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PREFACE

In this study second virial coefficients are deter=-
mined from low pressure experimental PVT data for a num-
ber of binary mixtures containing a polar and a nonpolar
component. The interaction second virial coefficients
are calculated and compared with results obtained using
potential functions.
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CHAPTER I
INTRODUCTION

Modern state theories of matter are based upon a
microscopic view which is dependent on intermolecular
interactions. Through the statistical mechanical treat-
ment of the forces between two molecules in a gas one can
derive the virial equation of state. In formulating a
potential energy function to describe the energy of inter-
action of molecules in a gas at low density only log range
forces are important. The two most important of these are
the dispersion forces (due to definite electron configura-
tion which cause instantaneous dipoles to be formed) and
dipole forces (due to the interaction of the permanent
dipoles of polar molecules). In binary systems containing
a polar and a nonpolar component there is also an inter-
action energy arising from dipole-induced dipole forces.

These latter systems have not been thoroughly investi-
gated. This study was undertaken to obtain experimentally
second virial coefficients for systems of this type and to
examine the intermolecular potential energy functions which
could be applied to them.

The experimental investigation was carried out at low



pressures (below the vapor pressure of any substance used)
and over a temperature range of 40°C to 100°C. The binary
systems chosen were benzene-methanol, benzene-ethanol,
benzene-acetone and benzene-diethyl ether. Benzene is the
nonpolar constituent and the second component is the polar
constituent in these binary systems.

An apparatus previously described by the author (21)
was modified such that experimental PVT data could be
obtained. The apparatus was built such that data could
be obtained for both mixtures and pure components.

The potential functions used in various phases of
this study include the Lennard-Jones 6-12 (16), the
Stockmayer (35) and the Kihara (20). Various mixing
rules were applied to the pure component intermolecular
parameters to determine the mixture parameters. These
parameters were then used in the potential functions to

calculate the interaction second virial coefficients.



CHAPTER II
LITERATURE SURVEY

In previous work (21), the author discussed the
various types of apparatus which have been used to obtain
experimental second virial coefficients at low pressures.
Therefore a survey of experimental techniques will not be

presented here.
Experimental Data

A survey of the literature was made to find existing
data for second virial coefficients of binary mixtures
containing a polar and a nonpolar component. Michels and
coworkers (28) determined the second virial coefficients for
the nitrogen-carbon dioxide, hydrogen-carbon dioxide and
hydrogen carbon monoxide systems at 25°C. Methane, ethane,
ethylene and helium in mixtures with carbon dioxide have
also been investigated (7,37). There are volumetric data
available on several other systems of this type (37).

These include the propane, butane and nitrogen mixtures
with carbon dioxide. The second virial coefficients have
recently been reduced from the volumetric data available

for these systems (17). These systems are composed of



relatively simple molecules. The unlike molecule inter-
actions of these systems are therefore similar to the inter-
actions of nonpolar molecules.

Several binary systems containing more complex mole-
cules have been studied by Lambert and coworkers (10,26).
These systems include n-hexane-chloroform, n-hexane-
diethyl ether, cyclohexane-acetone, cyclohexane-diethyl
amine and cyclohexane-acetonitrile at two temperatures.
The benzene-chloroform and carbon tetrachloride-chloroform
systems have also been investigated (11).

The systems of relatively simple molecules mentioned
above have been analyzed as part of a study on nonpolar-
nonpolar binaries (17). An empirical corresponding states
law and modified mixing rules for the unlike molecule
interaction were used in that study. Good agreement was

obtained between the empirical and experimental éalues.
Thoeretical Treatment

The virial equation of state has theoretical signi-
ficance in that the virial coefficients are related to the
interactions of molecules. The second virial coefficient
accounts for two body interactions and the third virial
coefficient accounts for three body interactions. The
virial equation of state can be written in two different

forms:



The Leiden form

PV = RT(1 + B/V + C/V2 + . , .) (1)

The Berlin form

PV = RT + B'P + G'PR + , , . (2)

where B is equal to B! and C' equals (C - B2)/RT. In this
study at low pressures only the second virial coefficient
is important. From statistical mechanics the second

virial coefficient of a mixture is given by:
Bp = x2B11 + 2x(1l-x)Byp + (l—x)2B22 (3)

where By is the second virial coefficient of the mixture,
x is the mole fraction of substance 1, Bjj and Bpp are
the second virial coefficients accounting for like mole-
cule pair interaction of component 1 and 2 respectively,
and By, accounts for the pair interaction of unlike mole-
cules 1 and 2.

Second virial coefficients can be calculated»using
.é principle of corresponding states. A law of cofrespond-
ing states can be expressed either in terms of the classi-
cal reduced temperature, T/TC, or as a function 6f inter-
molecular parameters obtained from statistical mechanical
treatment. The conditions for a two parameter principle
of corresponding states to hold have been summarized by
Pitzer (30) as follows:

1) The molecules are spherically symmetrical,



either structurally or by virtue of rapid
and free rotation.

2) The potential energy of assembly is only a
function of various intemmo;ecular distances.

3) The potential energy for a pair of molecules
can be written as E = A P(R/R,) where Pis a
universal function; R is the gnﬁermolecular
distance and A and Ry are constants to be
specified for each substance.

It is known that polar molecules do conform to a
prineiple of corresponding states at higher temperatures.
Therefore it is possible to infer that the molecules are
spinning so rapidly that condition (1) ab&ve is fulfilled.
However polar molecules are usually represenﬁed'bj a
corresponding states equation which has an additioen term
which accounts for dipole interaction.

Empirical corresponding state correlations have been
used with success to correlate second virial coefficients
of nonpolar substances and their mixtures (13,17,31). A
correlation of this type has also been shown to be appli-
cable with appropriate mixing rules to slightly polar sub-
stances in binary mixtures with nonpolar substances (17).

Lambert (22) proposed the use of an empirical corre-
sponding state correlatiom to calculate the gonpolar con-~
tribution to the second virial coefficient of pelar sub-
stances. He then assumed an aséociatidn constant due to
molecular association to account for the difference

between the nonpolar contribution and the observed second

virial coefficient. This is expressed by the following



equation:

where Kp is the association constant, B is the observed
second virial coefficient, and B(np) is the nonpolar
contribution to the second virial coefficient calculated
using the Berthelot equation of state:
B = 9/128 RTc (1 - 6T02) (5)
Pe T2
The association constant can be represented by the

following equation:

-R 1n K, = -AH/T + AS® (6)

P

where AH is an energy factor related to the depth of
the potential energy trough and AS® is an entropy factor
representing restrictions imposed on mutual orientations
for the interaction to be different from nonpolar inter-
action. Thermal conductivity measurements have been
made on polar wvapors to justify the existence of associa-
tion between polar molecules (23,24). The validity of
this approach has been thoroughly discussed by Rowlinson
(32).

The alternate approach is to use a principle of
corresponding states based on statistical mechanics.
From the statistical mechanical treatment of isolated

pair interaction the following expression can be



derived:

o020, W W .‘ .
B(T) = ='% £§ 5( [exp(-*?/kT) - l] 8in01d0o;.
0 0% . |
8ing,do, d(¢2 - ¢1)r2dr (7)

where Yis the potential function for an isolated pair of
molecules and in general is a function of r, the dis-
tance between the two molecules, of ©; and 9,, thé angles
made by the molecules in relation to the line joining
their centers and of @,-ff1, the angle between the planes
which pass through the line of centers and contain the
two axes; N is Advogadro's number; and k is Boltzman's
constant. For nonpolar molecules which are spheri-
cally symmetrical (condition 1) the potentiai energy

has such avslight orientation dependence that an aver-
age is taken. The integration is then performed over
one variable only. In this case B(T) is gi&en by the
following equation:

(s ')

B{T) = 2Nw S [} - exp(-@/kTﬂ‘ rzdr (8)
b ,
The potemntial functions appearing in Equations 7

and 8 represent the potential energy betweeh.two mole-
cules. The forces which are important in determining
the potential energy are long fange or Van-def Waals
intermolecular forces. The most important of these

. are the dispefsion, electrostatic and induction forces.



A typical potential energy versus distance of separation
is shown in PFigure 1.

lo \w

r —>

Figure 1. Potential Energy versus Separation Distance

The potential functions which have been used in
the caiéulation of second virial coefficients are basi;
cally empirical (due to the manner in which the parameters
are calculated) but use intermolecular force theory as a
basis. Three widely used potential functions are dis:

cussed in the fbllowiﬁg paragraphs.

Lennard-Jones 6-12 Potential

The Lennard-Jones potential function (16) was derived
for spherical soft core molecules. A soft core‘mgxecnle is
one which can be interpenetrated if the energiesiére high
énough, This potential has been used with sueééss:to calcu~
late the second virial coefficients of nonpolar-ﬁoleeules
and especially nonpolqr spherical moleculeé. The Lennard-
Jones potential energy function is given by the following

equation:’

Pix) = e { (a2 - (o)) (9)
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where ¢~ is the value of r where Y(r) = 0,¢ is the maxi-
mum energy of attfaction,-(o’/r)6<is the attraction con-
tribution and"(c“/r)12>is the repulsive contribution to

the energy.

Stockmayer Potential

This poté@?ial was developed for spherical molecules
with permanent dipoles at their centers (35)° The
Stockmayer potential has been used quité extensively in
treating simple polar molecules where dipole-quadrupole

- and higher multipole interactions are nof_importanta The

pdtential energy is given by the following:

P = e Bc/‘r)l? - (cr/r)ﬂ - (n3/r3)g(01,65,0,-81)
(10)
where g(@l,gz,ﬁg) is the angular dependence of the dipole-
dipole interaction and u is the molecular dipole moment.
Thé'remaining terms have the same significance as in the

Lennard-Jones potential.

Kihara Potential

The Kihara potential is an angle-dependent potential
which was originally developed for spherocylindrical mole-
cules (20). The potential has since beéﬁhﬁéveloped for a
variety of differently shaped molecules. For spherical
molecules with point centers the Kihara potential reduces

to the Lennard-Jones potential. In the Kihara model each
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core is surrounded by a penetrable soft shell which has a
thickness . The potential energy is given by the fol-

lowing equation:
Pee) =€ [(6/22 - 200 /06 )

where € is not the distance between centers (as r is in
the Lennard-Jones potential) but is the distance between
the surface of the impenetrable core of one molecule to
that of the other. The distance between core surfaces
depends upon the mutual orientation of the two molecules

therefore making this an angle-dependent potential.



CHAPTER ITII
APPARATUS DESCRIPTION

Since this work was a continuation of previous work
by the author, much of the apparatus used in this study
has been previously described (21). There were some major
changes in the design of the variable volume apparatus due
to this previous experience. The major points which were
considered in this new design were 1) the complete elimi-
nation of stopcocks from all points which could come in
contact with the sample, 2) to minimize the surface to
volume ratio by using spherical volumes, 3) to increase
the total volume of the apparatus so that a larger sample
could be used in making a run &nd L) to facilitate

cleaning.
Piezometer

The variable volume used in this study éonsisted of
a glass piezometer made of eight spherical bulbs connected
by two millimeter capillary tubing. The volumes of the
bulbs were such that upon each compression step the pres-
sure would increase by approximately one half of the ini-

tial pressure. The total volume of the piezometer was

12
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318.82 milliliters. The volume calibration is discussed
in Appendix A, A sketch of the apparatus is shown in
Figure 2.

The upper most bulb was connected to the manometer
by 2 millimeter capillary pyrex tubing. The manometer
was constructed of 10 millimeter pyrex tubing. A refer-
ence mark on the sample side ofvthe manometer was used
as a constant height for the mercury level on that side.
Etched reference marks were also placed on the capillary
connecting the bulbs of the piezometer making possible
the calibration of the piezometer bulb volumes. The
piezometer and the manometer were connected with kovar
seals through Hydromatic Series 715 ball valves D and E
to respective mercury reservoirs. The connections of the
metal tubing to.the glass reservoirs were made with taped
joints. A taped joint was made by placing a piece of
aluminum foll over the joint made by butting the glass
tube and metal tube together and then wrapping it with
electrical tape. The joint was then painted with Sealit,
allowed to dry, wrapped with more tape and again painted

with Sealit. These joints were found to be satisfactory.
Sample Injection

The vacuum leg of the manometer was connected to the
primary vacuum source and to the sample inlet apparatus.

Hydromatic valves A and B were used to close off the
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Figure 2. Low Pressure PVT Apparatus




manometer from the vacuum source and the sample inlet
respectively.

The sample inlet was connected to a two liter glass
sample bomb contained in the constant temperature bath.
This bomb was connected to a cold trap which in turn was
connected through a Hydromatic valve, C, to the sample
tube. The sample tube was connected to the system by
meéns of a 10/30: standard pyrex tapered ground glass‘
joint. The sample tube was constructed of 2 miliimeter
pyrex capillary tubing with one end sealed and the male
part of the ground glass Jjoint on the other end. Kovar-
tq—glass seals were used with Swagelok fittings to make
the connections with the metal ball valves.

| The remainder of the apparatus including the con-
stant temperature bath, primary vacuum source and other
auxiliary equipment has been adequately described pre-

viously (21).

Materials
The benzene used in this work was Phillips research
grade (99.98 mol %). The methyl alcohol was Baker reagent
grade (99+ mol %, 0.05 % water and 0.001 % acetone :i.rxipu-==
rities). The diethyl ether was Baker anhydrous reagent
grade (99+ mol %, 0.01 % water and 0.01 % ethyl alcohol
impurities). The acetone was Matheson spectroquality

grade (99.9 mol %, 0.05 % water impurity). The ethyl
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alcohol was pure grade. No attempt wé; made at further
purification of these materials. All of the above materials
were kept over Drierite or molecular sieve to keep the
water content of these materials as low as peossible. The
diethyl ether was stored in a refrigerator to prevent evap-

oration.



CHAPTER IV
EXPERIMENTAL PROCEDURE

The initial procedure followed in‘prepafing for a
run has been adequately described previously (21)0 This
includes the preliminary leak testing necessary before a
run could be started and the procedure used to attain the
desired temperature in the thermostated bath.

The procedure followed in making a run is described
below. The first step was to inject a.sample into the
sample bomb. If the sample was to be a pure component,
the pure material was put into the sample tube as a
liquid° If the sample‘was to be a mixture, it was pre-
pared by accurately weighing the components as liquids
into the sample tube. A Mettler Model B5 balance was
used to obtain these weights, The sample tube was then
connected to the apparatus and a dewar containing liquid
nitrogen was placed around it. A vacuum was applied to
the frozen sample in the sample tube by opening valves A,
B and C. The ccld trap was then immersed in liquid nitro-
gen and the sample was allowed to distill into the cold
trap where it was frozen out., Valves B and C were then

closed. The liquid nitrogen was removed from the cold
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trap and upon warming to room temperature the sample evap-
orated into the sample bomb. The sample preSsure after
mekeup was usually 10 cm Hg or less and always well below
the saturation pressure of the substanées present. With
a sample of this size, two or three runs could easily be
made with the mixture or pure material;originally placed
in the sample bomb. |

A run could be started after the sample had com-
pletely evaporated into the‘Sample bomb. The piezometer
was evacuated with the meréury'just abéve valves:D and E.
After:evacuation valve A was closed and valve B was
opened. This charged fhe piezometer with a sample from
the sample bomb., Valve B waévthen closedg The mercury
in the manometer was raised to the reference mark on the
sample side through valve E. Valve A was then opened.
When the pressure on the vacuum side of the mandmeter
was less than 5 microné mércury pressure, the mercury
level in the piezometefvwas raised through valve D to the
reference mark just below the bottom bulb. The mercury |
level in the sample side of the manometer was then read-
justed to the reference mark using valve E. These mer-
cury levels could be éither faised.or lowered by applying
either a pressure or a vacuum through valves F and G to
the mercury reservoirs.

Aftéf thermal equilibrium was reached (5 to 10 min-

utes), the mercury heights in both sides of the manometer
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were measured with a cathetometer and recorded.. Duplicate
readings were taken with the cathetometer and if they dif-
fered by more than .005 cm arthird reading was taken. The
volume which the sample occupied is recorded as. a volume
number. These volume numbers refer to the calibrated
volume nomenclature presented in Appendix A.

7 The lower most bulb was then filled with mercury
until the mercury level was at the reference mark between
the first and second bulb of the piezometer. The mercury
level in the manometer was readjusted to the reference
mark on the sample side;. The quantities mentioned above
were again measured and recofded after attainingithermal
equilibrium. This procedure was followed compressing

" with mercury up through the lower seven bulbs and then
expahding at least once'to the lower most bulb. During
the course of a run at least 10 datum points were taken,
the last two of which were on expanding to check the
reproducibility of the starting point of the run.

After completion of a run the mercury level in the
manometer was lowered to Jjust above valve E with Valve A
closed. Valve A was then opened and the piezometer was
evacuated in preparation for the next run. _On several
occasions the same sample was'used to make a run at two
different temperatures. In these cases after the first
" run was complet%& the bath temperature was raised or

lowered to the desired point. The next run was started



after the bath temperature had attained steady state at
the new temperature. Runs made in this fashion are

designated A and B, for example Run 211A and Run 211B.

20



CHAPTER V
EXPERIMENTAL RESULTS

. The experimental second virial coefficients derived
for the pure substances”aﬁd mixtures investigated in this
study and the calculated interaction second virial coef-
ficients are presented in this chapter. The calculational
scheme used to obtain the second virial coefficients from
the experimental data and a complete listing of the results
for the individual tests are presented in Appendix B. The
procedure used to obtain the interaction second virial
coefficients is presented in Appendix C.

The temperature depéndence of the second virial coef-
ficients is shown in Figures 3, L, 5 and 6 for benzene,
methanol, eﬁhamol, and acetone and diethyl ether respec-
tively. The results obtained from this study are com-
pared With;existing data in these graphs. The lines
included in the graphs are the estimated best representa-
tions of the experimental points.

The second virial coefficients obtained for binary
mixtures of benzene-methanocl, benzeneaethanol,vbenzene-
acetoﬁe,'and benzene-diethyl ether are tabﬁlated with the

calculated interaction coefficients in Tables I, II, III

2l
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TABLE I
SUMMARY COF EXPERIMENTAL RESULTS

BENZENE-METHANOL SYSTEMS

Temperature Interaction Mole Fraction Second Virial

(°C) Second Virial Benzene Coefficient
Coefficient : (ml/mole)
(ml/mole)
40 ~545 0.0000 -2079
0.2039 1522
0.3147 ~1314
0.4749 -1099
0.6379 ~-1091
07717 -1134
1.0000* -1303
60 -507 0.0000 -1097
0.2039 -~970
0.3147 -837
0.4617 ~-775
0.4749 -795
0.6379 -838
0.7239 -854
07717 -882
1.0000* -~1107
80 -319 0.0000 -752
0.1843 -628
0.2380 -601
0.4349 -581
0.5334 ~-588
. 0.6521 ~503
0.6979 -649
0,7239 ~731
1.0000* -944
100 ~281 0.0000 ~524
0.1903 ~-434
0.4638 -478
0.6961 -576
1.0000* -815

*Thesge values are from Figure III.
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TABLE II
SUMMARY COF EXPERIMENTAL RESULTS

BENZENE-ETHANOL SYSTEMS

Temperature Interaction Mole Fraction Second Virial
(°C) Second Virial Benzene Coefficient
Coefficient (ml/mole)
(ml/mole)

60 -567 0.0000 -1522

0.2684 -1139

0.4071 ~979

0.5712 ~922

0.7305 -913

1.0000 ~1107

80 ~-421 0.0000 -941

0.,2033 -759

0.5168 -683

0.7112 -742

1.0000 -944

100 -490 0.0000 -687

0.2071 -647

0.5475 -629

0.7067 -649

1.0000 -815
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TABLE IIX
SUMMARY OF EXPERIMENTAL RESULTS

BENZENE-ACETONE SYSTEMS

Temperature Interaction Mole Praction Second Virial
(°C) Second Virial Benzene Coefficient
Coefficient (ml/mole)
(ml/mole)
40 =1376 0.0000 -1690
0.2277 ~1493
0.4128 ~-1471
0.5198 ~1446
07765 -1397
1.0000 -1303
60 -930 0.0000 -1263
0.2277 -1120
0.4128 -1077
0.5198 -1092
0.7765 -1032
1.0000 -1107
80 -698 0.0000 -1005
0.2530 -912
0.5301 -861
0.6947 -815
0.6991 -823
1.0000 -944
100 -593 0.0000 -834
0.,2438 -~752
0.5019 ~714
0.7122 -709
0.7405 ~734

1.0000 -815
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TABLE IV
SUMMARY OF EXPERIMENTAL RESULTS

BENZENE~-DIETHYL ETHER SYSTEMS

Temperature Interaction Mole Fraction Second Virial
(°C) Second Virial Benzene Coefficient
Coefficient (ml/mole)
(ml/mole)

60 ~-785 0.0000 -895
0.2890 -~865
0.,4124 -885
0.5057 -885
0.6800 ~963
0.,7915 -979
1.,0000 -~1107

80 =769 0.0000 -677
0.2726 - =734
0.5365 -815
0.7978 -860
1.0000 =944

100 ~-620 0.,0000 -525
0.2461 -619
0.5342 -651
0.8052 -706

1.,0000 -815
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and IV respectively. The results are plotted versus com-
position in Figures 7 through 10. The solid curves shown
with the data in these plots were drawn using Equétion 3
with the calculated interaction coefficients. VThe tempera-
ture dependence of the interaction coefficients is shown

in Figure 11.

The results presented for the pure‘substaﬁces are
the avérage values obtained from 2 to 8 tests at the same
temperature. The results for'the mixtures are either
derived frqm a single test or the average valué of dupli-
cate tests. The vertical lines drawn through the data
points in Figures 3 through 6 indicate the range of the
résults. “The ends of the vertical lines tﬁroﬁgh the data
points in Figures 7 through 10 represent the-individual
values found for duplicate tests. If no line is;shown
the dﬁplicéte values fall within the designating symbol

or only one test was made at that condition.
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CHAPTER VI
THEORE?ICAL TREATMENT OF RESULTS

In Chapter II several theoretical treatments of second
virial coefficients are discussed. Certain of these treat-
ments are here applied to the experimental results of this
study. The potential functions are first fitted to thé
pure component results by determining the potential para-
meters. Next various methods of combining these parameters
such that the interaction second virial coefficients can
be calculated are discussed.

A nonlinear least squares procedure was used to deter-
mine the potential parameters by fitting the experimental
second virial coefficients to the potential function. This
procedure is discussed in Appendix E. |

The Kihara potential parameters derived for the pure
components studied in this work are presented in Table V.,
The parameters for benzene were determined using the
results of this work and selected literature data pre-
sented in Figure 3. Also included in this table are the
Kihara parameters determined from the available literature
data for ethane, propane, isobutane and pentane. These

parameters are used in a treatment of the interaction second

36



PARAMETERS FOR THE KIHARA POTENTIAL

Benzene
Ethane
Propane
Isobutane
Pentane
Methanol
Ethanol
Acetone

Diethyl Ether

AN

H M O O W o wvmowumt N W

.370
<472
.940
.890
492
.388
.331
.166
.L0O7

a (X) ¢/k (P°K) Std Dev
(ml/mole)

O O wWw w O O O O o

.00
.00
.00
.00
.00
.00
» 20
.20
.20

TABLE V

1167.2
729 .4
256.81
325.1

1046.2

1724.7

1840.2

1638.4

1940.2

~N o0 Vv H 3 O N0 N
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Temperature
(eef°
4L0-340
35-238
35-238
35-238
35-238
50-100
60~-100
L0-100
60-100
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virial coefficients which is discussed later. The para-
meters presented for benzene, ethane, propane, isobutane
and pentane are actually the Lennard-Jones parameters since
the size of the impenetrable core; a, of the Kihara poten-
tial was set equal to zero. The parameter ¢ of the Lennard-
Jones potential is equal to 21/653 when a point core
{a = 0} is used with)the Kihara potential.
| The experimental data for methanol, ethanol, acetone
and diethyl ether were fitted with the Kihara potential
using spherical impenetrable cores. The size of the impene-
trable core, a, was varied so as to obtain the bést fit of
these data. The criterion used to determine the best fit
was the minimum value of the standard deviation.

The Stockmayer potential was also used to fit the
data of methanol, ethanol, acetone and diethyl ether. The
problems of determining the Stockmayer parameters by a non-
linear least squares procedure are compounded due to the
presence of the third parameter, t*, This parameter changes
with both ¢/k and ¢ which causes some problems in obtaining
COV@rgence; The parameters obtained for this model are

presented in Table VI,

Interaction Second Virial Coefficients

The theoretical interaction second virial coefficients
were calculated using several different procedures. The
parameters determined for the methods using the potential

functions are presented in Table VII. The results of the
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TABLE VI
STOCKMAYER PARAMETERS

(%) ) - (1 fmoLe)
Methanol 762 2.54 .565 1,40.0
Ethanol 624 .2 2.44 . 804 14.1
Acetone 506.2 3,77 .709 50.0

Diethyl Ether 1112.8 2.39 . 228 32.5



MIXTURE

Kihara Potential

Berizene-Methanol
Benzene-Ethanol
Benzene-~-Acetone
Benzene-Diethyl Ether

Lennard-Jones Potential
- polar components)

Benzene-Methanol
Benzene-Ethanol
‘Benzene-Acetone
Benzene~Diethyl Ether

Lennard-Jones Potential
polar components)

Benzene-Methanol
Benzene~Ethanol
Benzene-Acetone
Benzene-Diethyl Ether

Lennard-Jones Potential
polar components and
dipole effects)

Benzene-Methanol
Benzene-Ethanol
Benzene-Acetone
Benzene-Diethyl Ether

40

TABLE VII
POTENTIAL PARAMETERS

(£) (¢/k) a a
0¥ okfR (°F (°F
1.879 1419.8 0.00 3.00
1.850 1465,0 0.00 3.20
2.768 1382.9 0.00 0.20
2,388 1504.9 0.00 0.20

(Using Stockmayer parameters for

(€)1 (€/k)12
() (°K)
3.115 943
3.06 854
3.81 769
2.98 1128

(Using homomorph parameters for

(fo)12 (e/K)12
() (°K)
2.920 922.7
L .655 547.6
L.630 616.0
3.430 1104.9

(Using homomorph parameters for
accounting for dipole-induced

()1 (¢/%)1 Sl B2

() (9K ) (em-3) (debyes)
2,896 1018.2  10.32  1.66
L.651 ' 553.5 10.32 1.69
L.620 632.1 10.32 2.74
3.425 1122.3 10.32 1.16
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interaction second virial coefficient determinations are
presented in Table VIII with the values derived from the
experimental data. |

The first procedure to be discussed used the classi-

cal mixing rules (13) given by the following equations:

Te1p = (Tep1Tepa)® (11)

Peip = (P011P022)% (12)

The Berthelot equation of state was used with the above
equations to determine the interaction second virial
coefficients.

The Stockmayer parameters derived for the polar mate-
rials were used with the Lennard-Jones parameters for
benzene to determine the mixture parameters given by the

following equations:
(¢/k)yy = [(€/k)qy (€/K) 52 (13)
Giz = (631 +@2z)/2 (14)

Using these mixture parameters in the Lennard-Jones
potential the interaction second virial coefficients were
calculated. These results are listed under the Stockmayer
heading in Table VIII,

In applying the Kihara potential to mixtures with
a = 0 for one component (benzene in the mixtures considered

here) the following equation is obtained:



Mixture

Benzene~
Methanol

Benzene-
Ethanol

Benzene-
Acetone

Benzene-~
Diethyl

Ether

(4)

(5)

Tempera-
ture (0C)

Ll—Oo
60.
80.
100.

60,
80.

60.
80.

100

Parameters of homomorphs used in calculation of interaction
parameters.

00
00
00
00

00
00
.00

.00
.00
.00
.00

00
00
.00

Experi- Berthelot
ment B Jonés

TABLE VIII

Lennard-

INTERACTION SECOND VIRIAL COEFFICIENTS

Kihara Using Homomorphs

(milliliters/gram mole)

-545 -841 -576
=507 -738 =495
=319 -651 =431
-281 ~581 -381
-567 -825 -372
-421 728 -328
~-490 -642 -292
-1376 -1072 ~-651,
-930 -941 -573
-698 -833 -509
-593 =735 -456 -
-785 -951 -685
-769 -837 -5814
-620 -738 -507

(4)
-2563 -L4L9
-1998 -387
-1598 -338
-1304 - =299
-2375 -5LL
~188L  -490
~=1527 _<Lil
“1457 =77
-11707 =665
-963 -596
-810 -539
-1039  -990
-839 -847
-695  -737

(5)

-565
-480
~415
=364

-553
-1,98
-L52

-781
-693
-621
-561

1029
-879
=763

Lennard-Jones potential used to calculate the inter-
action second virial coefficients.

Same as (4) except that correction is made for the dipole-induced
dipole interaction,

A
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Bio = /3 W03, 1y + Mo2(l)2, 7,
(15)-

+ So2 Vo
—5-(62)12 F3 + -53

The parameters (Fg)lz and (£/k);, are calculated using
Equations 13 and 14. The results of these calculations are
presented under the Kihara heading in Table VIII,

The fourth method considered here assumes the inter-
action between the nonpolar molecules and polar molecﬁles
to be the same as that between the nonpolar molecules and
nonpolar molecules of approximately the same size and shape
as the polar molecules. The molecules used to represent
the polar molecules in this fashion are called homomorphs.

- The homomorphs for methanol, ethanol, acetone and_diethyl
ether were chosen to be ethane, propane, isobutaqe.and pen?
tane reépectively. The Lennard-Jones parameﬁers fqr these
molecules are used with Equations 13 and 14 to obtain the
interaction parameters. These parameters were then used in
the Lennard-Jones potential to calculate the interaction
- gecond virial coefficients listed in Table V;II under>haaﬂ¥f
ing nuﬁber'ho | _ ‘

 The final metho& used to calculate the ipteraétion
sgcond virial coefficients uses the parameters 9£{§he homo~
mérphs as the nonpolar parameters of the polar materials but
aésﬁmes there is a dipole-induced dipecle effect ﬁhich must
bé accounted for in the interaction of polar.with nbnpolar

molecules. This dipole effect can be calculated using the
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equation (3):
2
;1 _ X 1M2
2 L[C11 T622)\6 I
h(_.ll-_ngg_%) (€1165)%

(16)

where &7 is the polarizability of the nonpolar molecule,
Mo is the dipole moment of the polar molecule. The effects
of this quantity on the interaction potential parameters

Gjo and (6/k)12 are given by the following equations:
: !

Gip = 2o1 + 0%p) (1 + By 0720 (17)

(€/k) 1o = [(é/k)ll(f/k)gg]%(l + ;12)2 (18)

These modified parameters are used in the Lennard-Jones
potential to calculate the interaction second virial
coefficients. The results of these calculations are pre-

sented in Table VIII under heading 5.



CHAPTER VII
DISCUSSION OF RESULTS

The discussion of results is divided into two sec-
tions., The first section is concerned with the experi-
mental results and the second concerns the results obtained
from applying the available theories to the experimental

results.
Experimental Results

The author's first attempt at obtaining éecond virial
coefficients from low pressure PVT data resulted in failure
(21). This was due to the presence of distinect curvature
in plots of PV versus P from which the second virial coef-
ficients are derived. It was suspected that this curvature
was caused by the adsorption of the sample vapor.by foreign
material in the system. This problem arose.several times
during the experimental investigation of this sﬁu@y but was
always corrected by thorough cleaning of the apparatus.
This behavior was noted in Runs 262, 263, 264 and in the
runs made after Run 386. The results of these runs are
not included in the complete tabulation of results given

in Appendix B. Figure 12 shows a typical linear relation

45
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between PV and P from which the derived second virial
coefficient is consistent with the accuracy expected from
the apparatus. In Figure 13 the curvature in the rela-
tionship between PV and P discussed above is present.

| The data obtained at 40°C in this study are not as
accurate as the data obtained at the higher températures.
This is due to inherent error in determining the pressure
and the low pressures required to stay below the satura-
tion vapor pressures at 4LO®C. The temperature dependence
of the vapor pressures of the materials used in this
study are shown in Figure 14. It is seen from this figure
ﬁhat the vapor pressure is especially restrictive for
benzene and ethanol at the lower temperaturés; The error
in measuring the sample pressure at.variéus pressures is
thoroughly discussed in Appendix D. 7

Second virial coefficients are reported in Chapter V
for the benzene-methanol and benzene-acetone systems at
4,0°C. However due to the increased error in the measure-
‘ment of the data, these results should be regarded as
qualitative rather than quantitative.

The second virial cocefficients presentgd in Chapter V
were calculated using Equation 2. For comparison? the
éecond virial coeffiéients were also calculqted using
Equation 1. The difference between the calculated second
virial coefficients using these two equations is less than

the experimental error. The results obtained using
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ﬁquation 1l are presented in Appendix B.

The experimental second virial coefficients‘for
benzene obtained in this study are shown in Figure 3.
These results agree within experimental error with the
literature data. There is a large quantity of data
reported in the literature for benzene. The values
shown in Figure 3 are the most recent and the best avail-
able due to recent improvements in experimeﬁtal téchniques°
The values used in the calculations were obtained from the
best line fit through these data as shown. Lambert's data
(22) for benzene are shown for comparison since the only
literature data available for methanol, ethanol, acetone
and diethyl ether are those presented by Lambert. As seen
in Figure 4, 5, and 6 the results obtained in this work
for these materials have a greater temperature dependence
than the.results presented by Lambert. The absolute values
of the second virial coefficients obtained in this study
also tend to be lower at the higher temperatures.

The data for acetone at 40 and 60°C were obtained
using the same vapor sample. The quantities of vapor cal-
culated to be in the piezometer for each of theée}runs are
in excellent agreement. These results are tabulaped in
Table D-IV in Appendix D, The duplicate values found at
each temperature also agree quite closely. “It is there-
fore felt that the acetone data obtained in this Work

are especially good. The methanol, ethanol and diethyl
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ether results are acceptable although the deviation from
Lambert's results cannot be explained.

The mixture data shown in Figures 7 through 10 when
observed from the aspect of precision are very good. These
figures also shéw that the curves calculated using the
derived interaction coefficients are in excellent agree-
ment with the experimental results. To this point in the
analysis it would seem that the mixture data are very good.
However when the interaction coefficients are plotted
versus temperature, a great deal of scatter:is present as
shown in Figure 11. The interaction coefficients‘for the
benzene-methanol and benzene-acetone systems follgw more
nearly the expected behavior than do those of the benzene-
ethanol and benzene-diethyl ether systems. |

:In Appendix D the calculated deviation of the pure
componentvexperimental second virial coefficieﬁts from the
arithmetic average values was found to be +29.4 ml/mole.
The average deviation of the duplicate results obtained
for each mixture was ilBOh ml/mole. A part of this dif-
ference can be explained in that several liquid samples.‘
were used in obtaining the pure component data whereas the
éame liquid sample was used for the duplicape mixture data.
The average standard deviation calculated from the statis-
ﬁical analysis of the PV versus P data for each run was
found to be +32.1 ml/mole. The standard deviations cal-

culated for each run are tabulated in Appendix D. It
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should be noted that in discussing the prEGision 6f the -
data, the absolute value of the gecond virial coeffieient
is not important. If the second virial coefficient is
équal to 100 ml/"nxoles the precision would be the same as
when it is equal to 1500 ml/mole; i.e., +32.1 ml/mole.
This is due to the manner in which the second virial
coefficients are calculated, specifically ffom‘a plot

of PV versus P. The precision of the PV and P meésure»
ment is the same regardless of the value of'the dérived
second virial coefficient. o ;

In the determination of the interaction coefficients,
three experimentally determined second virial4c0efficients
;re used. These are By, Bjj and Byy. If the eerr in
each of these is *32.1 ml/mole the expected devigtien in
By, would be approximately +100 ml/mole excluding any
érror in the composition of the mixﬁure° This large
,éxPected deviation explains the uncertainti%s obsérved in
the values of the interaction second virial;coefficients.
The error asseéiated with the determination of thg binary
compositions was less than 0.2%. This accounts for the
errors it weighing the~compnnents:tngether@V‘Thefe i also
ﬁhe possibility that the composition was slightlygaffected
when the mixture was injected into the appafatuso: Several
of these mixtures were analyzed on a gas chfométograph in
the presence of argon but the chfomat@gram proved to be

less accurate than the weighings used to make up the
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mixtures., Therefore the results of these tests were incon-

clusive.

Theoretical Treatments

The association theory of Lambert (22) is briefly
mentioned in Chapter II., Although no results are presented
in Chapter VI, come preliminary calculations were made
using this treatment. From these calculations some insight
can be gained into the nature of the association between
molecules. The results for AH and AS of Equation 5 were
similar to those obtained previously (27). Rowlinson has
thoroughly discussed these results (32). Since interaction
second virial coefficients cannot be calculated a priori
using this approach no further calculations were made.

In Table V it is seen that the Lennard-Jones poten-
tial was fit to the benzene second virial coefficients with
a standard deviation of 12.4 ml/mole over a temperature
range of LO to 340°C. This deviation is well within the
experimental error. Sherwood and Prausnitz (34) in fit-
fing the Lennard-Jones potential to benzene found a stan-
dard deviation of 39.5 ml/mole. In applying the Kihara
potential to benzene theée authors were able to obtain a
fit with a standard deviation of 5.6 ml/mole. The dif-
ference in the standard deviations found in using Lennard-
Jones potential can be accounted for by the fact that

Sherwood and Prausnitz used 30 experimental data points
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whereas in this study 10 average values were used covering
the indicated temperature range.

The experimental data used to obtain the LennardQJones
parameters for ethane, propane, isobutane and pentane
covered a temperature range of 35 to 238°C. The standard
deviations presented in Table V for these fits shéw that
the Lennard-Jones potential adequately represents the
second virial coefficients of these compounds as was expec-
ted. J

The Kihara potential was found to adequatelyrdescribe
the second virial coefficients of methanol, ethanol,
acetone and diethyl ether obtained in this study. Since
the data ranged from 4O to 100°C for methanql and;acetone
and from 60 to 100°C for ethanol and diethyl ether, the
parameters determined are adequate to fit the experimental
dgta within the experimental error. However it should be
noted that any potential could be used over such a limited
temperature range with similar success.

The parameters of the Stockmayer potenﬁial‘were deter-
mined for methanol; ethanol, acetone and diethyl ether.

The Stockmayer potential was found to fit only the second
virial coefficients of ethanol better than the Kihara
potential. In order to fit the Stockmayer potential to
the data of methanol, the tabulated potential values had
to be extrapolated to cover a wider range of variables.

If this potential is to be used extensively for polar
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compounds, the tabulated values of the potential ﬁill have
to be first extended to cover the entire range of variables
of interest.

As previously mentioned, in applying the potential
funections to the second virial coefficients obtained in
this study the validity of the determined parameters is
limited by the small temperature range of the results. The
one exception is benzene where a vast quantity of data are
available in the literature. If the determined pure compo-
nent potential parameters are used to calculate the poten-
tial parameters necessary for the determination of the
interaction coefficients, the uncertainty in these results
is expected to be quite large. Since the experimental
uncertainty in the determined interaction second virial
coefficients is +100 mi/mole, the best one can expect
from applying theoretical considerations is an idea of
which methed would be of greater use in calculating these
coefficients if no experimental data were available.

The results shown in Table VIII illustrate that of
the appreoaches applied here, the use of homomerphs to repre-
sent the polar parameters was the most successful for the
benzene-methanol and the benzene-ethanol systems. The
most adequate treatment of the benzene-acetone system was
obtained using the Kihara potential. In the case of the
benzene-diethyl ether system all treatments applied gave

approximately the same results.
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The approach using homemorphs to obtain the approxi-
mate nonpolar potential parameters of the polar molecules
has been used by Blanks and Prausnitz {(3). However even
after the correction was made for dipole;induced dipole
interactions to obtain agreement with experimental
values, it was necessary to multiply the correction
factor given by Equation 17 by an additional constant.
This constant ranged from 10 to 70 and was a function of
the difference between Gétockmayer and Chonpolar. The
latter being given by the homomorph. The application of
this additional constant was not necessary in applying
this approach to the results of this study.

When the Berthelot equation of state was used to
calculate the second virial coefficients of the pure com~
pounds used in this study, rms deviations of 36.9, 830,
565, 44,2 and 81.7 ml/mole were found for benzene, methanol,
ethanol, acetone and diethyl ether respectively. It can
be seen from these deviations that this equation of state
can be used with success with benzene and with increasing
success with polar compounds as the dipele moves toward
the center of the molecule. The Berthelot equation under-
estimates the interaction of like polar molecules in that
the absolute magnitude of the second virial coefficients
is too small. However, as shown in Table VIII, when the

Berthelot equation is applied to the mixtures studied

the interaction between unlike molecules is overestimated.
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This is good proof that the interactions between the non-
polar and polar molecules of this study are similar to the
interaction between like or unlike nonpolar molecules. The
overestimation of the interaction between the unlike mole;
cules of the mixtures can be explained by the facp that
the critical constants of polar molecules are inf}uenced
by the presence of the dipoles.

The excellent agreement obtained for the benzene;
methanol and benzene-ethanol systems using the homomorph
parameters as the nonpolar parameters also indicates that
the interactions between the polar and nonpolar molecules
investigated in this study are similar to the interactions

of nonpolar molecules.



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

A great portion of this study was devoted to modify-

ing a low

pressure, variable volume PVT apparatus (21)

and collecting PVT data for 4 binary mixtures of benzene

and a polar component. The theoretical treatment con-

sisted of

finding a calculational method and proposed

mixing rules which would be applicable, if any, to the

type of systems considered in this study.

The main conclusions which can be drawn from this

study are:

1) The modified experimental apparatus used
in this study is adequate to provide PVT data
for binary mixtures and pure component vapors
over the temperature range of 60 to 100 °C.
2) The accuracy of the experimental data
compares favorably with the majority of the
existing data on second virial coefficients.
The average deviation is approximaﬁely équal
to the difference in the virial coéfficients
obtained from the pressure series and the

volume series.
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3) The main sources of error are the pressure

and volume measurements. The error.in pressure

measurement contributes the largest error and

is most pronounced at the lower pressures.

4) Great care must be taken in operating the

apparatus to assure that the piezometer and

mercury used in the compression of the vapor

sample are free of contamination.

5) The Kihara potential was found tb fit the

second virial coefficients of the pure compounds

within experimental error. The results obtained

using the Stockmayer potential are not as good

but are satisfactory.

6) In applying the potential funetions to

polar-nonpolar binary mixtures the best results

were obtained when the homomorph potential param-

eters were used as nonpolar estimates of the polar

potential parameters.

7) The unlike molecule interaction in the polar-

nonp@lér binaries is similar to the interaction

of like or unlike nonpolar molecules. 7

The recommendations for future work on’second virial

coefficients which were arrived at from this study are:

1) An apparatus designed to operate over a much

larger temperature range would be very desirable

for the following reasons:
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a) Before the potential functions can be
applied with more meaningful success, experi-
mental data over a range of at least 250 to
300°C will be required.

b) The true temperature behavior of the
second virial coefficients and the inter-
action coefficients could be found from
data covering larger temperature ranges.
c¢) The theoretical treatment of the inter-
action second virial coefficient could be
investigated more thoroughly with data over
a wider range of temperatures.
2) Equipment for the improvement of the pressure
measurements is now available. Improved pressure
measurement would greatly improve the accuracy of
the experimental results.
3) The tabulation of the Stockmayer potential
values must be expanded before the Stockmayer
potential can be applied more completely to the
second virial coefficient data of all polar com-

pounds of interest.
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APPENDIX A

PIEZOMETER CALIBRATION

In discussing the calibration of the peizometer, it
is first necessary to say a word about the nomenclature
which was used. As was mentioned in Chapter III, a volume
number is used to designate which calibrated volume is
occupied at a given point during a run. Volume number 1
is the total volume of the peizometer, volume number 2 is
equal to volume number 1 less the volume of the lower most
bulb, volume number 3 is equal to volume 1 less the volume
of the lower two bulbs of the:piezometer, and so forth
to volume number 8 which is the volume of the upper most
bulb of the piezometer and the capillary tubing leading to
the reference line on the sample side of the mercury manom-
eter., The piezometer bulbs are also numbered consecutively
from the bottom, 1 through 8.

The initial calibration was made with distilled, de-~
gassed water. After the water was put into the piezometer
and allowed to come to room temperature, the contents of
each bulb were slowly drained out into separate weighing
bottles., The tare and gross weights were obtained on a
Mettler gramomatic balance. The density of water at the
calibration temperature was found from handbook tabulations'

(14). Using these densities, the volumes of the individual
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bulbs were calculated. These volumes are tabulated in
Table A-I.

The volumes to be used in this work were then calcu-
lated. Volume number 1 is taken as the total volume. To
obtain volume number 2 the volume of bulb number 1 was
subtracted from the total volume obtained for each trial.
to obtain volume 3 the volume of bulbs 1 and 2 were sub-
tracted from the total volume obtained for each trial.
This procedure was used rather than just using the aver-
age bulb volumes and the average total volume because it
yields a better estimate of the average deviation of the
various trials for a given calibration volume. The results
of these calculations are presented in Table A-III.

The next step in the calibration was to check the
water calibration with runs made with argon at 320 °K
where the second virial coefficient of argon is zero (16).
These runs yield ratios of the pressure before a compres-

sion to the pressure after a compression. Since P, or the

4
pressure when volume 4 is occuppied, is the highest pres-
sure obtained in several of these runs, this pressure was
used as the basis for calculating these ratios. The rea-
son for taking the highest pressure is that this pressure
contains the least percentage experimental error. These
ratios give seven equations with eight unknowns. Of

course, since the second virial coefficient is zero at the

temperature of these runs

P4/Pi = Vi/V4 i#4 (A-1)
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The ratios of volumes resulting from these runs are pre-
sented in Table A-II.

Using the water calibration results for volume number
4 as the basis of calculation, all of the volumes are cal-
culated using the ratios determined from the argon cali-
brations. The results of these calculations are compared
with the results of the water calibration in Table A-III.
This comparison shows tﬁﬁt the percent deviation from the
water calibration is less for most of the volumes than the
percent average deviation found between the individual
runs of the water calibration. Due to the insignificance
of this difference the results arising from the argon
calibration were used in conjunction with the one water
calibration (volume number 4) in the data reduction portion
of this work. The main reason for this is that these
volumes were obtained as an average of data which were
taken using the technique used in obtaining all the exper-

imental data in this study.



Bulb
Trial 1 Trial 2 Trial 3 Trial 4 Average

1 99,7866 99,7650 99,7703 99,7209 99,7584

2 54,3818 54,3721 54.4266 54.3418 54.3806

3 31.5406 31.5438 31,5817 31.5229"' 31,5472

4 31.8952 31.8562 31.8011 31.8329 31.8464

5 32.3633 32,3600 32,3546 32,3463 32,3561

6 7.8058 7.8076 7.8162 7.8143 7+8110

7 6.4729 6.4748 6.4498 6.4730 6.4676

8 54.6586 54.6300 54.6455 54.6831 54.6543
Sum 318.9045 318.8005 318.8450 318.7352 318.8214

TABLE A-II
VOLﬁME RATIOS FROM ARGON CALIBRATION

RUR. o I e VIV AN N NI
Number 1’ 4 20974 %54 Bi4 64 T 4

206 2.39337 1.64447 1.23674

207 2,39473 1.64432 1.23669

208 2.39051 1.64566 1.23721 .76080 .51792 .45919

209 2.39349 1.64500 1.23750 .76071 .51756 .45882

210 2.39519 1.64507 1.23675 .76081 .51786 .45916
Avg 2.39436 1.64490 1.23698 .76077 .51778 .45906

WATER CALIBRATION OF PIEZOMETER BULB VOLUMES

TABLE A-I

Volume (cm3)
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Average

Dev

.0200
.0236
.0172
.0294
0056
0099
.0168
«0535

V8/V4

.41038
41055
41046



Volume
Number

(oo IEN R WO IR UV \O

COMPARISON OF WATER AND ARGON CALIBRATION

Water
Calibration
(cm3)

318.8214
219.0630
164.6824
133.1352
101.2888
68.9327
61.1217
54.6543

TABLE A~IIX

% Deviation
Water
Calibration

0.0168
0.0154
0.0163
0.0281
0.0194
0.0303
0.0358
0.0307

Argon*

Calibration

(cm3)

318.7736
218.9941
164.6856
133.1352
101.2853
68,9347
61.1170
54.6467

68

Percent

Difference

0.0150
0.0314
-0.0019

0.0035
-0.0029
0.0077
-0.0139

*Argon calibration is based on volume number 4 of the

water

calibration.



APPENDIX B

DATA REDUCTION

This appendix deals with the data reduction technique
used to obtain the second virial coefficients from the
experimental data. A sample of the experimental data is
presented in Table B-I.

The technique used was to first calculate the pres-
sures and volumes and then use linear regression to find
the second virial coefficient. The pressure is obtained

from the following equation:

Pn = (Rn - Sn)(E)(F) (B-1)

where E, the pressure correction allowing for the cubical
expansion of mércury with temperature, is given by:

E = 1/(1 + .18169x10™°T + .2951x10~81?

+ J1146x107°73) (B=2)

and F, the correction for the linear expansion of the

cathetometer scale with temperature is given by:
F=1« 0,000011(t - 20) (B=3)

P, is the pressure for the n® reading (cm Hg)
S_ is the cathetometer reading of the mercury height

in the sample leg of the manometer for the n®
reading (cm)
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TABLE B-I

EXAMPLE OF EXPERIMENTAL DATA

Run 211B Benzene-methanol 47,49 mole % Benzene

Time Temperature Volume Number R; Sﬁ

(°C) (cm) (cm)
11:23 60,00 1 32.130 22,480
11:28 60,00 2 36.500 22,497
11:35 60,00 3 41.082 22,502
11:41 60.00 4 45,467 22,485
11:46 60.00 5 52.610 22.484
11:51 60,00 6 66,475 22,480
11:56 60.00 7 71.985 22.480
12:01 60,00 8 77.735 22,497
12:06 60,00 8 77.732 22,487
12:11 60,00 6 66.480 22,475
12:17 60.00 4 45,452 22.480
12:24 60,00 2 36.485 22,475
1 32.145 22.490

12:30 60.00

*These values are the average of two or three cathetometer
readings. '



R _is the cathetometer reading of the mercury height
in the vacuum leg of the manometer for the n®
reading (cm).

T is the bath temperature (°C).

t is the room temperature (°C).

k 1is the total number of readings or datum points
recorded during a run.

No correction was made for the effect of the vapor
pressure of mercury. It has been shown (18,19) that under
conditions such as those in this study the actual effect
of the mercury is much less then the vapor pressure and
therefore should be neglected.

The volumes are corrected for deviation of the mercury
height from the reference mark on the sample side of the
manometer. In making this correction to the volume it is
assumed that the average of the mercury height readings on
the sample side of the manometer, Sn’ is equal to the cath-
etometer reading of the reference mark. The corrected

volumes are then given by:

Vn = Vn,calibrated + (Sn,avg - Sn)0.7854 (B=-4)

where
V, is the volume occuppied at the n” reading (em>).

is the calibrated volume occuppied at

v :
n,calibrated i, ~_ u reading (cm3).

S is the arithmatic average of S_ (cm).

n,avg n
and the factor 0.7854 is the cross sectional area of the
sample leg of the manometer (cmz).

After the pressures and the volumes are calculated

using the above equations, a least square analysis is used
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to find the best fit of the following linear equation:
PV = NR (T +# 273.,16) + NB'P (B-5)
nn o n

where N is the number of moles (g-moles), R  is the uni-
versal gas constant (cm Hg—cm3/g—mole °K), and B' is the
second virial coefficient (ml/g-mole). The following
equations are used to find the best fit:

k

NB'= = —= (B=6)

2 2
(P )" = (ji B )T/k

n=1

k
NR_(T + 273.16) = (Z PV - NB' f Pn)/c (B=7)

n=1 n=1
The two unknowns in the above equations (N and B') can
be determined.

An IBM 1410 digital computer program was used to make
these calculations. An error analysis based on the devi-
ations of the experimental PnVn from the fitted straight
line was included in this program. The results of this
analysis are presented in Appendix D. For comparison
purposes the above program also calculated the second
virial coefficients obtained from the following form of

the virial equation of state:

ann = NRO(T + 273.16)(1 + NB/Vn) (B=-8)

This equation was fitted by least square linear regression
using equations similiar to Equations B-6 and B-7 except
that Pn is replaced by l/Vn in all terms other than the

those containing the ann product.
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The calculated results for all runs made in this
study are presented in Tables B-II through B-X. The tem-
peratures given are the average measured temperatures
during a run. The maximum deviation from the average was
0.05 °Cs The compositions presented were determined by
weighing the constituents together using a Mettler Gram-

omatic balance.



TABLE B-II

RESULTS FOR BENZENE

Run Temperature Second Virial Coefficient
Number (°C) (ml/mole)
P-series l/V-series
204 39,99 =1279 =1262
391 40,02 =-2061 -2016
392 40,01 ~3106 -3004
202 60.05 -1166 -1136
203 60,05 =1116 -1089
205 59,97 -1105 -1086
253 : 59.97 -1068 -1043
254 59,97 =1127 -1103
262 59.98 =1465 ~1424
263 60,03 -1522 -1477
264 60,05 ¢ =1481 «1438
265 59.97 ~-1121 =1094
266 59.97 -1004 -986
Test 60,00 -1133 -1108
280 79.92 ~-892 -874
281 79.98 -852 -838
311 80,03 -920 -904
312 80.02 -=1065 -1047
371 80.01 -921 -901
372 80.02 =907 -891
329 100,05 ~-769 ~756

330 100,07 -774 -764



TABLE B-III

RESULTS FOR METHANCL

Run Temperature Second Virial Coefficient
Number (°C) (ml/mole)
P-series l1/V-series
218 39.98 -2323 =2245
219 39,98 -2187 ~-2129
226 39.99 -2613 ~-2570
227A 39.98 -1971 ~1928
389 39.98 : -2711 -2601
390 39.99 -3184 -3075
220 59,99 ~1086 -1069
221 60.04 -=1259 - =1222
227B 59,97 -=1067 -1047
228 59,97 -1054 -1033
292 60.02 ~1266 =-1227
293 59.98 =1140 -1114
308 59.98 -1084 -1061
309A 59,97 =1149 -1126
387 59.97 =1580 -1500
388 59.98 -1498 -1428
286 79.96 =755 -738
287 79.95 -721 -709
290 79,93 ~-762 -743
291 79.92 -769 =754
309B 80,03 -763 -746
310 80.03 ~742 =729
335 100.07 =505 498

336 100,07 =544 -536



TABLE B-IV

RESULTS FOR ETHANOL

Run Temperature Second Virial Coefficient
Number (°C) (ml/mole)
P-gseries 1/V=-series
233 5%.97 -1485 ~1450
234 59,97 ~1560 ~-1521
284 79.94 -1030 -1003
285 79.92 ~-972 -952
313 80,02 -982 -957
314 80.03 -=1003 -980
373 80.02 -930 -913
374 80.02 ~931 =914
381 80,02 =915 ~895
382 80,05 -862 -847
331 100.55 -683 -674

332 100,07 ~-691 -683



TABLE B-=-V

RESULTS FOR ACETONE

Run Temperature Second Virial Coefficient
Number (°C) (ml/mole)
P-series 1/V~Series
239B 40.00 ~1701 -1638
240A 39.99 -1678 =1622
394 39,98 -3694 -3589
239A 59.97 -1259 =1225
240B 59.97 ~1267 -1235
282 79.99 -1051 -1021
283 79.92 =995 -972
288 80.02 -=1007 -984
289 80.02 -932 -916
315 80.02 -1027 -999
316 80.02 -994 =973
369 79.94 -~1034 =-1010
370 80.01 -1004 -985
337 100.09 -838 -818
338 100.07 -826 -810
349 100.06 =842 -824

350 100,07 -831 -817



TABLE B~VI

RESULTS FOR DIETHYL ETHER

Run Temperature Second Virial Coefficient
Number (°C) (ml/mole)
P-series 1/V-series
259 59,99 -952 -939
260 59,98 =861 -846
261 59¢97 =955 =940
267 59.97 -873 -857
276 59.97 -832 -818
277 59.97 -787 =777
278 79695 ~729 -717
279 79.97 -641 -634
375 80,03 -650 -641
376 80.02 -689 -681
333 100.07 -554 =547

334 100,08 -495 -491



TABLE B-=VII

-RESULTS FCR BENZENE-METHANCL

Run Temperature Mole Second Virial Coefficient
Number (°C) Fraction (ml/mole)
Benzene P-series l1/V—-series
211A 39,98 +4749 -1091 -~1069
212B 35.98 «4749 =1106 -1086
213A 40,00 03147 -1321 ~1292
214B 39,99 23147 -=1307 =1283
215A 40,00 26379 -1091 -~1075
216B 40,00 +2039 -1536 -1503
217A 40,02 «2039 .. =1508 -1475
222B 40,06 « 7717 =1427 -1404
223A 40,05 « 71717 -1134 -1116
211B 59,97 «4749 ~-802 ~781
212A 55,98 04749 -784 -769
213B 59,99 «3147 -857 =838
214A 59.97 « 3147 -815 -800
215B 60,07 «6379 ~838 ~826
216A 60,04 +2039 =1008 =980
217B 60,07 +2039 -933 =913
222A - 60,04 o 7717 ~-848 =838
223B 59.97 01717 =916 =903
224A 60,00 7239 -813 =801
225B 59,97 7239 -895 -881
255 59.99 24617 -791 -774
256 59.97 24617 -759 -747
257 59.98 " 4617 -775 -764
224B 80,04 7239 -727 =716
225A 79,99 « 7239 =735 -726
323 80,02 »1843 -635 =623
324 80.03 21843 -622 -611
325 80.00 «4349 =588 -578
326 80,03 «4349 =574 =566
327 80.03 «6521 =639 -628
328 80,01 «6521 ~-568 -561
377 80,03 »5334 =594 -585
378 80.04 «5334 -582 -574
379 80,02 02380 =635 -623
380 80,03 «2380 -568 -559
385 80.03 .6979 -642 =631
386 80,03 «6979 =656 =646
355 100.07 21903 -424 =419
356 100,07 «1903 =443 =437
357 100.07 -4638 -471 =464
358 100.07 - 4638 -486 -479
359 100,07 «6961 =571 =562

360 100,07 6961 ~580 =573



TABLE B-VIII

RESULTS FOR BENZENE-~-ETHANOL

Run Temperature Mole Second Virial Coefficient
Number (°c) Fraction (ml/mole)
Benzene P-series l/V-series
229 59,97 « 7305 -909 -894
230B 59,97 7305 -917 -903
231 59,97 «5712 -926 -909
232 59.97 «5712 -917 -903
235 59,97 <4071 -953 -936
236 59,98 «4071 -1005 -987
237 59.97 .2684 -1135 -1110
238 59.97 .2684 -1143 -1117
230A 80.00 « 7305 -859 -849
296 79.94 «2033 -760 -750
297 79.93 «2033 -758 ~-747
298 80.03 «5168 -672 -662
299 80.04 .5168 -693 -685
300 80.04 «7112 -735 -723
301 80.02 «7112 -747 -739
363 100.07 2071 -660 -650
364 100.07 »2071 -633 -624
365 100.07 «5475 -627 -616
366 100,07 «5475 -632 -623
367 100.08 « 7067 -682 -670

368 100.07 27067 -615 -607



TABLE B-IX

RESULTS FOR BENZENE-ACETONE

Run Temperature Mole Second Virial Coefficient
Number (°C) Fraction (ml/mole)
Benzene P-series l/V-series
242B 40,00 7765 -1398 =1373
243 39.98 « 7765 -1592 ~-1564
244 39.98 «5198 -1446 ~1420
245A 40.00 «5198 -1609 -1585
248B 40,00 «4128 -1473 -1438
249 39.98 24128 -1470 ~1442
250 39.98 «2277 -1498 } -1460
251A 39.98 «2277 ~-1487 -1449
241 59.97 7765 -1022 ' -1006
242A 59,97 « 7765 -1042 -1027
245B 59.99 «5198 -1243 =1229
246 59.97 «5198 -1092 -1075
247 59.97 .4128 =-1073 -1050
248A 59.98 <4128 -1081 -1062
251B 59.,97 «2277 -1145 =1123
252 59.97 02277 ' -1095 -1077
317 80,03 «2531 - =919 -896
318 80.02 22531 . -905 -887
319 80,03 .5301 - =841 ~-824
320 80.03 «5301 -881 -866
321 80.03 «6991 ~822 -807
322 80.02 «6991 -824 -811
383 80,03 «6947 ~-798 ~783
384 80.04 «6947 -832 -819
347 100.07 «2438 -766 -750
348 100,07 «2438 -739 =727
351 100,05 «5019 -719 -706
352 100.07 «5019 =709 -698
353 100.08 « 7405 ~-749 -735
354 100.07 7405 ~719 ~707
361 100.08 07122 =716 -~703

362 100.06 «7122 =702 -693
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TABLE B-X

RESULTS FOR BENZENE-DIETHYL ETHER

Run Temperature Mole Second Virial Coefficient
Number (°C) Fraction (ml/mole)
’ Benzene P-series l1/V~series
268 59.97 +6800 ~-993 =973
269 59.97 «6800 -933 -918
270 59.97 «5057 -880 -864
271 59,97 «5057 -890 =877
272 59.97 .4124 -972 =952
273 59.97 .4124 -885 =870
274 59.97 »2890 -842 =828
275 59.98 2890 ~889 -876
294 59.97 «7915 -971 =954
295 59.97 « 7915 -986 -971
302 80.03 »5365 -783 ~-771
303 80,02 «5365 ~-847 -836
304 80.02 «2726 -738 ~-728
305 80.02 02726 -730 -722
306 80,06 « 7978 -864 -849
307 80.02 .7978 -856 -843
339 100.07 «2516 ~645 -636
340 100,08 .2516 -655 -647
341 100.07 5342 ~651 -641
342 100.07 5342 -650 ~-642
343 100,05 «8052 =711 -700
344 100,07 »8052 ~701 -692
345 100,10 <2461 -619 =611

346 100,07 2461 -661 -654



APPENDIX C
CALCULATION PROCEDURE USED TO DETERMINE
THE INTERACTION SECOND VIRIAL

COEFFICIENTS—Bl2

The calculation of B12 was accomplished using a

least squares determination of the one unknown constant,
Bios in the following eqguation:

2 ' L \2
B, = x°B * 2x(l—x)B12 + (l-=x) B2

M 11 (C-1)

2

where B x, B and B22 are experimentally known gquanti-

M? 11

tiess,

Since the least squares involves the determination of
only one constant, it is an unique calculation. An IBM
1410 digital computer program was used for the above cal-

culation. The predicted values of B using the determined

M

value of B were also calculated with this program at

12
X = ol; 02y o35 o4 o055 o6, o7, 8, and .9 to facilitate
drawing of the calculated virial coefficient curves ap-
pearing in Figures VII through X in Chapter V.

The results of the above calculations are presented
in Tables C-I through C-IV. The B(obs) values are experi-
mental, B(calc) values are calcﬁlated using Equation C-1,

and the Dev values are the deviations between the experi-

mental and calculated values.



RESULTS OF B

Mole Fraction

Benzene

1.0000
«0000
«4749
3147
6379
+»2039

o 7717

1,0000
« 0000
24749
63147
«6379
2039
7717
7239
«4617

1.0000
0000
7239
1843
»4349
6521
5334
+2380
«6979

1.0000
. 0000
«1903
«4638
«6961

TABLE C-I

12

Temperature

(°C)

40,0

Byy =

60,00

B

80.00

Bio

100.00

Bio =

BENZENE-METHANOL SYSTEM

B(obs)
(ml/mole)

-1303
-2079
-1099
-1314
-1091
-1522
-1134

-545 ml/mole

-1107
-1097
=793
-837
-838

- =970

-882
-854
=775

= =507 ml/mole

-944
=752
-731
-628
-581
-603

~-588-

~601
-649

= =319 ml/mole

=815
-524
-434
=478
=576

~-281 ml/mole

CALCULATIONS FOR THE

B(calc)
(ml/mole)

-1139
-1341

-1055

-1549
-1077

-805
-843
-828
. =906
-895
-866
-806

~-680
-628
-576
-637
-591

-606

-663

-460
-466
-562

84

Dev
(ml/mole)

-40
-27
36
=27
57

=12
-6

64
-13
-12
=31

51

=34
-3
=5
-14

-26
12
14
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TABLE C-II

RESULTS OF B CALCULATIONS FOR THE

12
BENZENE~ETHANOL SYSTEM

Mole Fraction Temperature B(obs) B(calc) Dev
Benzene (°C) (ml/mole) (ml/mole) (ml/mole)
1.0000 60.00 -1107
- 0000 ~-1522
« 7305 ~913 -925 =12
«D712 -922 -919 3
24071 -979 ~-992 -13
«2684 ~1139 -1117 22
B12 = -567 ml/mole
1.0000 80.00 -944
+ 0000 =941
«2033 -759 -773 -14
«5168 -683 -682 1
«7112 -~742 729 13
B12 = =421 ml/mole
1.0000 100.00 -815
. 0000 ~-687
.2071 -647 ~628 19
« 5475 -629 -628 1
«+ 7067 =649 -669 ~20
B = =490 ml/mole
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TABLE C-III

RESULTS OF B CALCULATIONS FOR THE

12
BENZENE-ACETONE SYSTEM

Mole Fraction Temperature B(obs) B(calc) Dev
Benzene (°C) (ml/mole) (ml/mole) (ml/mole)
1.0000 40.00 ~1303
. 0000 -1690
s 7765 =1397 -1348 49
«5198 -1446 ~1428 18
<4128 -1471 ~-1472 -1
02277 -1493 -1559 ~66
812 = «~1376 ml/mole
1.,0000 60.00 -1107
.0000 ~-1263
e 7765 -1032 -1053 =21
«5198 ~-1092 -1055 37
«4128 =-1077 -1075 2
« 2277 -1120 -1138 -18
Bl2 = =930 ml/mole
1.0000 80,00 ~-944
- 0000 -1005
+2530 =912 ~885 27
«5301 -~861 -835 26
«06991 -823 -846 =23
«6947 -815 -845 -30
B12 = =698 ml/mole
1.,0000 100,00 -815
- 0000 -834
«2438 ~752 ~-744 8
«5019 -714 -709 5
« 7405 -734 -731 3
s 7122 ~709 ~-726 -17
B = =593 ml/mole

12
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TABLE C-IV

RESULTS OF B CALCULATIONS FOR THE

12
BENZENE-DIETHYL ETHER SYSTEM

Mole Fraction Temperature B(obs) B(calc) Dev
Benzene (°C) (ml/mole) (ml/mole) (ml/mole)
1.0000 60.00 -1107
»0000 -895
.6800 -963 ~945 18
«5057 -885 -~-894 -9
4124 - -885 ~-878 7
«2890 -865 -868 -2
07915 -979 -992 ~13
B12 = =785 ml/mole
1.0000 80.00 -944
»0000 -677
«5365 =815 -799 16
2726 ~-734 ~733 1
« 7978 -860 -876 ~16
B12 = =769 ml/mole
1.0000 100,00 -815
+0000 -525
«5342 : -651 ~-655 -4
« 8052 ‘ ~-706 ~743 -37
« 2461 —-619 -578 41
B = -620 ml/mole

12



APPENDIX D
ERROR ANALYSIS

In the reduction of the data to determine second
virial coefficients a least'Square regression analysis is
used. Therefore a standard estimate of error for the
- determined second virial coefficients can be found from
statistical methods.. This analysis does not indicate
the existence of adsorption of the sample due to con- ¢
tami_nationo Visual inspection of a plot of PV versus P
is necessary for this. This analysis does account for
possible error in B due to the deviations or scatter of
the<PV versus P data. The following analysis assumes
negligible error in P. On the basis df the magnitude of
the respective errors in P and PV this assumption is
valid. The following equations are used to calculate
the various errors from the least squares anélysis of
the experimental data:

The standard error in the PV values is given by

|

: 2 272
5 = k2 (PpVn) - (2Z.PnVn) (D-1)

pv k(k-2)

88
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The standard error in the intercept, S,, is then given by

EiP . n
S, = I D-
A Spv{ T (ZPn)} (D-2)

and the standard error in the slope, Sg, by

_ . A
Sp = S (D-3)
? pY { kTP, - (LP,) J

Using the above equations and an assumed standard error

in the temperature, Sy, of 0.03 °C the standard error in
B can be calculated as follows:

Since
B = Slope/Intercept/RT (D-4)

if the standard errors are converted to percent errors,

the pérceht standard error in B is
Pct, Std. Error in B = (S/NRT + Sg/NB + S¢/T)100 (D-5)

The standard error in B can now be thained by multiply-
ing the percent error times the value Qf B. These cal-
culations were made as part of the digital computer pro-
gram used in the data reductionf The results are listed
~in Tables D-I through D-IX.

To check the validity of this method of analysis
most of the experimental data weré obtained in duplicate.

From these duplicates an average deviation in B can be
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TABLE D-I
ERROR ANALYSIS RESULTS FOR BENZENE DATA
Run Sample Si;f Intercept Standard Standard
)

Number (g-molex10 (cm Hg-ml) Error inPV Error in B
(cm Hg-ml) (ml/mole)

204 7.46 1457 0.45 58

391 5,19 1014 1.29 160 (a)
" 392 6.62 1293 3.11 402 (a)

202 9.67 2009 0.54 25 '

203 9.76 2029 1.01 25

205 7.00 1455 0.38 28

253 11.10 2306 0.94 25

254 9.14 1899 1.39 52 (b)

262 9.03 1875 1.67 68 (b)

263 9.13 1896 1.40 59 (b)

264 10.37 2154 1.96 72 (b)

265 10.46 2174 0.72 20

266 8657 1779 0.60 28

Test 8.84 1837 0.55 27

280 10.92 2406 0.69 17

281 8.84 1956 0.71 27

311 9.03 1989 1,28 48

312 7.37 1623 0.85 56

371 11.65 2567 1.45 32

372 9.25 2038 1.33 46

329 10.12 2355 0.96 31

330 8.29 1929 1.75 70 (a)

(a) Deleted- error in PV exceeded maximum expected error,

(b) Deleted- system known to be contaminated.
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TABLE D-IT

ERROR ANALYSIS RESULTS FOR METHANOL DATA

Run Sample Size Intercept Standard -Standard
Number (g-molex 104) (cm Hg-ml) Error in PV Error in B
(cm Hg-ml) (ml/mole)
218 16.44 . 3211 1.61 112
219 12.31 2404 1.27 115
226 2.89 564 0.74 336 (a)
227A 8.80 1719 0.42 42
389 11.74 - 2293 1.65 101 (a)
390 7.17 - 1399 12.26 1041 (a)
220 6.85 1423 0.86 59
221 12,70 2638 1,44 33
227B 8.79 1827 0.71 27
228 9,06 1882 0.74 29
292 11.78 2448 1,25 29
293 9.66 2006 0.64 22
308 15.06 3129 0.92 37
309 13.98 2904 0.96 44
387 16,01 3326 5.18 66 (a)
388 - 16,78 3487 5.40 71 (a)
286 13.99 3082 0.99 15
287 11.33 2495 1.52 35 (a)
290 15.02 3308 - 1.17 16
291 12.08 2660 1.17 24
309B 13.98 3079 1l.44 22
310 11.29 2487 0.93 22
335 13.92 3240 1.88 27 (a)

336 12.49 2908 0.79 14
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TABLE D-IIT

ERROR ANALYSIS RESULTS FOR ETHANOL DATA

Run Sample Size Intercept Standard Standard

Number (g-molex 104) (cm Hg-ml) Error in PV Error in B

(cm Hg-ml) (ml/mole)
233 9.93 2064 1.07 52
234 9.99 2076 0.73 36
284 12.11 2666 0.97 20
285 10.15 2235 1.10 32
313 12,29 2706 l.11 22
314 11.16 2458 1.19 29
373 9.47 2087 0.95 31
374 9.02 1988 0.89 32
381 10.65 2347 0.75 21
382 9.86 2171 0.99 30
331 8,12 1890 0.79 39

332 8.16 1900 0.70 29
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TABLE D-IV

ERROR ANALYSIS RESULTS FOR ACETONE DATA

Run Sample Size Intercept Standard Standard
Number (g-molex 10%4) (cm Hg-ml) Error in PV Error in B
(cm Hg-ml) (ml/mole)
239B 10.67 2083 0.51 17
240A 9.32 1820 0.27 12
394 6.18 1207 1.39 349 (a)
239A 10.67 2217 0.78 21
240B 9.33 1938 0.42 16
282 13.17 2900 0.91 16
283 10.79 2377 1.19° 30
288 10.31 2270 0.81 25
289 8.45 1860 1.15 52
315 12.98 2858 1.00 18
316 10.28 2264 0,89 25
369 10.48 2309 0.53 15
370 9.11 2007 1.20 42
337 13.71 3192 1.38 21
338 10.88 | 2531 1.51 36 (a)
349 11.84 2756 1,31 29

350 9,70 2257 1.28 41
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TABLE D=V

ERRCR ANALYSIS RESULTS FCOR DIETHYL ETHER DATA

Run Sample Size Intercept Standard Standard

Number (g-mole x 104) (cm Hg-ml) Error in PV Error in B

(cm Hg-ml) (ml/mole)
258 7.19 1494 0.66 40
259 7,05 1464 l.16 73
260 9.23 1918 1.17 43
261 7.98 1657 1.16 57
267 9.28 1929 0.42 17
276 9.58 1991 0.61 21
277 7.96 1654 0.42 21
278 10,60 2334 0.92 24
279 8,71 1918 0.56 22
375 9.32 2052 0,75 25
376 7.65 1685 l1.24 61
333 9.88 2299 0.99 32

334 8,12 1890 0.92 40
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TABLE D-VI

ERRCR ANALYSIS RESULTS FOR BENZENE-METHANOL DATA

Run Sample Size Intercept Standard Standard

Number (g-mole x 104) (cm Hg-ml) Error in PV Error in B

(cm Hg-ml) (ml/mole)
211A 14,71 2871 0.63 22
2128 11,96 2335 040 34
213A 12.74 2487 0,82 39
214B 10.94 2136 0.73 47
215A 8.08 1577 + 0.53 45
2168 13.90 2417 0.71 50
217A 11.43 2232 0,91 53
222B 6.74 1315 0.72 84
223A 7.70 1504 0.47 46
211B 14.69 3052 1.40 20
212A 11.96 2482 1.29 28
213B 12,72 2643 0.83 15
214A 10,92 2269 0.64 16

215B 8,08 1678 1.47 70 (a)
216A 13.88 2885 l.44 23
217B 11.42 2372 0.82 19
222A 6.72 1397 0.42 32
223B 770 1600 0.94 49
224A 8.76 1819 0.61 25
225B 8.14 1692 0.53 24
255 12.65 2628 0,70 14
256 10,40 2160 0.70 20
257 8.58 1782 0.62 26
224B 8,76 1929 0.39 18
225A 8.14 1793 0.54 25
323 13.83 3047 1.55 24
324 12,89 2840 0.97 17
325 14.75 3249 1.07 15
326 - 11.67 2571 0.94 20
327 12,56 ‘ 2766 1.08 21
328 10.32 2272 1.05 29
377 12,23 2694 0,99 19
378 10.03 2209 0,59 17
379 15.64 3446 1.19 16
380 12,37 2724 1.08 22
385 12,31 2712 1.13 22
386 10.08 2220 1.39 44
355 14,47 3368 . 1.69 25
356 15.42 3589 -1.78 23
357 13,93 3243 1.53 24
358 11,72 2727 0.98 23
359 12,97 3018 1,76 34

360 10.22 2380 0.96 35
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TABLE D-VII

ERROR ANALYSIS RESULTS FOR BENZENE-ETHANOL DATA

Run Sample Size Intercept Standard Standard

Number (g-mole x104) (cm Hg-ml) Error in PV Error in B

(cm Hg-ml) (ml/mole)
229 95.03 1875 0.33 13
230B 7¢32 1521 0.43 28
231 10.22 2125 - 0.54 16
232 8.34 1734 0.51 22
235 10.83 2250 0.37 - 16
236 8.85 1838 0.88 34
237 11.56 2402 0.75 27
. 238 9.86 } 2049 0.95 29
230A 7+34 1616 0.90 64
296 8.66 1907 0.83 34
297 9.51 2095 0.81 28
298 9.60 2115 0.69 26
299 7.86 1732 0.52 27
300 9,30 2049 0.72 29
301 7.63 1680 0.54 32
363 10.85 2526 0.88 23
364 9.57 22217 0.73 24
365 12.46 2901 1,27 27
366 10.14 2359 0.89 26
367 12,11 2819 0.96 22

368 9.92 2308 0.81 ‘24
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TABLE D-VIIT

ERROR ANALYSIS RESULTS FOR BENZENE-ACETONE DATA

Run - Sample Sizz Intercept Standard Standard
Number (g-mole x10%) (cm Hg-ml) Error in PV Error in B
(cm Hg-ml) (ml/mole)
.242B 6.43 1255 - 0.75 71
243 5.29 1032 1.08 132 (a)
244 9.93 ' 1939 1.15 88
245A 4,51 881 0.69 116
248B 7.96 1554 1.08 55
249 6.54 1277 0.92 70
250 8.04 1569 0.82 45
251A 8.44 1647 1.09 50
241 7+ 85 1631 0.61 30
242A 6.43 1336 0.55 46
245B 4,52 938 0.52 81
246 6.72 1396 0.56 43
247 9,73 2022 0.83 27
248A 7.97 1655 0.24 45
251B 845 1756 0.68 29
252 6.92 1438 0.38 26
317 13.50 2975 0.83 14
318 10,74 2365 1,16 30
319 11.28 2485 0.83 19
320 9.24 2035 1.53 53 (a)
321 10.81 2382 0.70 - 18
322 8.90 1961 0.84 31
383 11.06 2437 0.95 ‘ 24
384 9.09 2002 1.18 42
347 12,26 2853 l.11 22
348 10.11 2352 1,02 33
351 12.16 2831 1.17 22
352 10.02 2332 1.05 32
353 11.99 2792 0.90 18
354 9.84 2291 0.93 31
361 v 11.44 2663 1.18 30

362 9.06 2109 1.22 41
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TABLE D-IX

ERROR ANALYSIS RESULTS FOR BENZENE-DIETHYL ETHER DATA

Run Sample Size Intercept Standard Standard
Number (g-mole x10%) (cm Hg-ml) Error in PV Error in B
(cm Hg-ml) (ml/mole)
268 9.70 2016 0.60 20
269 799 1660 0.41 22
270 9.56 1987 0.55 21
271 779 1619 0.47 24
272 10.29 2137 0.73 22
273 8.51 1768 0.39 19
274 9.47 1967 0.63 22
275 7+ 75 1611 0.92 47
294 8.92 1853 0.82 33
295 7.32 1522 0.44 28
302 8.82 1943 0.80 33
303 7.23 1593 0.91 50
304 7.96 1753 0.62 31
305 6.54 1440 0.85 68
306 8,91 1963 0.28 13
307 7.32 1613 0.73 47
339 10,23 2382 1.12 32
340 8.39 1954 0.97 38
341 11,13 2591 1.89 42 (a)
342 9.12 2122 1.03 37
343 11,00 2559 1.69 39 (a)
344 9.07 2112 0.97 32
345 9,97 2320 1,18 33

346 8.19 1906 1.23 50
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obtained as follows:

L(5 - By)/2 (D-6)

m

Avg dev in B =

where By and Bp are the duplicate_vélues of B and m is
the tétal number of duplicates considered, The above
was used for the binary mixtures. For the pure compo-
nents the average value of B was calculated from the
runs made at a given temperature and the deviations from
these average values were calculated.

For the pure components the average deviation of B
found from 71 runs was +29.4 ml/mole. For the duplicate
runs made on the mixtures, the average deviation of 54
sets of duplicates was found to be ¥13°h ml/mole. The
average standard error in B found from the statistical
treatment was 32.1 ml/mole. This comparison shows that
it is acceptable to use the statistical_treatment to
determine the validity of individual runs.

The average deviation and the standard deviation in
PV are also obtained from the error analysisé ‘It is of
interest to see if the standard deviation of PV observed
from experiment can be accounted for by known errors in
the experimental measurements. This latter error will
be referred to as the expected error.

The expected error in the PV product can be calcula-

ted from the errors associated with the various measurements
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used to obtain the data. The maximum error in the volume
is assumed to be the maximum average deviation from the
volume calibration. From Table A-IITI this is found to be
0.036%. The error in the pressure measurement is due to
the inaccuracy associated with reading the cathetometer.
This accuracy is .003 cm and since two cathetometer read-
ings are required for the pressure, the exbecﬁedierror in
the pressure is .,006 cm. This amounts to ;06% at 10 cm
Hg pressure and .015% at 40 cm Hg pressureo' The sum of
the percent errors associated with the volume>ahd pres-
sure yields the percent expected error in PV, This per-
centage error as a function of pressure is'shpwﬁiin Figure
D-1. vThis actually is pessimistic since the eerr in the
voluﬁé is less than .036 ml for the case of lafgest volume,
ioeo}lowest pressure.

Figﬁré D-2 shows the expected percent average devia-
tion of PV for a run of eight pressure measurements versus
the approximate magnitude of PV, It is seen from this
figure that as the sample size is decreased, magnitude of
PV becomes less, the expected average percent deviation
becomes greater. This is due to the decrease inrthe mag-
nitude éf the pressure for small samples. ‘The a#erage
standard deviation found from the analysis of the experi-
mental data was 0.88 cm Hg-ml. This would amount to an
average percent deviation of .08%, .O44% and .030% for PV
equal to 1000, 2000 and BOOO respectively. Thése are all
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less than the values given in Figure D-2 which of course is
expected. On the basis of this analysis several experi-
mental runs were discounted as indicated in Tables D-I

through D-IX.



APPENDIX E

CALCULATION OF INTERMOLECULAR PARAMETERS
FROM EXPERIMENTAL DATA

There are several ways in which the intermolecular
parameters can be calculated from experimental data. These
vary from a graphical procedure used primarily,before the
advent of digital computers to the use of least squares
analysis. The method used in this work is the latter.

The main reason for using this method is that a great
quantity of experimental data can be examined in a rela-
tiveiy short period of time. | _‘

fThe ihtegrated forms of the potential fuﬁctions and
the informétion available for each of them will be discussed
before discussing the least square analysis,

Lennard-Jones Potential

Integration of Equation (7) with the potential
energy given by Equation 8, gives the féllowing‘form of

the Lennard-Jones potential:
B(T) = by B*(T*) : (E-1)

where by = 2/3 N 3 and T* = kT/ . Values of B¥ are tab-

ulated in the literature (16) for values of T* ranging

104
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from 0.1 té 1000.
Séoekﬁayer Potential
Upon substitution of Equation (9) ihto Equation
(6) and integrating the following representation of the

Stockmayer potential is obtained:
B(T) = b, B*(T*,t*) (E-2)

where t* =142/J§es3 and the remaining termé are the same
as above. There are tabulations of B*(T*,ﬁ*)vin the
literature (16) for values of T ranging frém 0.30 to
400 and values of t* ranging frdm 0.1 to 2.4.

Kiharé Potentiél

In order to obtain an expression‘similgr to those

above for the Kihara potential, Equation (10) is first
substifutéd into Equation (6). To perform the integra-
tion, Kihara arbitrarily fixed the orientatioﬁ of both
molecules., He then allowed one molecule core to move
over_all points of the surface of the second which remains
in the fixed orientation. Next he considered thé second
moleculé in all possible orientations. Finally through
the use of some topological and averaging theoreﬁs Kihara

arrived at the following expression for B(T):

B(T) = by F1 + My f2Fp + €,(Se + (1/6)Mg3)F3 + Vo +(1/4MoS
‘ |  (E-3)
where by = (2/3)aN¢3 and @, is defined as in Chapter II,

Mo is the surface integral of the mean curvature of the
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core over the core surface and is given for smooth curved

surfaces by:
M, = jl/z(l/Rl + 1/R5)dS (E-4)

where Ry and R, are the principle radii of curvature.
Vo and S, are the surface volume and area respectively.
An extensive tabulation of F3, F2, and F3 és a fﬁnction
of 1/T* is available (9). |
Method of Least Squares

The method of least sQuares was used to obtain
the best fit of the experimental data to either equation
E-l,vE-é, or E-3, The procedure uéed for the Lennard-

Jones potential is as follows:
B = b, BX(T/¢/k ) (E-5)

Assuming (bo)o and (é/k)O and knowing the function B*

and T one can calculate a B, ie, Begle- Then let
Ry = (Bealeli = (Bobsli : (E-6)

where (Bgops)i 1s the experimentally determined second
virial coefficient and i refers to the temperature point.

Next ‘B is expanded in a first order Taylor series

. 3 = éB ’
(Bcalc)l (BObS)i + abo)i * 6( 6BA<))]°_
(E-7)

if Ai is defined as
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(o]

Q:"L = (Bealcels "" (Bobs ) 1 +o((_j§b_)i + B(JB )i (E-8)

or

), ol

o bo JTK))5 (E-9)

The least squares analysis minimizes Qaz or indirectly
Ry. This is accomplished by taking the first deriva-

tives of’Q 2 and setting them equal to zero as follows

P o7 % o (3E), (ae/kﬂ =), o

aboli

and

]
(@]

T

These two equations are solved for o and Bwhich' then are

AR A A

(E-11)
used with the following equations to calculate new esti-
matesvof ¢k and by:

6/ki= (€/k)y + 4 (E-12)
and
bo = (bglo + 8 . - (E-13)

The above procedure is repeated until values of €/k and
bg are obtained which make the following quantity a

minimum:
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j:Ri = minimum (E-14)

The following procedure was used to obtain Bgygje,

0B

Jb5 and g‘%@%)_in this work:
(o)

From the known temperature, T, and an initial esti-
mate of é/k, (T%), is calculated. The tabulated T* just
below the calculated value and the two values just above
the calculated value were used to calculate the constants

in the following equation:

Bx(T*) = Cp + Cp(1/T*) + C3(1/T*)? -~ (E-15)

This equation was used to calculate B.gje ét (T*),. The
above equation was differentiated to obtain theigeriva-
tives. This is not the most accurate method but since
the derivatives are used only to arrive at new estimates
of €/k and by, this method was found to suffice. In the
cagse 'of the Kihara potential the derivative QB was
replaced by 9220 Also Fy, F, and F3 were calzglated
using an equatgon similar to Equation E-15,

For the Stockmayer potential it wa necessary to inter-
polaﬁé betﬁeen the tabulated values of t*. An equation
similar to E-15 was used for this interpolation.

This procedure of using a quadratic exact fit around
the value (T*), was employed after it was foﬁndrthat fit-
ting the tabulated values of B*(T*) to a polynomial of 1/T*

gave unsatisfactory results.
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