investigation. Only a small amount of
liquid solvent was required for the highly soluble gases.
However, 1in 1light of ;his problem, an ~appropriate data
reduction metﬁod was established in order to precisely
determine the gasn solubilities. This aspect is further
discussed in the following section concerning the treatment
of data for gas solubility at éievated pressures.

The major components utilized in the high pressure
solubility apparatus include .a volume-regulating c¢ylinder
equipped with a piston, for the quantitative supply of

Id
solute gas into the equilibration cell, a stainless stédel
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vessel for the storage of liquified gas, and the equilibra-

tion cell. Also used were a high precision metering pump to

s

provide a constant flow of degassed solvent to the equili-

bration cell, and a pressure transducer for the precise
B e

- ——

measurement of the system pressure. More detailed descrip-
tions of these major items of the apparatus argsagiven

below.

The gas volume-regulating cylinder was.a Ruska positive

displacement pump of 100 cm? capacity suitable for pressures

up to 13 MPa. This pump consisted of a piston and a cylin-

o

der. The position of £he piston in the cylinder was ad jus-
ted bf rotating the head. Connected to the head .was a
vernier scale readable to 0.1 cm3. The piston was sealed by
means of teflon packing. For the solubility measurements,
the volumetric displacement and position readings were

calibrated utilizing distilled water.

A stainless steel vessel of 400 cm? capacity was
purchased from Whitey and used as the gas'supply cylinder.
The gas storage cylinder was included as part of the appara-
tus éo avoid any chance for condensation within the measure-
ment system since the whole cylinder was immersed in the
constant temperaturg bath. Such an arrangement was also
considered to ensure that_the gas remained at the measure-
ment temperature,

A high pressure precision metering pump, which was used
to provide the degassed solvent to the equilibration cell,

was supplied by Milton Roy. | This pump with an extremely

”

—_



small pump capacity was capahle of delivering'soivents at
pressures up to 41 MPa over flow ranges of 1.9 ml/hr to 19
ml/hr. The flow rate was adjustable, and the pump compor
nents that ‘contactea the solvents i@ere made 6f stainlesé
steel, sapphire 'agd teflon. Very low, but co&étant' and

highly reproéucible f%pw rates of solvents, as required in

;-
the solubility measunsf?nt were made possible by-utilizing

‘this metering pump.

For the purpose of measuring the system pressure during
solubility experiments, a pressure transducer purchased from
Data Instruments and suitable for pressures  dp to 2.7 MPa
was utilized. Calibration of the transducer was. accom-

-. ' . . . : «M
plished with a dead-weight gauge. :
A stainless-steel vessel, 300 cm3 in capacity, was used

as the equilibration cell. The gas-liquid equilibration

technique used was similar to that utilized in the measure-

ment of gas-saturated solution densities. In this measure-

ment, instead of circulating the solvent, solvent was
provided to the equilibration cell at a very low flow rate
sudh‘that the liquid attained eqﬁilibrium by the tiﬁe it
passed down the spiral coil iqside the equilibrétion cell.
Preliminary experiments were made to ensure that equili-
brium was actually established in the equilibration cell.
These attempts involved first providing small portions of
degassed solvent intermittently into the cell filled with
solute gas at a predetermined pressure and then observing

the pressure drop. In all cases, the pressure drop was



rapid and corresponded to theesolveht supply because of the
aiésolution of the gas in éolven;. It“was confirmed fromf
these attempts that the saturation proceéss of  the solvent-
with solute. gas was fairly prompt. Furthermore, the
partially-filled cell contaihing gas was left for an‘eitend—.
ed period of time (6ne day) without any further change in:
pressure.” As 'a result, it was considered that on reaching
the end of the coil in the equilibration cell, the solvent
was completely saturated.

The schematic diagram of the solubility apparatus usedg
in this study and details of the equilibration cell are

' presented in Figure 5~5 and 5-6 respectively. |

The operating procedure for the gas solubility measure-
ment will be described with.reference to Figure 5-5. Fifst
approximately 30 cm3 of solvent was charged into the degass-
ing flask(13). Vacuum and heat were applied to this flask
to cause boiling of the solvent so that the solvent was
completely degassed. The degree of vacuum in the flask was
checked by means of a pressure transducer(14) and a
recorder(le6), Thé dégassed solvent was then transferred to
a burette(l2) from which it was pumped into the equilibra-
tion cell(7) by means of a high pressure precision metering
pump(ll). Helium gas was introduced from a cylinder(l7) to
make the pump intake pressure at- Teast atmospheric pressure,
thereby allowing the pump to function well. Helium was used
48 a pressuring medium because of its extremely low solubi-

lity in all sclvents.
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Figure 53-5 Schematic diagram of the volumetric apparatus used for the
measurements of gas solubilitles at elevated pressures.
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Figure 5-6
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.
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Equilibration cell used for the measurements
of gas solubilities at elevated sressures.



In preparation for a solubility experiment, solute gas
was charged into' an evacuated aad refrigerated storage
'tCylinder(l) céhsing liquefaction of the gas. The solute gas
'storage’ cylinder was then attached to the system as shown in
Figure 5-5. The system involving the gas Qoiume—regulating
cylinder(4), the eQuilibrium cell{(7) and tﬁe, solution
sampler(8) was theﬁ evacuated until a high degree of vacuum
was established (2.5 x 10-2 Torr). The ‘degree. of vacuum was
checked. with a pressure transducer{(l4) and a recorder(l6).
Gas was then introduced into the evacuated equipment until
the pressure reached the expgrimental pressure. A constant
‘iemperature condition for the complete solubility apparatus
was achieved by méaﬂs of the water baths(2,9), which were
controlled to 0.02 K. : -

As the solvent was pumped into the‘equilibration cell by
means of.the precision metering pump, the pressure of the
gas £ended to drqp slightly, as the gas dissolved in the
solvent. Immediately, additional gas was added toc compen-
sate for the gaé dissolved. Measurement of changes in gas
volume was made by means of the movable indicator and
vernier scale of the volume-regulating cylinder while keep—
ing the total pressure essentially the same. During opera-
tion, the volumes of both solute gas and scolvent were read
at regular time intervals. The volume of solvent was read
from the solvent supply burette. For all the solubilities
measured, the volume change of solute‘gaa and that of sol-

vent were linearly related. !
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5.7 TREATMENT OF DATA FOR GAS SOLUBILITY AT ELEVATED
PRESSURES

If it was assumed that the volume of the gas-saturated
solution in the equilib;ation cell was negligible, it would
be very simple to calculate the solubility for data obtained
with the solubility apparatus for use at elevated pressures.
The calculation would be the same as for'SOlubility measure-
ments at atmospheric pressure: Equations (5-4) and (5-5)
would be equally useful for solubility measurements at ele-
vated and atmospheric} pressure. Although the amount of
degassed solvent requifed for an actual measurement was
rélatively small (usually less than 3 cm3) when compared
with the cell capacity (300 cm3),1f6r all the systems inves-
tigated, a procedure was developed for the precise determi-
nation of gas solubilit}.

It was considered that in the actual measurement, the
volume of solute gas dissolved was. underestimated by a
volume equivalent to that of the gas-saturated solution
accumulated in the equilibration cell. Hence the volume of
gas dissoIved is equi?alent to the volume of pure gas sup-
plied to the ‘cell, added to the net gas volume displaced by
the accumulated solution.' Therefore, it was first consi-
dered necessary to know the volume of gas-saturated solution
formed in each experiment for the precise determination of
gas solubility.

For the calculation of solubility, let the volumes of

gas dissolved and solvent used, as measured over a certain



time periocd, be vzuand vi. Also, let the volume of the

gas-gsaturated solutioﬁ formed in the cell be Vg+ assuming
this volume to be di;;Etly measurable. Further, tﬁe volume
of gas displaced by'thé saturated liguid solution is itself
saturated by the- solvent vapor. A pressure correction is

therefore necessary to determine the equivalent volume of

pure gas,. Let the total pressure and the partial pressure
of solute gas be P and P,, respectively. Then the mole

ratio of the solute to solvent in the gas-saturated solution

may. be expressed as:

VZ(MD)2 + v
_ | (5-12)

s
[

I
[

]
—

Vl(MD)l + Ve

In the above equation, (?Z}}/¢s the molar density of solute
at the measurement pressude, P and temperature, T, and (MD)l
1s the molar density of solvent at the temperature at which

the volume measurement of solvent was made.

In Equation (5-12), it was considered that the term,

'§;7P was approximately unity,bespecially at high pressures

and for non-volatile solvents as investigated in this work.
v

Then Equation (5-12) was rewritten ag:

) vV, o+ Vg (MD)2

. (5-13)

X
X v (MD)l
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“The volume of the gas-saturated solution, vVgr may be

-

expressed by the following equation utilizing the value for

the mass density of the gas-saturated solution:

* XM, + x.M
171 22
v, = v,(MD), . = (5-14)
] 1ps

"In the above equation, kl, X, M), M, and p_ are, respecti—
vély,'the mole fractions of solvent and solute in the solu-
tion, the molecular weights of solwvent and solute, and the
mass density.of'gas—saturated solution. The last property
was measured in this investigation.

The combination of Equations (5-5), (5-13), and (5-14)

results in the following equation:

Vz/vl + (MD)i leps

(p,T) = (5-15)
v,/v, + (MD) /(MD), + (MD) (M, - M,)/p_ .

X

2

fny.actual measurements, for all the systems investi-
gated, a linear relationship was gound between the wvolumes
of gaé dissolved and the volumes of solvent used. There-
fore, the best wvalue of £he volume ratio, vz/vl, w;; ob-
tained by means of the least squares method. Using the
slope of the linear relation to be (SP), Equation (5-15)

becomes :
(sp) + (MD)| M,/p_

(p,T) = — (5~16)
(sp) + (MD),/(MD), + (MD) (M, - M,)/p_

X

2

—_—
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4

Equatlon (5-16) was utilized for the calculatlon of the

gas solublllties measured at elevated pressures

5.8 APPARATUS AND OPERATING PROCEDURE FOR GAS CHROMATO-

GRAPHIC ANALYSIS OF GAS~SATURATED SOLUTIONS

A. system for . gas chromatographic analysis of gas-
saturated solutions was designed and constructed in order ta
check the validity of the volumetric determination of gas
solubility as described in the previous section. The appa-
ratus was constructed according to the design described by
Ohgaki e£ al. (121) for such analyses, but with some modi—
fications. Gas chromatographic analyses were made for solu-
tions of n-octane saturated'lwith propene »or' isobutene at
temperatures of 298.15 K and 323.15 K and preésures ranging
from 152 to 1600 kPa.

The gés chromatograph utilized in tﬁis investigation was
a Varian Aerograph Series 1400 model, which utilized a
Hewlett Packard model 3390 A integrator.j The gas chromaﬁo—
graphic column was méde of stainless steel tubing 1/8 inch
in diameter énd 1.5 meters in length, and was packed with
Porasil C supplied by Chromgtographic. Specialities. Des-
criptive diagrams of the equipment involyéd in the gas chro-
matographic analysis are shown_in figures 5-8 and 5-9 along
with the calibration lines required for the gas-chromato-
graphic analysis.: The procedure for calibrating the gas
chromatograph for analyzing gas-saturated liquid solutions

under pressure will be described using Figure 3-7.
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Figure 5-7 Schematic diagram of the apparatus used for the

gas chromatographic analysis of gas-saturated
solutions.
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Prior to the actual analysis of the gas-saturated solu-
tions, ' calibration liLés‘were obtained to relate the are&
ratio of solute gas to solvent as obtained by gas chromato-
graphy to the actual mole ratioqas determined Qy weight. To

accomplish this, gas} mixtures of known composition were

prepared and analyzed by a gas chromatograph (2) equipped

with an integrator (3) to obtain the corresponding area

ratio., A gas mixture of known mole ratio was prepared by
accurately weighing the ligquefied solute gas and scolvent in
miniature samplers (10 and 11} before and after discharging
small quantities Géhf39h into the solution expansion cell
(12) for analysis. Dry ice was used to cause liquefaction
of the sclute gas in the gas sampler.

After the air bath (6) reached the predetermined
temperature of 353 K, the gas and solvent sample tubes of
known weights were attached {(but not discharged) to the
solution expansion cell. Th;hﬁ the expansion cell was
evacuated to the maximum degree of vacuum possible by the
vacuum pump. ‘The degree of wvacuum was glways checked by
means of a Mcﬁeod gauge. When the pressure became as low as
2.5 x 102 Torr, the valve above the solution expansion cell
was closeq ggdxﬁhe solvent and solute gas were partially

-~
released from the samplers into the expansion cell by momen-
‘tarily opening the valves. Then a magnet (14), driven by a
magnetic stirrer (155 to enhance .the mixing of the solute
gas and solvent, was started. Sdbsequently, a portion..of

the gas mixture was introduced into the gas chromatograph by

-7,
~

-
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e

way of qﬂgqmpie loop (4), for analysis. After the analysis .
was complete, the samplers were detached and weighed. - The .
difference in weights before and after removal of the solute
gas and solvent allowed the calculation of the actual mole
ratio. Let the weights of samplers which contain solute,

and solvent before removaiﬂﬁﬁé._wqfu_and W respectively.

1'
1

Also, let these weights after removal be W,, and W., respec-
tively.. Then the actual mole ratio may be simply expressed

by the following equation:

X (W, - W,)/M .
_j - 2 2 2 (5—17)

(6, = W)/, -

X

In the above equation, M, and M, are the molecular weights
6f solute and solvent.

The area ratio of sblute to solvent, was directly calcu-
lated by utilizing the integrated areas resulting from the
gas chromatographic analysis of the mixture of known mole
ratic, .

N

Such a procedure was répeated for many gas mixtures and
. hence a caliération..tine for a solute-solvent system was
obtained. Figures 5-8 and 5-9 are the calibration lines for
n-octane-propene and n-octane-isobutene systems, respective-

%y. In these diagrams, the abscissa represents the area
ratio of solute to solvent, and the ordinate represents the

actual mole ratin,
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Figure 5-8 Calibration line used for the gas chromatographic
analysis for Propene-saturated n-Octane solutions,
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analysis for isobutene-saturated n-Octane solutions.
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The procedure for analyses of the gas-saturated liquid
solutions under pressure was similar to that used for cali-
bration of the gas chromatograph. After the solubility
experiment was complete,’a small portion (approximately 0.5
cmd) of gas-saturated_solution was sampled from the volume-
tric apparatus. Then the sampler was attached to the expan-
sion cell and waé'completely vaporized into the evacuated
cell (12),. The resulting area ratio as obtéined by the
integrator could then bé immediately‘converted to the cor-
responding mole ratio by use of the calibration curves

previously prepared.
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CHAPTER VI

RESULTS AND DISCUSSION

The presentation and discussion of the experimenEaI
fesults have been separated into various sections. Section
cne deals with the dehsity measurement of solvents and gas
solubilities at atmospheric pressure. ‘Section two discusses
the measurement of gas-saturated solution densities at
elevated pressures and their prediction by the SRK equation
of state. Section three deals with the gas solubilities as
measured at elevated pressures and compared with two predic-
tion meéhods for gas solubility. One predicticn method
involves the use of the SRK equatioﬁ of state and the other
utilizes the UNIFAC method. . The former method utilizes
solvent-gsolute binary interaction parameters which have to
be determined using known vapor-liquid equilibrium data.
The latter method utilizes activity coefficients for the
liquid phase, wﬁich can be directly estimated. In section
four, the gas-chromatographic analysis of gas-saturated
solutions is discussed. - The results from the velumetric gas
solubility measurements are compared with those obtained by
gas-chromatographic analyses. Finally, in the last sgection,
the gas solubility correlation developed in this investiga-
tion is discussed. Summary of the estimated precision for

each measurement is available in Appendix F.



-87-

6.1 SOLVENT DENSiTY AND GAS SOLUBILITY MEASUREMENTS AT

ATMOSPHERIC PRESSURE

Prior to the measurement of éas gsolubilities at-atmos—
pheric pressure, the densities of the sclvents, n-octane,
chlorobenzene ::and n-butanol were measured utiliz%pg the
Anton Paar density meter designed for use at atmotpheric
pressure. These data were required for the precise determi-
nation of gas solubilitieé. The ﬁeasuremeﬁts were conducted
at three different 'temperatures, 298.15 K, 323.15 K, and
343.15 K. The results obtained are tabulated in Table 6-1
along with those available in the literature.

The densities of n-octane as measured by Chappelow,
Winnick et al. (126) were available for comparison.. These
are tabulated in Table 6-2 and are shown in Figure 6-1.
These workers made préci?e density measurements for n-octane
at atmospheric pressure by means of a displacement tech-
nique. In their method, a sinker made of borosilicate
glass, oflknown masé and volume at a specified temperature,
was immersed and suspended in the liquid to be examined.
The top end of the suspension chain that suspended the
sinker was connected to a balance so that the welight of the
sinker immersed in the liquid could be precisely measured.
The liquid densities were calculated based on the difference
in the weights before and after immersion of the sinker.
The accuracy claimed in their density measurements is_ =

0.00001 g/cm3. -
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Table 6-1. Densities of n-octane, chlorobenzene and
' n-butanol solvents at atmospheric pressure.
Density (g/cm?3)
_Solvent Temperature (K)|This work Literature value
n-octane 298.15 0.6987 0:69879 (*)
323.15 0.6781 0.67825 (*)
343.15 0.6613 0.66137 (*)
chlorobenzene 298.15 1.1008 1.10085 (124)
' 323.15 1.0733
347.15 1.0517
*h-butanol 298.15 0.8060 0.8060 (125)
' 323.15 0.7866 0.7867 (125)
343.15 0.7703 0.7703 (125)

{(*) In£erpolated utilizing densities shown in Table 6-2.

-

Table 6-2.

Densities of n-octane at atmos
Chappelow, Winnick et al,

( 6€heric pressure by
126).

Temperature (K)

Density (g/cm3)

278.67
283.14

'288.87

299.25
303.60
308.72
313.99
318.06
323.31
328.06
333.12
337.93
342.78
347.66
352.85

COCO OO0 O0O0Q0O0O0O0O00O0O

.71439
.71082
.70624
.69788
.69435
.69016
.68614 4
.68249
.67815
.67417
.66994
.66550
.66172

.65755
.65306
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Asg indicated in,Table.G-l, the densities of n-octane by

Chappelow, Winnick et al. and those of this investigation

‘agree with good accuracy, to at least =+ 0.0002 g/cm3.__

Therefore it was concluded that the method utilized for the
density measurements ét atmospheric pFessure in this inves-
tigation was able to produce satisfactory density data.

The éolubilities of propane, isobutene, n-butane and
isobutane were measured aﬁ atmospheric pressﬁre in the _sol-
vents n-octane, chlorobenzene and n-butanol. The experi-
ments were cdnducted at three different temperatures, 298.15
K, 323.15 K aha 343.15 K. The solubilities of propene and
isobutene in these sélvepts were subsequentl? compared with
those obt;ined a£ elevated ‘pressures. The density measure-
ments of these solvents'were utilized in the calculation of
gaé solubilities, A sample “calculation for the determina-—
tion of gas solublllty is shown for the n—octane -propene
system measured at 298,15 K and 100.89 kPa in ‘Appendix B.

The gas sblubilities measured —at atmospheric pressure

- Y

are -tabulated' .in Tables 6-3 to 6-6. The experiment was
repeated two tipes for éach system at the s;me‘temperature.
In these tables, the numbers in brackets indicate the expe-—
rimental pressures in kPa at which the. measurements were
made. The deviations of the two solubilities measured for
the same system and at the same temperature were alwéys less
than 13 from the average.

It is conventional to convert Qas solubilities measured

at atmospheric pressure to ones calculated for a partial

»
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Table 6-3. Solubilities of propene measured at atmospheric

pressure in the solvents, n-octane, chlorobenzene
and n-butanol. .

Solvent “Temp. (K) 1 2
n-octane - 298.15 0.104 (100.89)* 0.104 (100.87)
323.15 0.0584 ( 99.765) 0.0588 (99.992)
 343.15 0.0350 (100.79) '0.0351 {(100.79)
chlorobenzene 298.15 0.0680 (100.63) 0.0684 (100.63)
323.15 0.0380 (10l1.86) 0.0379 (101.25)
343,15 0.0242 (101.06) 0.0247 (100.66)
n-butanol 298,15 0.0381 (100.02) 0.0379 (99.765)
323.15 0.0212 (101.86) 0.0214 {101.86)
343.15 0.0151 (100.79) 0.0153 (100.85)

Table 6-4. Solubilities of isobutene measured at atmospheric

Pressure in the solvents, N-octane, chlorobenzene
and n-butanol, '

Solvent Temp. (K) 1 : S S22
n-octane 298.15 0.323 ( 99.125)* 0.320 (99.125)
. 323.15 0.170 { 99.765) 0.172 (100.01)
343.15 0.102 (100.79) 0.102 (100.81)

9%

chlorobenzene 298.15 0.229 (100.79) 0.231 (100.79)
323.15 0.127 (102.03) 0.125 (101.46)
343.15 0.691 (100.79) 0.0695 (100.66)
n-butanol " 298.15 0.127 ( 99.992)F 0.127 (99.792)
323.15 0.0667 (101.54) 0.0661 (100.50)
343.15 0.0398 (101.33) 0.0398 (100.79)

* Numbers in brackets indicate the measurement pressures in
kPa;golubility in mole fraction :
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Table 6-5. Solubilities of n-butane measured at atmospheric
- pressure in the solvents, n-octane, chlorobenzene

and n-butanol.

Solvent Temp. (K) 1 2
n-octane 298.15 0.430 (101,75) 0.427 (101.74)
323.15 0.223 (101.86) 0.220 (101.18)
343.15 0.132 (100.37) 0.129  (100.97)
chlorobenzene 298,15 0.270 (101.72) 0.274 (101.78)
323.15 0.123 (100.98) 0.120 (100.97)
343.15 0.0693 ( 99.992) 0.0689 (100.10)
n-butanol '298.15 0.137 (100.07) 0.137 (100.10)
323.15 0.0685 (100.75) 0.0686 (100.75)
343.15 0.0395 (100.77) 0.0398 (100.65)

Table 6-6. Solubilities of isobutane measured at atmospheric
pressure in the solventag, n-octane, chlorobenzene
and n-butanol.

Solvent Temp. (K) 1 2
n~octane 298.15 0.295 (100.07) 0.294 (100.89)
323,15 0.152 (101.33) 0.151 (101.43)
343.15 0.0860 (100.79) 0.0858 (100.79)
chlorobenzene 298.15 0.152 (100.58) 0.155 (100.49)
) 323.15 0.0805 (101.51) 0.0804 (101.47)
343.15 0.0472 (100.75) 0.0470 (100.79)
n-butanol 298.15 .0887 (101.25) .0888 (100.62)

.0461 (100.71)

0
323.15 0.0456 (100.59)
0 .0271 (100.86)

343.15 .0273 (100.65)

OO0 O
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pressure of solute equal to one standard atmosphere. It is
considered that such a conﬁersion allows a comparison of
solubilities for a common gas partial pressure. In order to
make the conversion of gas solubilities measured at atmos~
pheric pressure to those for a gas partial pressure of one
_atmoéphere, Equation (5-6), as described in section three in
Chaéter 5, was utilized. The gas solubilities based on
Equation (5-6) are tabulated in Table 6-7.

Equation {5-6) is ‘developed using the assumption that
Henry's law 1is applicable and that the liquid phase is
ideal. hlthough these assuhptions are usuaily valid, espe-
cially for non-volatile solvents such as those used in this
investigatfon, another method of converting the gas solubi-
lity was tried for the purpose of comparison. This method
involved the use of the Soave-Redlich-Kwong (SRK) eguation
of state. As. discussed in Chapter 2, when applying equa-
tions of stéte to mixtures, binary interaction parameters
are required at the temperature of interest, The best
values of the parameters are usually determined by utilizing
the data for phase equilibria, However, it is pqgsible to
determine the binary interaction parameters baseg/on a sin-
gle equilibrium datum. In this investigation, therefore,
the binary interégzion parameters were -determined utilizing
gas solubility data measured at atmqspheric pressures, Once
the interaction parameters were available for each solvent-

solute system at the temperatures of gas solubility measure-

ments, the SRK equation of state was used for the vapor-



- Table 6-7.

Gas solubilities for a

101.325 kPa.

Température = 298,15 K

-94.

gas partial pressure of

olute
Gas

Solvent:

n-Octane

Chlorobenzene

n-Butanol

Propene  |b.106 (0.106)*|0.0697 (0.0698)]0.0389 (0.0389)
Isobutene|0.333 (0.333) {0.234 (0.237) [0.131 {(0.131)
n-Butane {0,432 0.274 0.140
Isobutane|0.301 0.157 0.0904
Temperature = 323,15 K
Solvent
Solute

Gas n-0ctane . Chlorobenzene n-Butanol
Propene 0.635 (0.0636) 0.0400 (0.0402) 0.0221 (0.0222)
Isobutene(0.184 (0.184) [0.132 (0.133) 10.0695 (0.0700)
n-Butane (0.233 ' 0.129 0.718
Isobutane|0.161 . 10.0847 0.0482

Temperature = 343.15 K
Solvent
Solute -

Gas n=-0ctane Chlorobenzene n-Butanol
Propene 0.0416(0.0419) |0.0283 (0.0284){0.0176 (0.0177)
Isobutene|0.11 0.120) {0.0796 (0.0804)|0.0458 (0.0469)
n-Butane |0.15 G.0800 0.0397
Isobutane{0.101 0.0542 0.0314

* Calculated using the SRK equation of state.
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ligquid equilibrium calculation considering that the partial
pressure of solute gas was equal to one atmosphere.

In this investigation, the SRK equation of state was
also to be utilized for thg systems involving_propene and
isobutene to predict the gas—éaturated solution densitigsr
and solubilities of these gases at elevated pressures,
Therefore, the calculations for the solubilities for a gas
partial pressure of one atmosphere using the SRK equation of
state were made for the same systems. - The calculation
results are shown in brackets in Table 6-7. It is found by
comparison that”the solubility data based on Equation (5-6)
are nearly identical to the calculation resufgs regardless
of temperature. It may be noéed that the agreement extends
to the systems involving the polar substances, chiorobenzene
and n-butanol. Based on the agreement thus obtained, it was
concluded that Equation (5-6) was appliéable for converting
gas solubilities measured at atmospheric pressure to those
for solute p§rtial pressures equal to one atmosphere,

Gas solubilities that were previously reported by other
workers are compared with those obtained in this investiga-
tion 1in Table 6-8. It may be seen in this table that
genérally good agreement was obtained between the solubili-
ties reported by other workers and those obtained in this
" work, except for the solubility of n-butane in n-butanol at
323.15 K and the_solubiliky of isobutane in chlorobenzene at

288.15 K. The deviation for the former system is small

(less than 1 percent) only if the value of Blais et al.
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pressure of 10).325 kPa.

ported for a gas partial

Solvent Temp. (K)

This work

1
~

\

Solute Solubility
n-Butane jn-Octane 298.15 0.432 (2) 0.432
Chlorobenzene| 298.15 |0.269 (127) 0.274
325.15  |0.131 (127) 0.129
n-Butanol 298.15 0,139 (128), 0.141 (127) 0.140
_ 0.1401 (129)
323.15 10.0686 (2), 0.0725 (127)] 0.0718
Isobutane(Chlorobenzene| 298.15 . |0.162 (1273 0.157
323.15 0.0853 (127) 0.0847
n-Butanol 298.15 |0.0889 (127) ‘2 0.0904
323.15 |0.0486 (127) 0.0482"
f <=
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(127), as obtained in this laboratory some years ago, is

considered. In the latter system (for the solubility of

isobutane in chlorobenzene at 298.15 K), the solubility in
this work is l€ss than that reported by Blais et al. by 3
?ercent.

Three independent sources for the experimental data are
available for the solubility of n-butane in n-butanol at
298.15 K. As shown in Table 6-8, the three reported solubi-
lities agree within 1.4 percent. The solubility of 0.1401
as recently reported by Miyvano et al. (129) was based on a
solubility measu?ﬁment that did not involve volumetric
measurement. Instead, the method of Miyano was based on the
mass of dissolved gas. Miyano utilized a mechanically agi-
tated absorption cell of 70-cm3 capacity in which degassed
solvent contacted the solute gas to attain equilibrium. The

solubility was determined from the weights “of the cell

-before and after absorption. The estimated error was repor-

ted to be less than 0.1 percent. The good agreement between

the solubility of Miyano et al, and that obtained in this

-WOnkﬂ;§ considered to indicate that the apparatus used in

‘this investigatfon for the measurement of solubilities of

highly soluble gases at atmospheric pressure is accurate.
The logarithm of the  mole fraction solubility, as
obtained in this investigation,.is shown as a function of
the logarithm of the absolute temperature in Eigure 6-2 to
6-4. When these are within the temperature scale shown,  the

normal boiling point of the solute and the freezing point
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of the solvent are also shown. The normal freezing point of
n—ﬁutanol is very low'(183.9 K); therefore it is not indica-
ted in Figure 6-4. Solubility measurements at atmospheric
pressure are possible only Qithin the. temperature range from
the solvent freez1ng point to the normal boiling point,

provided that the solute‘gas is not llquefled_ Such consi-
derations are required when dealing with gases of high solu-~
bility such as those investigated in ;his wqu:

The solubilities at higher temperatures are'extrapolated
using smooth curves to the normal boiling points of the
solute gases, At the normal boiling point of the gas, the
saturated liguid composition correséonds to that of the pure
gas. In one case (the solubility of propene in chlorobén—
zene), the freezing point of the solvent only slightly ex-
ceeds the boiling point of the gas. Based on these figures,
the ordér of the solubilities of gases in the same solvent
corfespondslto the order of normal boiling points for the
-gases. Such a tendency is most cleafly observed for the
systems which involve the non-polar solvent, n-octane. This
tendency is characteristic for gases of high solubility and
indicates that the experimental results agree with the con-
cept of ideal gas solubility as . described by Egquation

(1-1):

ideal _ 101.325
X = =T
2 S

P2 ' .

The equation above indicates that the ideal gas solubility
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becomes.unity at the boiling point of the solute gas.

In Figures 6-~5 to 6-8, the sélubilities of propene,
isobutene, n-butane, and isobutane are separately shown for
the three different solvents in each case, as a function of
the absolute temperature. In these figures, the ideal gas
solubilities as calcula£ed by Equation (1-1), are indicated
by a dashed line. It may be observed that the solubilities
of all four gases are highestjin ﬁ—octane, lower in chloro-
benzene and'lo&est in n—butandfl Furthermore, the solubili-
ties in n-octane always exceed:#he ideal gas. solubilities,
while the solubilities in chlorobenzene and n-butanol are
always below the ideal gas solubilities,

It appears possible that the polarity of the solvent, or
its-tendency for self-association, influences its ability to
dissolve gases. WKile h-octane is non-polar, chlorobenzene
is polar, but non—associéting, and n-butanol is highly polar
and associaﬁing. Thus, it would appear that the solubili-
ties of gases are reduced in polar solvents which tend to
self-associate.

Gas solubilities are most diffitult to correlate for
pblé; solvents in which molecular association occurs. The
effect of the association in the solvent on solubility
varies widely depending on the nature of the‘gas. Hayduk
and Laudie (85) proposed an empirical correlation for the
solubilities of gases in polar solvents based on the
"hydrogen-bonding factor YﬁBF)“, which was defined by them

as the ratio of actual gas solubility to ideal gas solubili-

(
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Figure 6-~5, Solubilities of propene in the solvents, n-octane,
chlorobenzene and n-butanel. '
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ty:~ (HBF} = xz/x2 ideal. They considered that a large
reduction in solgbility from the ideal gas solubility was
attributed to the formation of strong hydrogen-bonds in the
solvent, and successfully correlated hydrogen-bonding fac-
tors of-gases in a polar solvent to those of the same gases
in other polar solvents.

In this investigation, attempts were made to relate
hydrogen bonding factors for several gases, including‘a num-
ber that may be considered highly soluble in polar and asso-
ciating solvents, to those for the same gases in n-butanol.
For the purpose of indicating the relation betweeh gas solu-
bilities in polar and assocliating solvents, sqlubilities
reported by other workers, in addition to relevanﬁ solubi-
lit%es measured in this investigation, were used. Thepasso—
ciated solvents utilized in the correlation included metha-
nol, ethanol{ ethylene'glycol, methyl acetate, ethyl acetate
and acetonitrile. The gases whose solubilities were avail-
able in at least some of the above-mentioned solvents uti-
lized in the corpe;ation included methane, ethane, ethene,
ethyne, propane, isobutene, n-butane, isobutang.and hydrogen
sulfide. The correlation was made utilizing solubilities of
these gases for a temperature of 298.15 K. The hydrocen-
bonding factors for specific solvent-solute systeﬁs are
- tabulated in Table 6-9. g
In Figure 6-9, the hydrogen-bonding factors of the gaseé

in n-butanol are plotted on a log scale as a function of

those in the sgolvents, methanol and etﬁylene glycol. It mﬁy
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'Hydrogen-bondiné factors in polar and associating solvents.

&

Table 6-9,
(298.15 K}.
Solute gas

Solvent Methane Ethane Ethene Ethyne | Propane
n-Butanol 0.514(136)|0.435(136)]0.491 (136) 0.710(128)(0.343 (2)
Methanol 0.249(136)(0.155(136)10.256 (136)/0.850(128)]0.107(135)
Ethanol 0.365(136)(0.302(136)({0.360 {136) 0.211(134)
Ethylene glycol 0.0196(44){0.0421(137)}0.340(128) |
Methyl acetate |0.560 (92)]0.424 (92)]0.691 {92)13.40 (92)
Ethyl acetate
Acenitrile

Solvent Isobﬁtene n—-Butane Isobutane Hydrogen sulfide
n-Butanol | _{0.392 (*) [0.337 (*) |0.311 (*) . 0.653(133)
Methanol 0.0879(135) [0.0906(135) 0.568(132)
Ethanol 0.196 (13%4)
Ethylene glycol : 0.236(133)
Methyl acetate
Ethyl acetate |0.704 (122) 0.460 (122) 1.69 (132)
Acenitrile 0.192 (122) 0.0787(122) 0.928(132)

The numbers in brack ts indicate the literature source.

This work.

(*):
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be observed iﬁ tﬂis.figure that th. ydrogen-bonding factors -
in n-butanol are apéroximately linearly related to those in
ﬁethanbl and ethylene glycq;. " Such linear relatibnshgpg
indiéate thaé the prediction of gas solubility is possible
uging the diagfam as shown in Figqure 6-9. That is, if the

solubility of a gas in n-butanol is known, then the solubi-

~lity of the same gas in methanol or ethylene glycol can be

p;edicted. Afso, when the solubility of a gas in n-butanol
is required, it may be estimated, provided that the sélubi—
lity of»that same gaslis available in either.methancl or
ethyleﬁ;-glycor., )

As an illuétration of the relation between sélubility
and hydrogen-bonding factors, a diagram for ﬁethanol—n—
butanol is sﬁown in Figure 6-10. Wiﬁh reference to this
figure, the solubilities of 'n-butanol are plotted'as a fuhc-
tion of those 'in methanol on a lo; scale. —Then the hydro-
gen-bonding faétors, which corréspond to the solubility éata
in both solvents, are also shown. It may be observed in

this figure that the lines joining the respective solubili-

ties and hydrogen-bonding factors have a slope of one.

‘Furthermore, it is noted that the length of the lines bet-

ween the respective solubilities and hydrogen-tonding. fac-

tors is a function of the ideal gas solubility and is analy-

idea )
i ).
transferring solubility data to hydrogen-bonding factors in

tically expressed as v2 n (1/x The operation of

such a manner thus results in a successful correlation bet-

ween hydrogen-bonding factors as indicated in this figure.

i
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Hayduk et al. (Hayduk and Pahlevanzadeh, to be
published) pointed out that the correlation for hydrogen-
bonding factors was likely ¢to be ‘successful when two
solvents used in this .gorrelation had similar solvent

.- &
properties. - For example,

if both solventﬁ are alcoheols,
nitriles or ketones, tfey will probably have similar
solubility characteristids. Although ethylene glycol is
somewhat different in molecular Qtructhre from n~butanol and
methanol, having two hydroxyl groups instead of one, the
resulting correlation for hydrogen-bonding factors for
ethyleEg glycel and n-butanol appears successful as shown in
Figure 6:9.

In Figure 6-11, the hydrogen-bonding factors of gases in .
n-butanol are plotted as é"function of those o©of the same
.gases in ethanol. As expected the relation between the two
appears to be linear. Solubility data are lacking for a
more .complete comparison of the relation between hydrogen-
bonding factors in these two solvents,

—In Figures 6-12 and 6-13, similar diagrams are shown for
the hydrogen—bondiné factors in methyl acetate, ethyl
acetate and acetonitrile as.a function of these factors in
n-butanol, In these diagrams, the solvents considered do
not have molecﬁlar structures similar to those of n-butanol,
but the solvenf properties for gases seem to be similar.
Prediction éf gas solubility based on such diagrams appears

to be possible, although the accuracy would be low. Further

investigation for these systems involving associated sol-

vents is required if a general application of hydrogen-bond-
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ing factors for the prediction of gas solubility is to

become possible.

6.2 .DENSITY OF GAS-SATURATED SOLUTIONS AT ELEVATED

PRESSURES
In order to precisely de£ermine gas solubilities at
elevated pressures utilizing the solubilit& apparatus deve-
loped in this investigation, a knowledge of the volumes of
gas-saturated solution . formed in the equilibration cell was
necessary. For this purpose, the densities of gas-saturated

solutions were measured at elevated pressures utilizing an

\Q::§$nton Paar density meter. The experimental density results
obtained are presented in this section. Also presented, are

the predicted densities of gas-saturated solutions utiiizing
the Socave-Redlich-Kwong {SRK) equation of state. The:binary
interaction parameters required for the calculation using
the SRK equation were based on the solubility data measured
at atmospheric pressure. First, the detailed procedure to
predict densities of gas—-saturated solutions at elevated
pressures by .means of the SRK equation of state will be
deécribed. Then the experimental results together with tﬁe

predicted results will be presented and discussed.

6.2.1 PREDICTION OF DENSITY OF GAS-SATURATED SOLUTIONS AT

A

ELEVATED PRESSURES

- The SRK equation of state (63), which is capable of

describing the phase behavior of multi-component systems, is
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expressed by the following equation:

RT a | -
P = — - (6-1)
V-b V(V+b) :

In.the above equation, p, T, R and V are the pressure, the
temperature, the gas constant and the mblar volume of mix-
ture in the phase of interest (vapor or liquid). The a and
b in the equation above are constants that are functions of
temperature and composition and are a@plicable to a speci-

fied phase. They are further expressed by the following

equations:

a = f § aij X4 xj (6-2)

19 = 2455 = (ag, Jj)0'5 (1 - k;j) (6-3)

Ay = QaiR2Tci2/Pci <[ +Ami[l—(T/Tci;O'5}]2 (6-4)
m, = 0.48 + 1.574 @i - 0.176 7 (6-5)

b=z b x (6-6)

Py = Qi RT /Py - (6-7)

In the equations above, xi is the mole fraction of the i-th

component in the specified phase; Tci' Pci and w; are the
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critical temperature, critiecal Pressure and the acentric

factor of the i-th component, respectively; g

N

ai and Qbi are
the temperature-dependent constants characteristic of the
i-th component and kij is the binary interaétion parameter
to be determined for a 5pecific molecuie pair and at the
specified temperature.

\anerthe constants involved in the SRK equation of state
are kﬁown, calculation of vapor-liquid equilibria is possi-
'ble, and the equilibrium properties such as molar volumes of
both phases can be determined.

For vapor-liquid equilibrium to be established, the

fugacity of the i-th component in the vapor phase, fz and

that in the liquid phase, ff have to be equal:

RS ) -
f.'= fi (6-8)
From thermodynamic considerations, the fugacity &f the

i-th component in the liquid phase, ff, is expressed by the

following equation:

£L L = 2P RT
R gn —=— = RT in 'y, = | 2G5, 0,8, . - —~Javi-Rr nz?
Px; v oY By oy

In the expression ‘above, Xy and ¢f are the mole fraction of

the i-th component in the ligquid phase, and the fugacity
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1

coefficient of the i-th component in the ligquid phase, res-

2 and Z1

pectively; V are the mélar‘volume and compressibili-
ty, both of which are for the iiquid phase, and n, repre-.
sents.the number of moYes of the i-th componént.

By substituting Equation (6—15 iﬁto é;;atidn (6-9), the
fugacity coefficient of the i-th component in the liquid

phase for the SRK equation of state is obtained:

L

p(vi-p) b, PV 5 25, ag, x, b,

0 op=-inf———} + —1( 1) = ——( e S
RT b RT T L RT a b
vt o+ pt
X in ‘2 {6-10)
V

The fugacity coefficient of the i-th component in the
vapor phase, ¢I, is also expressed by an equation similar to
Equation (6-10}, but, in this case Vl, bR, al, xj are all

replaced by those in the vapor phase:

p(v'-b") b, pv’ a’ 25.a,.y. b,
v i J 1] ° 7 1
n ¢i=—£n{————————} + = -1) - S ( 3 - = )
RT b’ RT bYRT a b
vV o+ pY
X n ———;;——— (6-11)

The vapor-liguid equilibrium calculation is then possi-
ble utilizing Equations (6-10) and (6-11) in such a manner

that Equation (6-8) is satisfied. The molar volumes in tbé
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liquid ana vapor phases are then uniquely de;e}mined. By
"ctilizing the liqcid giase_molar volumc! and the equilibrium
_ccmposition in the iiquid phase, Dboth of which are also
uniquely determined by the calcuiation, the liquid phase

density of the gas—saturated solution, pg 15 expressed by:

(6-12)

In the above equation, Mi is.the molecular weight of the
i-th component.

Thus, the density of a gas~saturated solution can be
predicted by the procedure acove. It is, however, necessary
to determine the values for the constants involved in the

calculation, which are Qa and kK, ., before the proce-

i7 9 1j”’

dure described above is employed. First, the detailed pro-
cedure to determine the values cf Qi and Qbi w1ill be des-
cribed, followed by the method For determining the binary
interaction parameters, kij'

In order to determlne/the values of Qai and Qbi’ which

are characteristic of a substance and are determined at the

specified temperature, Equations (6-1) to (6-11) were
.applied to pure substances by setting X, T y; = 1 and kij =
0. The properties of the ‘pure substances used for the cal-

culation were the vapor pressures and saturated liquid den-
sities, which were obtained by the methods described in

Chapter 4. The actual calculation first involved assuming
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the value of Qbi' then calculating the values of b, a, g

ai
and the molar volume in the wvapor phase, v;. Utilizing the

values  thus determined, the fugacities in the 1liquid phase
and the vapor phase were then calculated. If the condition
of fugacity equality as described by Equation (6-8) (for the

pure substance) was not satisfied, the value of g was

bi
reassumed and the same calculation procedure was repeated
until the condition was satisfied. The final wvalues of.Qai
and Qbi were then those for which the fugacity equality was
satisfied. The flow chart for the calculation is shown in
Figure 6-14 and the cglculgted values for Q,; and dbi for
each substance, at the temperatures of 298.15 K, 323.15 K

and 343.15 K are tabulated in Table 6-10.

In order to determine the values for the binary interac-

tion parameters, kij's, gas solubilities which were measured

at atmospheric pressure in this investigation were used. 1In
the calculation involved, the'valués of Qai and Qbi
determined previously were used. Equations (6-1) to (6-11)

were applied to the two—éomponent system for this calcula-
tion. The calculation procedure involved first assuming the
value of k,, and the vapor phase composition, Y,. Then the
equilibrium constants, klo = Yl/xl and k2° = y,/x, were
calculated using the particular solubility values obtained
by experiment. Then the fugaéity coefficients for the
liguid phase and vapor phase were cdlculated using Equations

(6-2) to (6-7) and Equations (6-10) and (6-11). Thus a new
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Read T, Tc" P ., w,

Read P
+
Read Py
}

Q i = 0.08664: initial wvalue

¥

b

Qai

¥

Solve SRK equation of state for Vz R
¢ |

£ = £Y No  @yi = S

o

+ Yes

Print Qai‘ Qbi

Figure 6-14 Flow chart for the determination of Qai and Qbi
for solutes and solvents when the SRK equation

of gtate is used.
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Table 6-10. Values for Qai and Q.. of the SRK equation of

state for solutes and solvents.

[+ 4
Subs#ance Tgmperature (K) . Q4 Qpi
n-Octane ) 298.15 0.37202 0.074292
323,15 0.37492 0.074769
343.15 +70.37702 0.075069
Chlorobenzene 298.15 ) 0.38282 0.076851
323.15 0.38478 0.077230
343.15 0.386131 0.077471 -
n-Butanol 298.15 ‘ 0.39652 0.076658
323.15 0.39270 C.076706
343.15 0.39017 0.076669
Propylene 29?.15 0.40575 0.080696
323.15 0.40368 0.079647
343.15 0.39962 0.078284
Isobutylene 298.15 0.40422 0.080578
l B |
323.15 0.40339 0.079977
|
343.15 0.403138 0.079436
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1)

equilibrium cons;aﬁt; K, = ¢11/¢1V, was calculated and .com-
.pared with that calculated earlier, KIU;' . .

If the diffe;ence between the values of kio and K, was-

not within an acceptable limit, a new value of yé waé

assumed and the complete calculation procedure was repeated

with the same value of Xk When good agreement between Klﬁ‘

12°
and K, was obtained, another equilibrium constant, K, =
¢21/¢2v was célpglaged and compared with'Kzo. If the.agree—
ment between these two was not gqod enough, then a new Qalhe
65 klz was assuméd‘and,fhe calculation procedure up té this
.stage wasg rebéated upgil the Qaluea'of Kzo'apd K, became
essentially iﬁentical. Finally, as a result of the itera-
tive calculat;on proceduéé, the value of k,, was uniquely

determined . for the specific .gas-liquid system and at- the

specified temperature, T.: The flow Ehart for this calcula-
tion to determine the values of k,, is shown in Figure 6-15,
and the calculated éonstgnts are tabulated in Table 6-11.

Based on the values of g .'s, 9, ;'s"and k,,'s -thus
: ai - i : 12 ,

-

determined, the molar .volume in the liquid phase and the
. composition in the 1ligquid phase were calculated for. the
elevated pressures, fhen thé density in the 1liquid phase
wag calculated by means of Equation (6-12).

The }low chart for the calcﬁlatioﬂ of the liquid solu-
tion dersity is shown in Figure 6-16 and _the calculated
values ‘are tabulated in Tab}es 6-12 £o 6-17 for the systems
investigated in this study.t These calculated va;ues will be

compared with the experimental results for' the gas-saturated

‘solution densities in the following-sectibn.
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+
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+ - No Kk

12 i2

+ Yes
Print K12 4

Figure 6-15 Flow chart for the determination of k , for the

specific’ adblute-solvent systems when the SRK

equation of state is utilized.



Table 6-11.

Values for kLl

for

so0lvent-solute

systems

when the SRK equation of state is utilized,

Solute Solvent Temperature K,
Propene n-0Octane 298.15 -0.0078650
323.15 -0,0054701
343.15 0.0092435
Chlorobenzene 298.15 -0.004029¢
323.15 -0.0036573
343.15 0.0086200
.n-Butanol 298.15 0.021009°
323.15 0.042440
' 343.15 0.045029
Isobutene n-Octane. 298.15 0.068269
323.15. -0.00081510
343.15 —0.0003252§
Chlorobenzene 298.15 0.0074719
| 323.15 —0.0041250
343.15 0.0029622
n-Butanol 298.15 0.024g77
| 323.15 0.029445 |
343.15 0.037026
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Read T, P, T .'s, P_.'s, u.'s,
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1 (]
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$
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Print Xa, Pg

Figure 6-16 Flow chart for the calculation of solution
dengity and solution composition when the SRK

equation of state is utilized.

-
/
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Table 6-12. Solution densities predicted by the SRK equation of
state for the (1) n-Octane - (2) Propene system at

elevated pressures.

Temperature

298.15 K 323.15 K 343.15 K

P(MPa)| x, plg/cm?) P(MPa)' X, plg/cm3}|P(MPa) X, plg/cm3)

0.2027|0.207] 0.682 |0.2027|0.122| 0.668 {0.2027]/0.0766| 0.655
0.4053/0.400| 0.662 [0.4053[0.241] 0.657 [0.4053{0.157 | 0.647
0.6080]0.578| 0.636 |0.6080]|0.354| 0.644 |0.6080|0.236 | 0.639
0.8106]0.744] 0.603 ]0.8106|0.461] 0.630 |0.8106(0.312 .630
0.8613]10.783| 0.593 [1.013 |o0.563] 0.613 |1.013 |o0.386 .620
0.9119(0.822| 0.582 [1.216 |0.659| 0.594 |1.216 [0.458 | 0.609
l1.013 {0.898]| 0.556 {1.419 |0.750] 0.571 |1.419 [0.528 | 0.597
1.064 [0.936| 0.541 [1.520 {0.794 0.558 |1.621 |0.596 | 0.584
1.621 [0.837| 0.543 [1.824 [0.662 | 0.569
1.723 |0.878| 0.527 {2.027 |0.726 | 0.552
1.824 |0.918{ 0.509 [2.229 6}787 0:532

1.925 [0.957] 0.488 |2.432 |0.846 | 0.509

2.634 |0.901 0.482

2.837 0.951 0.451
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Table 6-13. Solution densities predicted by the SRK equation of state
for the (1) Chlorobenzene - (2) Propene system at eleva-

ted pressures.

Temperature

298.15 K 323.15 K 343.15 K

P(MPa)| x, p(g/cm3)|pP(MPa) X, |elg/cm3) P(MPa) X, plg/emi)

0.202710.141{ 1.05 0.2027)|0.0787] 1.05 0.2027{0.0530| 1.03

1.405310.294) 0.986 .4053'0.162 1.01 0.4053(0.111 1.01

10.6080(0.466| 0.9203 .6080(0.250 0.978 0.608010.169 0.990

o O o

0.8106}0.664| 0.787 .8106|0.342 | 0.937 {0.8106]0.230 | 0.965
0.9119[0.992] 0.911 |1.013 |0.441 | o0.888 |1.013 |0.292 | 0.938
1.013 [0.879| 0.625 |1.216 |0.548 | 0.829 {1.216 |0.356 | 0.909
1.419 |0.664 | 0.956 {1.419 |0.422 | 0.876
1.621 |0.788 | 0.666 |1.621 |0.492 | 0.839
1.824 [0.904 | 0.563 |1.824 |0.565 | 0.796
2.027 |0.643 | 0.747 K

2.229 [0.923 | 0.699

2.432 {0.805 0.624

.634 10.881 0.553

[

b2

.837 10.945 0.483
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Table 6-14. Solution densities predicted by the SRK equation of gstate

for the (1) n-Butanol - (2) Propene system at elevated - -
v r
pressures.
Temperature
298.15 K 323.15 K 343.15 K
P(MPa) X, p{g/cm3) {pP(MPa) X, p(g/cm3) [p(MPa) X, olg/cm3)

_ ) i
0.2027(0.0804| 0.794 0.202710.0441,| 0.780 0.2027]0.0332{ 0.765
0.4053]0.176 0.778 0.4053|0.09301 0.772 .4053(0.0704{ 0.759

0.608010.301 0.755 0.608010.147 0.763 .608040.110 0.753

o o o

0.8106/0.493 | 0.712 [0.8106{0.207 | 0.752 .8106]0.151 | 0.745
0.8613|0.567 | 0.693 |1.013 |0.278 | 0.738 ]1.013 [0.196 | 0.737

0.9119{0.659 .665 1.216 (0.367 0.719 1.216 |0.244 0.728

o O

0.962610.762 .629 1.419 10.489 .689 1.419 (0.298 0.717

1.013 }o.853 0.591 |1.621 }0.689 .625 1.621 |0.358 0.703
1.723 {0.806 | 0.577 {1.824 |0.428 | 0.686
1.824 {0.891 | 0.533 [2.027 {0.514 | 0.662

1.925 {0.950 | 0.496 |2.229 |0.623 | 0.627

2.432 10.754 0.575

2.634 |0.867 | 0.515

2.837 10.943 0.462
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Table 6-15. Solution densities predicted by, the SRK equation of
state for 1he (1) n-Octane ~ (2) Isobutene system at
elevated pressures.

Egmperéture
298.15 K 323.15 K 343.15 K
F(MPa) X o p{g/cm?3) P(MPa) X, plg/em3) P(MPa) X, plg/cm3)
0.1520(10.498| 0.662 0.1520]0.264] 0.660 0.202710.,221 0.645
0.2027(0.669| 0.643 0.202710.353] 0.653 0.2280 0.27? 0.640
0.2280]0.7%4| 0.631 0.2533]10.440! 0.645 0.304010.336 0.635
0.2533 0.539 6:618 0.3040]0.525] 0.636 0.3546]0.391 0.630
0.2786(0.921| 0.604° |0.3546{0.609| 0.626 0.#053 0.447 .0,624
0.405310.692| 0.615 0.4560(0.501 0.618
0.456010.772| 0.603 0.5066(0.554 0.612
0.5066.0.851 0.589 0.55%3 0.606 0.605
0.5573(0.928{ 0.573 0.6080(0.658 0.598
0.6586{0.709 0.590
0.7093(0.758 | 0.582
10.759910.807 .\0.573
‘\Lv/;
.10.810610.855 0.563
| | 0.8613}0.902 0.552 -
0.9119}0.947 0.541




-132-

Table.6-~16. Solution densities predicted by thé SRK equation of state

for the (1) Chlorobenzene - (2) Isobutene system at eleva-
ted pressures. ﬁ?
Temperature
298.15 K 323.15 K -t - 343.15 K

P(MPa}{ x plg/cm3)|P{MPa) x, |[plg/cmd) | P(MPa) X plg/cm?)

0.152070.393 0.928 0.15200.198 0.992 0.2027(0.156 0.988
~10.202710.594 0.826 0.202710.275 0.958 [0.2533 0.202 0.968

10.2280]0.706 0.765 0.2533]|0.357

<

.920 0.304010.250 0.947
10.2533 0;%}6 0.702 0.304010.444 |- 0.878 0.3546(0.300 0.924
0.2786 0.916' 0.642 0.3546]0.538 .831 0.4053)0.352 0.900

0.4053]0.635 | 0.779 0.4560{0.407 | 0.874

o O O

0.4560]0.735 .723 |0.50660.464 | 0.846
0.5066(0.833.| 0.665 |0.5573]0.524 | 0.815
0.5573{0.923 | 0.608 [0.6080{0.585 | 0.783
0.6586]0.648.| 0.748

0.7093}0.712 | 0.712

.7599|€.774 | 0.675

o

.810610.835 0.637 -

=)

.861310.892 0.600

o

0.9119(0.944 | "0.565
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Table 6-17. Solution densities predicted by the SRK equation of state

for the (1) n-Butanol - (2) Isobutene system at elevated

pressures.
L.
Temperature
298.15 K o 323.15 K . J43.15 K
P(MPa)| x, p(g/cm3) {P(MPa) X, o{g/cm?)|P(MPa) X, plg/em3)

0.1520(0.234| 0.768  [0.1520( 0.108 | 0.769 ]0.2027{0.0922| 0.755
0.2027}0.422f 0.733 [0.2027{ 0.156 | 0.761 |0.2533 0.122 | 0.750
0.22800.593} 07697 [0.2533| 0.213 | 0.751 . [0.3040 07154 "0.744 :
0.2533]0.779| 0.652 ]0.3040]| 0.283 0.738 |0.3546 0.196“ 0.738
0.2786[0.910}. 0.616 |0.3546| 0.375 | 0.720 |0.4053[0.230 '0.730
0.4053) 0.499 | 0.694 |0.4560]0.275 | 0.721
0.4560| 0.655 | 0.658 [0.5066]0.327 | 0.711
‘0.5666 0.804 | 0.618 ]0.55730.389 | 0.698
0.5573| 0.917 | 0.583 10.6080(0.462 | 0.682
| 0.6586}0.546 | 0.663
lo.70030.639 | 0.639

0.7599(0.730 0.614

0.8106(0.812 0.590

0.8613(0.882 0.568

0.911910.941 0.547
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6.2.2 MEASURED DENSITIES OF GAS—SATURATED SOLUTIONS AT

ELEVATED PRESSURES

The gag-saturated solutions whose densities were measur-
ed by means of the new measurement technique developed in
this investigation included those of propene-saturated
n-octéne, chlorobenzene ‘and. n—butangl, and also of isobu-
tene-saturated n;océéne, chlorobenzene and n-butanol.
Experiments were conducted at temperatures 298.15 K, 323.15
K and 343.15 K for each solute-solvent system. The measure-
ment pressures fangéd from a pressure'slightly higher than
atmospheric to that close to the saturated vapor pressure of
solute at each measurement temperézﬁre. These measurements
were, however, intended for the accurate determination of
gas solubilities at pressures up to 2 MPa by means of ﬁhe
newly developed volumetric measurement method, but the
highest measurement pressure did not exceed 2 MPa while the
saturated vapor pressure of propene at 343.15.K was over 3
MPa. The obtained results were consistent with the satura-
ted densities of the pure liquefied 'soldtes and of the-
solvents used, as obtained from the literature.

The gas-saturated. solution densities obtained in this
investigation are tabulated for various elevated pressures
fo?”gach solute-solvent system and measurement temperature
in Tables 6-18 to 6-23. In Figufe 6~-17 the densities of
.propene-saturated solutions are shown as a function of total
pressure, and similar plots for the isobuténe—saturated

solutions are shown in Figure 6-18,
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Table 6-18. Solution densities measured at elevated pres-

sures for the (1) n-Octane - (2) Propene
system. ; —
Temperature
298.15 K 323.15 K 343.15 K
P(MPa)| p{g/cm3) P(MPa) plg/cm?) P({MPa) p{g/cm3)
0.128 0.691 0.205 0.668 0.270 " 0.652
0.231 0.682 0.481 0.653 0.710 0.634
0.328 0.693 0.842 0.629 1.094 0.615
0.428 0.662 1.049 0.612 1.685 0.578
0.580 0.644 1.471 0.5867 1.804 0.569
0.743 0.621 1.569 0.554
1.003 0.595 1.630 0.545
A

¢
t

Table 6-19. Solution densi%&es measured at elevated pres-
(

sures for the ) Chlorobenzene - (2) Propene
. system. o
Temperature
298.15 K 323.15 K 343,15 K

P(MPa) | o(g/cm?) | P(MPa) | plg/cm?) | P(MPa) | olg/cm?d)

0.209 1.06 0.280 1.038 0.198 1.04
0.434 0.992~1 0.957 0.956 0.814 0.966
0.690 0.893 1.101 0.869 1.446 0.868
0.827 0.813 1.203 0.841 1.790 0.793
0.980 0.707 1.600 0.697
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Table 6~20. Solution densities measured at elevated pres-
sures for the (1) n-Butanol - (2) Propene
system.

Temperature
298.15 K 323.15 K 343.15 K
P(MPa}| p(g/c3) | pP(MPa) p{g/em?) | P(MPa) plg/cm?3)

0.228 0.791 0.280 0.773 0.194 0.765

0.413 0.976 0.588 0.757 0.716 . 0.746

0.703 1 Q.746 1.161 0.717 1.358 0.714

0.827 0.729 1.551 0.674 1.780 0.687

0.989 0.688 1.690 0.648

1.065 0.649 :

P ]

Table 6-21, Solution dens;tles measured at elevated pres-—

sures for the (1) n-Octane - (2) Isobutene.
Temperature
298.15 K 323.15 K= 343.15 K

P(MPa){ p{g/cm3) P(MPa) plg/cm3) P(MPa) plg/cm3)

0.104 0.682 0.118 0.668 0.142 0.652

0.153 0.669 0.189 0.658 0.240 0.644

0.198 0.655 0.295 0.642 0.398 ¢.628

0.254 0.634 0.383 0.624 0.586 0.606

0.430 C.614 0.655 0.597
0.492 0.598 0.711 0.589
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Table 6-22., Solution densities measured at elevated presg-
sures for the (1) Chlorobenzene - (2) Isobutene

system, '
Temperature
298.15 K ©323.15 K 343.15 K
I P(MPa)! p{g/cm3) P(MPa) pl{g/cm3) P(MPa) plg/cm3)
0.112 1.01 0.162 0.994 0.305 0.953
‘ 0.171 0.930 0.233 0.946 0.448 0.884
™ 0.213 0.861 "0,283 0.907 0.592 0.809
~ 0.269 0.745 0.371 0.824 0.671 0.764
0.469 0.724 0.725 0.729
Table 6-23, Solution densities measured at. elevated pres-
sures for the (1) n-Butanol - (2) 1Isobutene
system,
” Temperature ~ i
298.15 K . 323,15 K ey 343.15 K 1
P(MPa)| p(g/em?) | P(MPa) | p(g/em®) | B(Mpa) Ng/em?)
0.101 0.788 0.138 0.769 0.303 0.744 |
0.169 0.766 0.271 0.947 0.508 0.718
0.221 0.741 0.401 0.915 0.629 0.696
0.262 0.711 0.489 0.693 0.747 0.671
0.804 0.65
_ .
K
e
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Figure 6-17 Densities of propene-saturated solutions i

under pressure.
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Figure 6-18 Densities of Isobutene-saturated
solutions under pressure.
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With refe}éncé to Figures 6-17 and 6-18, it was consi-
dered that the. differénces between the vapor-saturated
liquid sblvent densities at low pressures and densities of
liquid® solvents at atmospheric pressure were negligibly
small. Therefore, the densities of pure solvents measured
at atmospheric pressure in this investigation were consi-
dered " to be‘equivalent to‘the densities of vapor—satﬁfated
solvents. The saturated densities of liquefied solutes,
. were estimatéd by tﬁe methed proposed by Gunn and Yamada
(118) as described in Chapter 4.

In order to use the gas-saturated solution d;nfities for
the calculétiqn of gas solubilities at élevated pre#sures,
it was necessary to determine the gas-saturated solution
densities which correspond to the éctual pressures of the
solubility experiments. For this puréose, all the gas—satul
rated 3Q3$Lion densities were fitted to polynomial eq;ations
in pressu;e. The constants‘obtained by-means of a least-
squares fitting utilizing the computer are shgwnz'élopg with
the average percent deviations between, the exgerimental and
fitted dénsities in Appendix C. For most cases, the percent
deviations were much less than 1.0%, but for the n-butanol-
propene system at 298.15 K; the percent de&iation exceeds

1.0% as seen in the table of Appendix C. This .accuracy is
A :

considered quite sufficient for estimating the volume Jf gas

displaced by the saturated liquid 'solution in the high

pressure golubility cell.

-
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In Figures 6-19 to 6-21, the densities of propene-
saturated soiutioné of n-octane for temperatures, 298.15 K,
323.15 K and 343.1 are plotted as a function oﬁ pressure,
Also shown in the same. figures as dotted lines, are the
densities predicted by the SRK equation of state.; As shown
"in those figqures, the predicted densities agree well with

those determined experimentally for this system, especially
for the témperatures*323.15IKJand 343.15 K, It was found
that despite the slightly polar nature of propene, the SRK
equaﬁion of state was useful for predicting the densities of
propene-gsaturated n-octahe, a nonpolar solvent. But it may
be noticed in these figures that the pfedicted solution
densities were slightly lower than the experimental.densi—
ties; éspecially at 298.15 K. It has been generally reco-
gnized that the\predicﬁion of molar .volumes in the liguid.
phage'ﬁy means of cubic equations of st&te such as the SRK
equation often results in large deviatidns-from the efpe;i-
mental data. However, for . tﬁe n-octane-propene system
investigated fqr temperatures ranging from 298.15 K to
323.15 k, the prediction of the solution densigigs ‘was
satisfactory.

In Figure 6-22, the densities of propene-saturated chlo-
robenzene at 523.15 K.are shown Ss a function of pressure.
As shown in this figure, a good agreement between predicted
and experimental solution densities was obtained for this

system. Good agreement was also observed for the same

system at the tempe;atures'298.15 K and 343.15 K. Similar
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Figure 6-19 ‘Experimental and predicted densities of propena-
saturated n-octane solutions at 208,15 ¥
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plots for these latter systems are shown in Appendix C.

The densities of propene-saturated n-butanol measured at
298.15 K, 323.15 K and 343.15 K are plotted as a function of
pressure in Figurés 6-23, 6-24 and 6-25, respectively. what
is common in those figures is that onlyﬁgpproximate agree-
ment is obtained for pressures up to about half the satura-
tion pressure of the splute, Propene. For pressures nigher
than this, the deviatioh between the predicted and experi-
mental solutiqn densities are significant. It is, there-
fore, considered that the prediction of solutidn densities
uqing the SRK equation for highly polar and associating
Systems such _.as the n-butanol-propene system a}e likely to
be'erroneous. A maximum deviation of about 14 percent was
Observed for this system. This fact was considered to indi-
cate that for the precise measurements of gas solubilities
for the systems lnvolv1ng polar and associating substances
utilizing the hlgh Pressure solubility apparatus developed
in this investigation, actual density measurements of gas-
saturated solutions were most useful.

The prediction of isobutene-saturated solution densi-
ties, using the SRK equation of state, resulted in similar
behavior for solution densities to thase obtained with the
propane-saturated solutions. Generally the solution densi-
ties estimated by means of.the SRK equation are lower than
the experimentally determined densities as measured in this
investigation, but these densities agree with relatively

smalL} deviations for the n-octane-isobutene systems and

{
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chlorobenzene—isobuteng systems. As for n—butanol—isobuténe'
systemé, predictions of ;ﬁﬁe solution densities. were only
approximate. The figures in which the densities .of
isobutene-saturated solutions are shown as a function of

pressure are presented in Appendix C.

6.3 GAS SOLUBILITY AT ELEVATED PRESSURES

A new solubility apparatus was designed and constructed
for use at elevated pressures. The equilibration technique
utilized in this apparatus was a dynamic equilibration

-

method. While the solvent was passing downward at a very

low flow rate on the outside surface of a stainless-steel

coil, exposing a very thin film to the solute gas in the

equilibration cell, it became saturated with the gas. An

'experiment was performed by supplying solute gas at the rate

required to saturate the solvent, thus keeping the system
pfessure essentially constant. During the experiment, the
volume of degassed solvent supplied to the cell and that of
solute gas used, were recorded at regular time intervals:
Th?oughout all the experiments, these two volumes were
ligearly'related. In the calculation of solubility, the
volume of gas displaced by the gas;saturated solution formed
in the ce;l, was considered. ‘For the pufpose of determina-
tion of gas solubility at elevated pressures, the results of
the ‘denskty measuremeﬂts of gas-saturated solutions were

used.
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The solubilities measured ‘at _elevated pressures were

those of propene in n—octane,\éh{gfob nzene and n-butanol,

and also those of 1sobuted/ﬂ1n the same solvents Experi-

-

ments were conducted at temperatures £ 298.15 K, 323.15 K

“

and 343.15 K and pressures ranging from 0,152 MPa to 1.93
MPa. ‘ |

Two methods of predicting gas solubilitieS'at'elevated
pressures were tried in this investigation, dne was to use
the SRK equation of state, the details of which were already
mentioned in’the previous eection concerning the density of
gas-saturated .eolutions. The solubilities predieted .bQ-
means oé the SRK equation of state are presented together
. with the éas—saturated solution densities in Tables 6-12 to
6-17. The other method was to utilize the UNIFAC method
{81, 115, 123) by which the activity coefficients in the
ligypid phase were fully predictable based on the properties
of the gas and solvent. The solubilities of the highly

.

s0luble gases were then predicted using the estlmated acti-

vity coefficients.

The UNIFAC method is presented in the first section, and,

in the following sectlon, the experlmentally determlned'”

results are presented and compared with those obtalned by

predlctlon as mentioned above.

6.3.1 GAS SOLUBILITY PREDICTION BY UNIFAC METHOD

The UNIFAC method for predicting activity coefficients

in the liquid phase provides the process design enginear
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with a usEful tool for calculating vapor—liﬁd equilibrium
compositions in the freqdently erl'xco‘unt;ered situation where
no binary {(or higher) experimental inférmation is available..
In this method, .2 molecule is regarded as an aggregate of
fuhctional groupé, .gnd the phase equilibria are described by
the summation of group contributio;ls in the mixture., The

advantage of the UNIFAC method is that whereas_ there are

- thoudands of chemical compounds of interest in chemical

technology, the number of functional groups which constitute

these compounds is much smaller. Therefore, by introducing

+ <

interaction .parameters specific to each pair .of functional
‘groups, it is possible to .describe the phase ‘behavior of

multicofnponent systems. . f

 Fredenslund et al. (123} proposed the UNIFAC eguation

. for the 1liquid phase activity coefficient of component i

f

- A8 :

P

[+3 - A
n y, = in Y(; + in 'yf (6-13)

4
A

In the jabove equation, the first term is the combinatorial
,activity toefficient and the seéond ter 15 ‘the residuatl
to " :

) - 3 ~ 1 . =
activity coeff.i.q71ent. They are furg/f:m expressed as

o

. 4+ -]
f¥lloway e
) & . . *
" ~ .
- 2 » . 2.
c i -
In +. = in — + —\q‘ in L PR ToX.k, (6-14)
A . ! X 2 . = t x. ] 3
o i 1 i -
- . _, N
L} . .i‘ ‘r i 'L
‘ e Y .
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1y = ; (fi‘_ qi)'f (ri - 1) ; z =10 (6-15)
j -
d}i = r.x / L rjxj . (6-17)
]
k] » ‘
i
ro= L ow IR (6-18)
: k
_ (i} )
- k
- (i) | (i)
n oy, = i Vi ( an Ty ;T ) (6-20)
..‘?E: .
gnoro=Q {1 - antze v ) - tle v,/ zoe v )} (6-21)
‘ - m m n
J
8 =QX / taxX (6-22)
m m m - nn
. n
# T T SXP (-amn/'l‘) (6-23)
< - | ’ .
. Jn these equations, x, 1is the mole fraction of component i,
ei is the area fraction and c:hi is the segment fraction. The
pure component ‘parameters, ry and q; axe. respectively,
v measures. of molecular van der Waals volumes\ and molecular .
I 4
‘\B‘urface areas, and are calculated By Equationg (6-18) and
B 1Y
(6-19). The: parameters Rk and Q, are characteristic of each
d ~
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(k)

functional group; v, is the number of groups of type k in

molecule i; Fk is the group residual activity coefficient

and Fk(i)

is the residual activity coefficient of group X in
a solution containing only molecules of type 1i. These group
activity coef?icients are both calculated by Equations
(6-21) to (6-23) in which 8, 1s the area fraction of group
m, and xm is the‘mole fractiqn of group m in the mixture.
Finally,'amn is the group interaction parameter characteris-
tic of each group pair, and T is the abéolute temperature.

For the actual wcalculation to predict the liquid phase
activity coefficients based on Egquations (6-13) to (6-23),
the values of the wvarameters required were taken from those
available in the ‘%ables prepared by Fredenslund et al.
(123). However, for the systems involving chlorobenzene,
the parameters required for the calculation of activity
coefficients were not fully available, therefore the predic-
tion of gas solubilities were not carried out for those
systems. -

The liquid phase activity coefficiengs obtained by éhé

UNIFAC method were then utilized for the vapor-liquid equi-.

librium calculation, The total pressure of the system 1is

N I8 .

expressed by the following-equation utilizing the activity
- . oy '

coefficiepts; : ¢
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In the above.equatioh, v, and y, are the activity coeffi-
cients of solveﬁ£ and golute, obtained by the UNIFAC method:
x!, xz,;Pls aﬁd st are the mole fractions of solvent andl
solute in the liquid phase, and the saturated vapor pres-
sures of solvent and solups;ﬁ The symbol &, represents tﬁel
ratio of the fugacity coefficient of solvent component in
the vapor phase at temperature, T and preséuré, P to' the
fugacity coefficient of pure solvent at temperature, T and

its saturated vapor pressure, Pls: o, is for the solute

defined in a similar way. These ratios, ¢, and ©¢,, are
further expressed by the following eéuations using second .

virial coefficients: *

S
- 2
Bl(P Pl ) + Py2 012

», = exp| } (6-25)
RT
o N s
B,(P - P,) + Py, 2q,, .
¢, = exp| | - (6-26)
RT
where
.Gy T 2B, - B - By, (6~27)
,-
Ve

In the above equations, B, and B, are the second virial

coefficients of solvent and solute, and Y and yz‘are the
S

mole fractions in the vapor phase for s®Ivent and solute

components, respectively; R is the gas constant, and B,, is

the cross second wvirial coefficient characteristic of the
, .
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bina:fﬁpair@ In this investigation, B,, was estimated by
the method proposed by Prausnitz (115):

\

= 0 ) 1y . . -
B, RTclz/Pcl2 . (B0 + wy, BL) (6-28)
, 1.6 ~
B? = 0.083 - 0.42% / T, (6-29)
. ) y 2
Bl-= 0.139 - 0.172"/ T, (6-30)
-1
wyp = (w) + w,) / 2 ' . (6-31)
’ _ 0.5
P12 = Za1a R Toqp / Vo, (6-33)
2o, ® (zcl + Zcz) / 2 (6-34)
Vcll/3 *+ Vc2l/3 3
Voro = (= ; } (6-35)

-~

In the above equations, T, is the reduced temperature; w,

and w, are the acentric factors of solvent and solute; TcL
and Tcz are the critical témperatures of solvent and solute

-
’

ch and Zc2 are the critical compressibilities of solvent

and solute, and vcl and VC2 are the critical molar volumes

of solvent and solute.
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The flow chart for the vaégr—liquid eéuilibrium calcu-
lation utilizing Equations (6-13) to (6-35) is shown in
Figure 6-26. In the actual calculation, the.equiiibrium
p;essure was calculated for the given value of solubility,
X

2+ The results obtained are shown in Tables 6-24 to 6-27.

These solubility vs pressufe-relations, as well as those by

- the SRK equatign of state, w1ll be presented together wlth

- -

the experlmental results in the same figures for comparison
<

in the next section.
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Read T, X,

v

‘ 8 s .
Evaluate P,”, P, "71 and vy,

Assume.cb1 = 3 1.0

2=
TR

Calculate P by Equation (6-24)
| +
‘.'Calculate y, = lelpls/(alP)
| Yo = YoXP, /(@P) "
. +
Evaluate &, and &2 by Eq&atiogs (6-25) énq (6-26)

+

LY

First iteration? Yes
+ No

Check if the deviation between

two- P's 1is small enough No
+

Print P

—

Figure 6-26 Flow chart for the vapor-liquid equilibrium

calculation utilizing the UNIFAC method.
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Table 6~-24. Results of vapor-liquid equilibrium calculation
‘utilizing the UNIFAC method for the (1)

\\\ ~ n-Octane - (2) Propene system,
Pressure (Mpa)
X
2
298.15 K 323.15 K 343.15 K
. 0.1 0.07976 0.1403 0.2098,
0.2 0.1653 0.2893 0.4237
0.3 0.2592 0.4493 0.6602
- 0.4 0.3623 0.86279 0.9219
0.5 0.4751 0.8244 1.211 .
0.6 0.5979 1.040 1.531 -7
0.7 0.7302 1.274 1.880
0.8 0.8700 1.524 2.259
0.9 1.014 1.785 2.660
0.95 1.085 1.917 2.866

-

Table 6-25. Results of vapor-liquid equilibrium calculation
utilizing the UNIFAC method for the (1)
n-Butanol - (2) Propene system,

i Pressure {(MPa)
x .

2 298.15 K 323.15 K " 343.15 K
0.1 00,2487 0.4114 0.5844
0.2 0.4574 0.7615 1.084
0.3 0.6296 1.057 1.513
0.4 0.7687 1.301 1.874
0.5 0.8780 1.496 2.169
0.6 0.9610 1.649 2.404
0.7 1.021 1.763 2.586
0.8 1.063 1.848 2.727
0.9 1.095 1.919 2.854
0.95 1.114 1.965 2.937
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Table 6-26. Results of vapor-liquid eqhilibrium calculation
utilizing the UNIFAC method for the (1)
n-Octane - (2) Isobutene system.. .

[

Pressure- (MPa)
X
2 298.15 K 323.15 K 343.15 X
0.1 0.02780 0.05710 0.09455
0.2 0.05487 .. 0.10098 . 0.1770
0.3 0.08305 0.1648 0.2634
0.4 0.1123 0.2221 0.3536
0.5 0.1425 0.2817 0.4478
0.6 0.1737 0.3433 = 0.5459
0.7 0.2056 0.4069 0.6477
0.8 0.2381 ° 0.4922 0.7531
0.9 0.2709 0.5388 0.8617
0.95 0.2873 0.5726 0.9171

Table 6-27. Results of vapor-liquid equilibrium calculation
utilizing the UNIFAC method for the (1)
n-Butanol - (2) Isobutene system.

Pressure (MPa)
X
2 298.15 K 323.15 K 343.15 K

0.1 0.1076 0.2020 0.3105
0.2 0.1753 0.3316 1 0.5109
0.3 0.2183  0.4162 0.6447
o.g 0.2453 0.4709 .0.7332
0. 0.2620 0.5059 0.7915
0.6 0.2721 0.5282 0.8202
0.7 0.2782 - 0.5431 0.8574
0.8 0.2825 0.5550 0.8809
0.9 0.2879 0.5703 0.9111
0.95 0.2931 .0.5835 0.9353
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6.3.2 SOLUBILITY RESULTS AT ELEVATED PRESSURES

When using the apparatus developed in thisg investiga-
tion, the volume of solvent supplied and the volume of'l
solﬁte_ gas used were recorded at 'regular time intervals:
- For all the experiments conducted,-tﬂe volumes of solvent
and those of solute gas were linearly related. For +the
determination of gas solubilifies, the total volume of solu-

te gas required to saturate the solvent was determined in

the manner discussed in Chapter 5. Thus solubilities were -

A

calculated by means of Equation kSrlG), utilizing the_cons-g )
tant factor relating thé volumes of gas and solvent used and
the. density of the gas-sé;uratedsqlution for £he system
involved.

As an eiample‘in Figﬁge 6-22 for the ﬁfoctane-prOPene
. System at 32315 K, the volumes of n-octane supplied to the
equilibration'cell'are plotted as a function df the volume
of propehe used, for various pressures from 0.304 MPa, to
1.601 MpPa. It- may’ be observed in this figure that the
higher the experimental pressure, the higher the propene
volume required for a unit volume of n-octane solvent. It

is also evident that at higher pressures the increase in

[

volume of propene was greater than:at lower pressures. This
resulted from the fact that at higher pressures the solvent

was a minor component in the saturated solution while the

N »

dissolved gas was the major component,

L

In Figure 6-28, the volume of propene-saturated n-octane
g

is shown as a function of “the volume of pure n-octane



"E199

uoyieaqrTinba ay3 o3 pajiddns sueido-u jo sawnjoa Hyi jo uopiouny e se soanssoad ] o
paleadTa pue Y G¢i°*¢Z¢ 3T sjuswainsesw LITTIQOI0S 22 10] pasn auadoad jo szunjop £2-9 2an3yy

JAD 71190 9U) 01 PA1[dANS BUDID-U JO AUNTOA

at

gc Sl oL .80 . 0
_ ! _ =
l“ .‘.
| O=="0
.. o
O— O O ot
O) ()
O 20 o O
! R H0€°0 “BaR §09'0 —I ye
© O | —oz
~ A .. 2N TT6'0 (- ,
—0¢
BdH L1€°T
-0V
—0S
edW T109°1 ..
7 T
) 09

Y

‘USC0Nd JO ANTOA

U

=



n-Octane solution, qn3

Volume of Propene-saturate

o

(]

=163~

1,601 MPa '
' 1.317 MPa

0.912 MPa

0.608 MPa

/

/ 0.304 MPa
fl ) -

[}

Figure 6-28

1 . 2 3
Volume of n-Octane suoplied to the cell, cm? \~

Volumes propene-saturated n-octane solutions at 323.135 K fdrmed
in the equilibration cell a5 a function of the volumes 0f n-octara
supplied to the cell,
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required to form the solution., This relatlonshlp indicates/

the extent of the expanSLOn of the solvent as it becom s

gas-saturated in the equilibration 'cell, With reference to

this figure, it is clear that as the pressure iﬁcreeses, the

volume of propene-saturated soluﬁion becomes much greeter
than the volume of n-octane originally supplied to the cell.
At lJGOl MPa, it may be observed that 1 em3? of n-octane
produces approxlmately 4 cm? of prOpene saturated solution.
This fact indicates that the volume correction for the

,//_;BTUme of solute gas displaced in the cell should not be

made on the basis of the volume of pure solvent supplied but

of the volume of gas-saturated solution formed in the cell.
The results of the solubility measurements at elevated
pressures as obtaiﬁed in this investigation are tabulated in
Tables 6-28 to 6-33 for each system and'measurement tempera-
ture. These results are also shown as a function of pressu-
res in Figure 6-29 £§ 6434. Also plotted 'in these figures
are the predicted solubi@iqies using the SRK equation of
state and the UNIFAC method, In each: case the solubility
predicted by‘the SRK equation is iﬁdicated by a dotted line
~and the solubility predlcted by the UNIFAC\sethod is indi-
cated by a continuous line. fhe solubilities shown by
triangles are those measured at atmospheric pPressure.,
As indicated in Figure’6—29, for the prope?e-n-octane
system, the agreement between the exﬁerimental'and predicted

solubllltles as obtalned utlllZIHg the SRK equatlon of state

is considered excellert. Regardless of the 'change in

-

v
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Table 6-28. Solubilities of Propene in n-Octane at elevated

- . pressures,. ’ -
r )
Temperature
298.15 K 323.15 K ‘ _343.15 K B
P(MPa) X, (=) P(MPa) X, (=) P{MPa) X, (=)
10,203 0.206 0.304 0.179 '0.608 0.238
0.405 0.396 0.608 . 0.348 1.006 0.363
0.608 0.576 0.912 0.521 I'+419 0.535
0.811 0.758 '} 1.317 0.724 1.723 0.638
1.013 0.905 1.601 0.850 '

Table 6-2%?’ Solubilities of Propene in Chlofobenzené at
, elevated pressures, : -

A\
Temperature

298.15 K 323.15 K 343.15 K
P{(MPa) x, (=) P(MPa) %, (=) P(MPa) X, (=)
0.203 0.131 0.304 0.110 0.517 0.128
0.405 0.273 0.608\ 0.159 0.983 07229
0.608 0.424 0.912 0.338 1.439 0.367
0.811 0.645 . 1.317 ¢.538 1.925 0.530
1.013 0.868 1.601 0.713 ’

) &
!
\}C
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Table 6-30. Solubilities of Propene in n-Butanol at
elevated pressures,

Temperature
298.15 K.. 323.15 K 343.15 K »
P(MPa) x, (=) P(MPa) X, (=) P (MPa) x, (=}
'10.203 0.0789 0.405 0.0897 0.520 0.0867
0.405 |} 0.173 0.608 0.138 1.027 | 0.182
0.608 0.298 0.709 0.177 1.637 |- 0.322
0.811 0.492 0.912 0.226
1.013 0.715 1.317 0.381
1.621 0.557

Table 6-31. Solubilities of Isobutene in n-Octane at
: elevated pressures.

Temperature
298.15 K 323.15 K 343.15 K

PMPa)|  xp (-) | B(MPa) | x, (=) | e(MPa) | x, (-)
0.152 0.508 0.152 0.256 - 0.203 0.221
0.203 0.682 0.253 0.434 0.362 0.403
0.210 0.691 0.304 0.524 0.569 0.611
0.244 0.802 0.380 0.642 0.853 0.888

0.456 0.774

0.565 0.936
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i

Table 6-33. Soluﬁilities of Isobutene in Chlorobenzene at
: elevated pressures,

Temperature
298.15 K« 323.15 K 343.15 K

P(MPa)|  x, (=) | P(MPa) | x, (=) | p(upa) x, (=)
0.152 0.419 0.152 1 0.180 0.215 0.133 |
10.203 0.555 0.253 0.325 0.352 0.268
0.228 0.652 0.355 0.513 0.521 0.440
' 0.47¢ 0.765 0.659 0.8608

0.875 0.862

Table 6-33. Solubilities of Isobutene in n-Butanol at.
elevated pressures.

[ _ - Temperature- - ‘
298.15 K 323.15 K : +343.15 K
——aP({MPa) X, (=) P(MPa}) x, (=) P(MPa) X, (=)
0.152 0.179 0.152 0.0977 0.385 0.179
0.203 0.2586 0.253 0.181 0.634 0.351
0.253 0.445 Q.355 0.273 0.881 0.75¢
- 0.405 0.338
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Figure 6-29 Experimental and predicted solubilities of
propene in n-octane at alevated pressurés.
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in chlorobenzene at elevated pressures.
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Figure 6-31 Experimental and predicted solubilities of
propene in n-butanol at elevated pressures.
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Figure 6-32 Experimental and predicted solubilities of isobutans
in n-octane at elevated pressures.
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Experimental and predicted solubiliries of isobutene
in n-butanol at €levated pressures.
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temperature and pressure, the prediction by this method was

_ consistently very good, As mentioned in Chapter 2, binary

interagtion'parameters are usually determined by using ag
many vapor-liquid equilibiium data as available to produce
the best possible fit of-the data and to use them for the
multi-cémponent vapor-liquid equilibrium calculations, In
this investigation, however, the binary intéraction para-
meter for each system and each temperature was based on a
single solubility measured at atmospheric pressure. Using

this binary interaction parameter, the solubilities can be

.ﬁ:‘:%.—.‘-m‘

W{;:; .
Therefore, the solubilities predicted by the SRK equation

at the same temperature and at elevated pressures.
é

state at atmospheric‘pressureé must necessarily agree with
those measured at aﬁmospheric pPressure, But, particularly
for the solubilities in N-octane, good agreement -was
obtained for pressures higher than a spheric.

The prediction of the solubility of proPehe in n-octane
by the UNIFAC method was MOost successful at the lowest
temperature, 298,15 K, for this system, but deviations from
the experimental data were considerany greater than those
obtained using the SRK equation of state.

In Figure 6-30 are shown the solubility results for the
chlorobenzene—pf0pene syétem. Since the group parameters
required for the predictidn by the UNIFAC method were not
available for-chlorqbenzene,-the prediction of solubility in

chlorobenzene using this method was not possible, Hence,

only the sofubilities predicted by means of the SRK eguation

"



of state are shown in this figure for comparison with the
experimental results. It may be observed thét the predicted
solubility . differs significantly from that experimentally
determined. _For a polar and non-agsociating solvent such as

chlorobenzene; the solubilities predicted by the SRK equa-

tion of state Qeem_to be just approximate at the elevated

1

pressures.

1

The solubilities for the n-butanol-propene system are

'CD
shown in Figure 6-31. The solubilities in butanol are lower ™
than in the other two solvents at otherwise comparable con-
ditions. It is considered that this may result from the

strong association in n-butanol preventing the penetration
of propene into the moieéular complex in the polar solvent.
Solubilities predicted by the UNIFAC method were closer-to
the experimentally determined' results than were those pre—
dicted by the SRK: equation of state. It may be noticed that
the solubilities predicted by the SRK equation of state
become érroneous at higher pressures. Despite the large;
values of binary interaction parameters for this system when
compared to those of'other systems (Table 6-1), the solubi-
lities predicted using the SRK equation of state are signi-
ficantly different from those experimentally measured. .This
suggests that the application of the SRK equatjon of state
to polar and associated solvents such as n-butanol is not

appropriate.

In Figures 6-32 to 6-34, are shown the experimental and

predicted solubilities of isobutene in n-octane, chlorocben—
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zene and n-butanol, Nearly the same dlscu551on as made 1n
the case of the . Propene solubilities applies to these sys-
tems, with the exgeption of the discussion concerning the
n—butanol—isobugene system, For the latter system} both
prediction methods ‘yielded solubilities which hag large
deviations from the experimental solubilities, especially at
temperatures 323.15 K and 343.15 K. It was appareﬁt that
neither.prediction method.was successful in predicting solu-~
bilities in polar and associated solvents at high pressure,
In Figure 6-35, 'the densities of propene-saturated
~octane solutions at 323.15 Kk are shown as a function of
the Propene concentration. - While the data were obtained at
a constant temperature, the increasing propene concentration

corresponded to an increase in pressure. The dotted line in

this figure denotes the solution densities predicted by the

SRK equation of state with its binary interaction parameter -

based on the solubility - measured at atmospheric oressure.

The SRK equation of state gives predicted denSLtles whlch

are nearly identical to the experimentally determined solu-

tion densities,

In Figure 6-36, the densitijes of propene saturated n-
octane at 323.15 K are presented as a function of the volume
'fraction of propene in the solution. In this case the
volume fraction is based on the liquid volumes that . the
components of the solution had before mixing,. With
reference to this figure, 1t may be observed that the expe~

rimental densities of propene-saturated n-octane have

—
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positive deviations from a simple linear approximation of
soluﬁion dénsities with respect to voiume fraction, over the
whole range of cdmpositions. It can be shown that a:.linear
relation would result if there was no velume change on mix-
ing of the liguid components, and the ligquids were incom-
preasiblé. Based on [the obsefved Gh£&ji; was considered'
that there was a ¢ ain volume change on formation of the
solutions since it appears most unlikely that the liquids
wefe compressed at the relatively low pressures used. The
positive deviations were then considered to indicate the
volume contraction on mixing of the ligquid components.

N In Figures 6-37 and 6-38, the densities of propene-
s#turated chlorobenzene solutioﬂ at 323.15 K and those of
propene-saturated n-butanol solution at 323.15 K are shown,
" respectively, as é function of the volume fraction of pro-
pene in each solution. The solution densities in both
figures have also positive deviations from the linear appro-
ximations, indicating thst the volume contractions occurred
in both systems. vamay be noted that the densities of
propene-saturated n-butanol solution have as large positive
deviations from‘the linear approximation as those of
propene-saturated n-octane at 323.15 K, while the densities
of propene-saturated chlorobenzene have only slightly posi-
tive deviations from the linear approximation. It was
therefore considered that the'volume contraction on mixing
of the.liquid components for the chlorobenzene and propene

system was not as significant as that for the n-octane and

-/
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solutions at 323.153-K as a function of wolume
fraction of propene in the solucion.
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propene systém, and that for the n-butanol and propene sys-
. tem. The experimental solution densities for other systems
also lnvestlgated in this study are shown as a function of
the solute gas concentration in the solutions, ' along with

the solution densities predicted by means of the SRK equa-

tion of state.

-

6.4 RESULTS OF SOLUBILITY MEASUREMENTS BASED ON GAS-

CHROMATOGRAPHIC ANALYSIS OF GAS-SATURATED SOLUTIONS

In order to check the measurements of gas solubility at
elevated pressures as developed in this investigation, the
gas-saturated solutions were analyzed by gas chromatography.
It was initially considered that this procedure of analysis
for the gas-saturated solutioné would provide a simple means
©f determining the gas solubilities. The analysis consisted
Of obtaining the area ratio for solute to solvent as deter-
mined for each gas-saturated solution by means of the gas
chromatographic analysigl The area ratio was converted to
the actual mole ratio utilizing the calibration line which
‘had been previously prepared, Then the mole ratio was
reduced to the soléte mole fraction by calculation.

Gas chromatographic analyses were made for the propene-
saturated solutions of n-octane at 298.15 K and 323.15 K and
for the isobutene-saturated solutions at 298.15 K and 323.15
K. A sample calculation for converting the results of a gas
chromatograghic analysis to the mole fraction solubility is

provided in Appendix E.
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The results of the gas chromatographic analysis for the
n-octane-propene system at 298.15 K and 323.15 K are shown
in Table 6-34 along with the gas solubilities determined, by
the volumetric measurements. It is observed from khis
table, that there is good agreemenés between the results
obtained by~ the gas chromatographic analyses and those by
the method using volumetric measurements of gas and solvent.
In the results shown in Table 6-34, the largest pércént
deviation is observed for the temperature of 298.15 K and
pressure of 0.405 Mpa, the actual difference being 4.3 per-
cent. However, the overall absolute average percent devia-
tion for the propene-n-octane system was 1.6 percent,

———

In Table 6-35 are shown the gas chromatographic analysis
results for the n-octane-isobutene ;yétem at 298.15 K and
343.15 K, together with the solubilities determined by the
volumetric measurements at elevated pressures, In this
system as well, good agreement was obtained between the two
results. The absolute average peréent deviation for this
latter system is 1.2 percent,

Based on the good agréement between the two methods for
determining gas solubilities at elevated pressures, it was
considered that either method would be satisfactory for the
determination of solubility. However, the volumetric method
for determining the solubilities at elevated pressures had
fewer sources of error, and was the faster and more consis-
tent of the two. Hence, it was utilized for most of the

¥

solubility determination.



Table 6-34

-184-

Comparison of gas solubilities obtained by the
volumetric measurements with those obtained
by the gas chromatographic analysis for the
(1) n-Octane-(2) Propene system. .

- 298.15 K 323,15 K

P(MPal) X\Z’OL xgc .X‘{m x‘§'°

0.203 0.206 0.1%9

0.304 0.179 0.180

0.405 0.396 - 0.378

0.608 0.576 0.597 0.348 0.355

c.811 0.758 0.745

0.912 0.521 0.528

1.013 0.905 0.898

-1.317 . 0.724 0.714

1.601 G.850 '0.846

Table 6-35 Comparison of gas solubilities obtained by the
volumetric measurements with those obtained
by the gas chromatographic analysis for the
(1) n-Octane-(2) Isobutene system. '

2598.15 K 323.15 K *

P(MPa) T xSC Yo XSS

0.152 0.508 0.504 0.256 0.267

0.210 0.691 0.682 '

©.244 0.802 0.814

0.304 0.524 0.531

0.380 0.642 0.653

C.456 0.774 0.767

0.565 0.936 0.932
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6.5 DEVELOPMENT OF A CORRELATICN FOR INTERPOLATION OR

EXTRAPOLATION OF GAS SOLUBILITIES AT ATMOSPHERIC

EY PRESSURE

Many methods of predicting or correlating gas solubili-
ties in liquids at atmospheric pressure are availéble in tﬁé
literature. However, the application of these methods are
usually limited to specific systems and conditions. 1In some
cases, methods are available only for non-polar systems or
for specific temperatures. Also, it is observed that pre-
diction methods which do not utilize any solubility data are
subject‘to large errors. Part of the reéson‘for such large
deviations between the experimental and predicted solﬁbili-
ties may be related to the range of solubilities which are
obser?ed for the many gaseé and solvents commonly utilized.
These solubilities may vary in mole fractiog from the order
of 10-1 to 10-5 depending upon the particular solute gas and
solvent.

The solubility correlation which ‘was developed in this
investigation is intended for practical engineering applica-
tions and requires a minimum of a single solubility wvalue at
atmospheric pressure. The solute gases-utilized in develop-
ing the correlation inéiudeﬁ all types of gases from slight-
ly soluble to highly soluble onés and included hydrogen and
helium. The solvents utilized were limited to non—polgf;or
slightly polar non-associating soiﬁents. The .solubility
range considered, in mole fraction, was from approximately 1

x 1075 to 0.15. The correlation results for various gases
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are tabulated in Table 3-2. For the purpose of correlating
soiubility behavior equation (3-4) w;s used. An example of '
the application of the correlation is éhoﬁn in Figure 3-3

" for the solubilities in n—heptaﬂe. Similar diagram for the
solubilities in other solvents also investigated in the
study are shown in Figure A-1 to A-9 in Appendix A,

‘

With reference to Table 3-2, the average percent devia-
tions indicated in column (5) are those between experimental
and correléted solubilities when Equation (3-4) was utilized
along with the correlated reference solubilities calculated
by Qquation {(3-11). The constants A, and Aé used in Eqda—.
tion (3-4) are based on experimental and reference solubili-
ties utilizing a computer optimization technidue. The
resulting’ deviations as indicated in Eolumn.(S) we?e less
than‘l.O percent except for the system involving n-hexade-
cane as a solvent. Thus, it is apparent that Equation (3-
4), when used with the reference solubilities calculated by
Equation (3-11), is capable of describing experimental solu-
bilities with good accuracy. Graphical comparisons between
experimental and predicted solubilities are shown in Figure
3-3 and Figures A-1 to A-9 in Appendix A.

As a next step in the development of a correlation,
attempts were madg_ to determine the constants A, and A,
which are characteristic of each specific solute and solvent
pair. When two values of gas solubility at different tem-

peratures are available, the two constants Al and A2 can be

determined analytically utilizing the reference solubility
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givén by Equation (3-i1), and expressed by Equations (3-12)
and (3~13). Shown in column (6) of Table 3-2, are average
percent deviations between the experimental solubilities and
those obtained' using Eguation (3-4) along with the cons-
tants, A, and A, determined using Equatioﬁs (3-12) and (3-
13). The two solubilities used for each system for the
determination of the constants A, and A, were the experimen-
tal solubilities corresponding to the lowest and highest
temperétures. Theiefore}:the percent deviations'indicated
in column (6) are the resuits of interpolation when Equation
{3-4) is used. As indicatgd in column (6), the resulting
average deviations are 1eés fhan'Z.O'pe;cent for all~-the
solvent—solﬁtp systems except for thé systems ihvolving
n-hexadecane.’
Further attempts were made té-deterhine the constants Al
and A, to be used in Equation (;—4)'for tﬁe césefwhen only a
single value of solubiliéy is gvailable. Such .a situation
is\often encountered by proéess engineers and the‘éxprapola—
ﬂp{onunof a single gas solubility to the temper$£urg of

.
interest is expected to be difficult without having any

further information concerning the temperature coefficient

"of solubility. The reference solubility which is characté-

\- ‘ ]
ristic of an individual solvent can be determined by the

method developed in this investigétion and may be useful for
an approximate estimate of gas solubilities at other
temperatures. At least the direction of the change in solu-

bility with respect to temperature can be obtained, that is,
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whether the temperaturelcoefficient of solubility is posi-
tive or negative. A simple linear interpolation or exﬁrapo—
lation based on the single soluﬁility value and the refer-
ence solubility is not always satisfactory. As observed in
Figure 3-3 and Figures A-1 to A-9, gas solubilities are not’
linearly related (on a log-log plot) to the reference solu-
bilities. Therefore, the resulting deviations between the
actual solubilities and those obtained by simple linear
interpolation_or extrapolation are expected to be- appreci-
able.

The temperature coefficient of the general solubility
equation is expressed by Equation (3-15). Any method avail-
able to estimate the temperature coefficient of solubility
at the temperature at which a gas solubility value is known,
would permit the evaluation of the constants A, and A, uti-
lizing Equations {3-4) and (3-15). For this purpose, the
method recently proposed by Jonah and King (109) to predict
the temperature coefficient of solubility was used. The -
resulting expressions for the constants A, and A, when the
Jonah-King method was utilized are given by Equaticns (3-17)
and (3-18).

In column (7) of Table 3-2, average percent deviations
between the experimental solubilities and those calculated
by Equations (3-4), (3-17) and (3-18) are shown. 1In this
calculation, tﬁe single solubility value was always the
experimental one measured at the lowest temperature, Ag

indicated in column (7) the average deviations were always
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less than 6.0 peréent except for the systéﬁ involving
n-hexadecane.

The gas solubilities in n-hexadecane used in this inves-
tigation were. those reported by Prausnitz and co-workers
{130, 131). The measurement temperatﬁres in their work
ranged from 500 K to 475 K; the large temperature range was
possible because of the high normal boiling point of n-hexa-
decane (560 K). The extrapolations as mentioned above for
the systems involving n-hexadecane were carried out using
solubiiities measured at 300 K. It was considered, there-
fore, that the results of exfgapolation were poorer than for
the other solvents considered because of the large téépera—
ture range over which the extrapolation was made.

An example utilizing the extrabélation method develcoped
.will now be made for the case when a single value of gas
solubility is known. We will consider that a single value
of the solubility of ethane in benzene at 298.15 K as repor-
ted by Horiuti (92) is 1.982 x 10-2 mole fraction. This
solubility will be extrapolated to é temperature of 323.15 K
by the method developed in thig investigation. The molar
volume of benzene and its variation with temperature as
required for application in Equation (3-14) were calculated
by means of the method reported by Yamada and Gunn (110).
The constants, A, and A, which were calculated by means of
Equations (3-17) and (3-18) were found to be -2.5886 and
0.88964, respectively., Then the extrapolated solubility at

323.15 K as calculated by means of Equation (3-4) was
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1.137 x 1072 mole fraction. This last value may be compared
with the experlmental solublllty of ethane 1n benzene at
323.15 K as also reported by Horiuti; which is 1.131 x 10-2
mole fraction. The deviation between the experimental and
extrapeolated solubility is 0.53 percent, a relatively -small

deviation.
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CHAPTER VII

ai:> CONCLUSIONS

The solubilities of four highly soluble gases were

measured . at ‘atmospheric pressure in &he nonpolar solvent,
n-octane, the palar but non-associating solvent, chloroﬁen—
zene, and the polar and highly associating solvent,
n-butanol. For all ' the temperatures at which experiments
were conducted, the resulting solubilities were highest in
n-octane, lower in chlorobenzené and lowest in n-butanol.
It was concluded, therefore, that the solubilities of gases
are reduced in polar solvents and especially in associating
solvents. Also, when the solubilities of the four gases,
propene, isobutene, n-butane and isobutane in any one sol-
vent were compared, the solubility of n-butane was highest,
that of isobutene and igobutane was next in that order, and
that of propene was always‘west. This order of solubili-
ties corresponded to the order of the normal boiling points
of these gaség. Hénce, the solubilities were successfully
extrapolated using smooth curves to the gas normal boiling
points. Such an extrapolation is expected to be useful for
the estimation of gas solubility and agrees with the concept
of an ideal gas solubility.

Based on the hydrogen-bonding factor, which is defined
as the ratio of actual'gas solubility to ideal gas solubili-

ty, the solubilities of highly soluble gases in n-butanol

were successfully -related to the solubilities in the other
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polar and associating solvents, methanol, eihénol, ethylene
glycol, methyl acetate, ethyl acetate and.acegonitrile. It
was concluded, based on the relationship observed, that the
prediction of solubilities of highly soluble gases in polar
and assocliating solvents is possible using a limited amount
of solubility data for the solvents congidered.

A new equilibration technique for saturating solvent
with solute gas was develoéed in this investigation. -This
technique utilizes a spiral coil made from a stainless steel
rod installed in the equilibration cell. While the solvent
flows downward on the outside surface of the spiral coil,
exposing a thin film, its saturation with the solute gas is
enhanced, This technique was utilized in the measurement of
gas-saturated  solution densities and of gas solubilities,
both at elevated pressures. 1In the foFmer measurement, the

new technique promoted the establishment of solubility equi-

. - :
librium in the circulation system for measuring densities.

—_

In the latter experiment, while the solvent was supplied at
a very low flow rate it became saturated with solute éas.
In both cases it was found that such a technique for attain-
ing gas-liquid equilibrium was very successful,

A system for measuring gas-saturated solution densities
at elevated pressures was developed by utilizing the above
mentioned equilibration technique with an Anton Paar density
meter for high pressurést“ With this system, fast and pre-
cise measurements of gas-saturated solution densities were

made possible. The éxperimental results obtained were then
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comparaed with those obtained by prediction utilizing the SRK
equation of state. It was found that for the systems invol-
ving a nonpolar solvent such as n-octane, the predicted
densities were in relatively good agreement with the experi-
mcntalaones. However, for the systems involving a nonpolar
;nd aséociating éolvent, n-butanol, the prediction method
 fai1ed to give good agreement with the experimentélly deter-
mined densities. It was therefore concluded that if
accurate saturaied solution densities were required the
system as developed in this investigation would be useful
An apparatus forf;;;;3>rng gas solubllxtles at elevated
pressures was constructed based also on the equilibration
technique develoééd inl this investigation. \-The precise
measurement of gas solubility was possible with this appara-
tuaxwheq accurate gas—saturated'sgiution densities were used
for the data reduction. However, it may be noted that the
solubility apparatus may not be very dseful for systems of
low solubility because of the relatively large quantity of
solvent required for the meagurement. It is‘alsb likely
/&hst\the time required fof the measurement of solubilities

for gpch systems would be excessively long.

FL\E///AISO developed in this investigation was a system to

-

analyze gas-saturated solutions by gas chromatography. The
purpose of developing this system was to check the validity

of the volumetrié measurements of gas solubilities at eleva-
ted pressurea: As a result of the comparison it is conclu-

ded that the aolubllities obtained u51ng volume readings of
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gas and solvent agree with the results obtained using gas
chromatographic analysis of the gas-saturated solutions. It
was cohsidered tha£ the gdsLFhromatographic analysis itself
could be an alternative megaod to determine gas solubili-
ties, but, from a practical viewpoint, it may be noted that
the preparation of calibration lines for specific solute-
solvent systems prior to the actual analysis by gas chroma-
tograph 1is laborious .and time-consuming., | Therefore the
volumetric measurement of gas solubilities as developed in
this investigation is preferable.

The solubilities measured t elevated Pressures were
compared with those predicted by utilizing the SRK equation
of state and also by utiliziné the UNIFAC method, In the
former method, the binary interaction parameters required
for the calculation were based on solubilities measured at
atmospheric pressure. As a result, good agreement bgtween
the experimental and predicted solubilities was observed for
the systems involviﬁg n-octane as a solvent at all the
fMeasurement temperatures which included 298.15 K, 323.15 K
and 343.15 K.‘\\Howquphrthe agreement was poorer for the
systems involving chlorobenzene and poorest for the systems
invol;ing n-butancl. The sdlubikities predicted by utiliz-
ing the UNIFAC method also agreed with the experimental
solubilities for the systems involving n-octane as a sol-
vent, but with slightly larger deviations. For the systems
involving d-butanol as a solvent the prediction of the solu-

bilities utilizing the UNIFAC method was 2lso unsuccessfuyl.
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It may be concluded, based on the results mentioned
above, that the successful prediction of gas solubilities in

polar and associating solvents such as n-butanol at elevated

_preéaures cannot be achieved by utilizing the SRK equation
. ¥ .

. of state or by utilizing the UNIFAC method.

For the Purpose of lnterpolatlng or extrapolatlng gas

_solubllltles measured at atmospheric pressure to tempera-

tures at which the experimental solubilities are not avail-

able, an equation was developed:

X - T T 2 '
. 1n-€T-A11nF—+A2(1nT——) (3-4)

cl . cl

The equation aone involves two parameters, A; and A,. The
reference solubility, xcl was correlated with solvent pro-
perties-only. It is concluded that the equation above is
capable of describing solubility behavior very well when the
constants, A, and A,, which are characteristic of specific
solute-solvent systems, are appropriately detérmined It is
noted that the equation is applicable only to nonp&iar or

slightly polar solvent systems. i
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Appendix A

Diagrams for the correlated solubilities

measured at atmospheric pressure,.
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Figure A-2 Correlated gas solubilities in carbon tetrachlorice.
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Figure A-3 Correlated gas solubilities in benzene.
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Appendix B

Sample calculation for the determination of gas

solubility measured at atmospheric pressurg:



o =~217~
The calculation procedure to determine the solubility of
propene in n-octane at 298.15 K and 756.7 mmHg (100.89-kPa)

will be illustrated.

System : (1) n-octane - (2) propene
Measurement temperature @ 298,15 K~
Measurement pressure : 756.7 mmHg

Volumetric flow rate of

degassed n-octane : 0.00873 em3/min
Molar density of n-octane : 6.115 x 10~3 mole/cm3
Molar density of propene : 4.130 x 105 mole/cm3

Vapor pressure of n-octane: 14.0 mmHg (1.87 kPa)

The volumes of propene dissolved in n-octang at 5 minutes

time intervals were measured as:

—

Time(min.) Vol. of n-octane (cm3d) Vol. of propene (cm3)

0 0. ‘ 0.

5 - 0.044 ‘ 0.75
10 ’ 0.087 ' 1.51
15 0.131 2.26
20 , 0.175 ‘ 3.02
25 0.218 3.77
30 0.262 4.52
35 0.306 5.26
40 - 0.349 6.02
45 0.393 6.79
50 0.437 7.53
55 0.480 8.27
60 0.524, 9.04
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The slope of the volumes of propene to those of n-ocﬁane,
(SP) is calculated by means of the least sguaras method as:
{sP) = 0.1505 g
k q
The mole ratio, xz/xl is calculated by Equation (5-4) és:

X2
— = 0.1164
A

The solubility of propene in n-octane at 298.15 K and at
100.89 kPa is calculated by Equation (5-5) as:

x2(100.89, 298.15) = 0.104 ,

The solubility of propene in n-octane for a propene partial
pressure of 101.325 kPa is calculated byJEquation (5-6) as:

xz(P2 = 101.325, 298.15) = 0.106
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Appendix C

Densities of gas-saturated solutions

as a function of pressure,
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2 3
Py = CoP4C1P+CoP4C3P P in atm (c-1)
- (*) | . 3 b (F%)
System o) C1X10 C2X10 C3X10 Avg.abs .t
0-P-298 0.701636 ~0.119276 0.128269 -0.147879 0.59
0-P-323 0.67931 -0.064802 0.025069 -0.023189 0.16
0-P-343 0.662191 -0.039653 0.002920 ~0.005718 0.06
0-I-298 0.699457 -0.298309 1.663208 ~-6.300926 .33
0-I-323 ~ 0.679397 -0.113678 0.034999 -0.318527 0.19
0~I-343 3.663310 -0.094709 0.064659 -0.120163 0.15
C-P-298 1.103396 ~0.279970 0.220394 -0.376641 0.56
C-P-323 1.074769 -0.131588 -0.011348 -0.365637 0.18
C-P~343 1.054611 -0.079507 -0.031036 -0.42B404 0.21
C-I-298 1.102045 -0.729675 -0.358582 -7.583618 0.21
C-I-323 1.075254 ~0.371398 -0.836467 -0.001947 0.09
C-I-343 1.056325 -0.317382 -0.067806 -0.185549 0.22
B-P-298 0.808782 -0.172882 0.370407 -0.338733 1.03
B-P-323 0.787880  -0.074387 0,058937 -0.039279 0.31
B-P-343 0.772452 -0.056629 . 0.037586 -0.019248 0.24
B-I-298 0.806540 -0.296173 1.78680Q4 -8.239746 0.27
B-I-323 0.789553 -0.326232 1.318646 ~-2.383232 0.56
B-I-343 0.774795 -0.255432 0.639820 0.668227 0.75
(*)} : O=n-Octane. (**) : Average absolute percent deviation
C=Chlorobenzene between experimental and fitted

B=n~Butanol solution densities.
P=propene

I=Isobutene

298=298.15 K

323=323.15 K

343=343,15 K
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Appendix D \\

Experimental and predicted solution |

densities of gas-saturated solutions.

-
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Figure D-6 Experimental and predicted densities of propene-
saturated n-butanol-solutions at 298.13 K as a
function of propene concentration in the solution.
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Figure D-7 Experimental and predicted densities of propene-
saturated n-butanol sclutions at 323,15 X
as a function of propene concentration if the

solution.
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JFigure D-8 Experimental and predicted densities of propene-saturatad
n-hutanol solutions at 343.15 K as a function of propene
concentration in the solution.
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Figure D-9 Experimental and predicted densities'of isobutene- "
saturated n-octane solutions at 298.15 K as a
function of isobutene concentration in the solution.
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Figure D~10 Experimental and predicted densities of isobutene-
saturated n-octane solutions at 323,15 ¥ as a
function of isobutene concentration in the solution.
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Flgure D-11 Experimental and predicted densities of isobutena-
saturated n-octane solutions at 343.15 ¥ as a
function of isobutene concentration in the solutien.
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Figure D-12 Experinental and.predicted densities of isobutene-

gaturated chlorobenzene solutions at 298.15 K
as a function of isocbutene concentration in the
solution.
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Figure D-13 Experimental and predicted densities of isobutene-
saturated chlorobenzene solutions at 323.15 K
as a function of isobutene concentration in the
golutien.
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Experimental and predicted densities of isobutene-
saturated chlorobenzene solutions at 343.15 K as a
function of isobutene concentration in the solution.
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Figure D-15 Experimental and predicted ¥ensities of isobutene-
saturated n-butanol solutidnus at 298.15 K as a
function of isobuten concentration in the soluticn,
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Figure D#l6 Experimentél and predicted densities of isobutene~-
saturated n-butanol solutions at 323.15 K as a
function of isobutene concentration in the-solution.
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Sample calculation for the gas chromatographic determination

L

of solubility will be jillustrated for the (1) n-octane-(2)

propene system at 298.15 K and 1013.25 kPa.

Gas chramatographic analysis of the vaporized propene-saturated
n-octane solution was repeated three times. The area ratios »

resulting from the three analyses are as follows:

{l) Area ratio: 83.06/16.94=4.903 -
(2) Area ratio: 82.97/17.03=4.872

{3) Area ratio: 83.01/16.99=4.88¢

vy
-

By means of the calibration line as shown in Figure 5-8, these

three area ratios are immediately converted to the mole fraction

ratios:

1) Mole frac. ratio: (2.054) (4.903)=10.07
{2) Mole frac. ratio: (2.054) (4.872)=10.01

(3) Mole frac. ratio: (2.054) (4.886)=10.04 ‘ -

Then, by means of Equagion'(S—S), these mole fraction ratios are

converted to “he solubilities of pPropene in n-octane at 298.15 X -

and 1013.25 kPa: i

‘Q . . ! i
(1) Solubility: 0.9097

{2) Solubilivy: 0.9091

(3) Solubility: 0.9094



Finally, by taking the average of these three solubilities, th

e
'solubility to be obtained results in

Solubility of propene. in n-octane

at 298.15 X and 1013.25 kPa 2. 0.509
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Appendix F

Estimdted precision for the measurements

conducted in this investigation.
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(3)
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Density measurements of pure solvents at atmospheric

‘pPressure,

The precision for the density measurement at
atmospheric pressure is estimated to be. & Q.0002.g/cm3.
As mentioned in Chapter 6, this pfecisioh’results ffom
the fact that the densities of n-octane preciseiy

determined by ChappeloQ; winnick et al. and those of

this investigation agreed within this accuracy.

Solubility meaéurgments'at_atmospheric,pressuré.

The apparatus is designed and operated such that

the factors which 1lead to erroneous measurement as

pointed out by .Cook and Hanson 9ah\\Pé thoroughly
avoided. The precision fof; the' measurement, is esti-
mated to be 1.0% corresponding to  the experiﬁental

error.

Density measurements of -gas—-saturated solutions at
elevated pressures.

It is shown in Appendix C tha£ when the measured
densities were fitted with‘ pressure the absélute
average percent deviations of the experimental values
from the smoothed lines were usually much ‘less than
1.0%. Considering also the ;Enact that reproducibility

was always less than 0.5% the precisibn for the

meaéupement is estimated to be within 2.0%.

N



(4)

(5)
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Volumetric sclubility measurements at elevated
pressures.
As indicated in the data reduction for'the solubi-

lity measurements at elevated pressure, the partial

pressure of solvent in the vapor phase is assumed

‘negligibly small. This- assumption is justified'when

the measurements are performed utilizing non-volatile
solvents. at low temperature and high pressure. It is
also dindicated that the vdlume correction of solute gas

utilizing gas-saturated solution volume is necessaryq

When the measurements are conducted for the systems of

‘high solubility under appropriate experimEnﬁal condi-

tions and the vdlume correction is made for the solute
gas volumé the overall »précision is estimated’ to be
within 2.58%.

SolubiLit;'based on the gés chromatographic analysis of
gas-saturated solutions. -

- The consistent results were obtained for the sys—
tems investigated, as shown in Tables 6-34 and 6-35.
When careful sampling is made the estimated pfecision‘

is 2.5%.





