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PREFACE

Vaporizétibn equilibrium ratios (K-values) were determined for
carbon dioxide and hydrogen sulfide. at infinité dilution'in the methane -
n-heptane, méthane - methylcyclohexane, and methane — toluene systems at
20, 0, -20, and —40°F at pressures to 1500 psia. ‘Measurements were made
by the chromatographic technique. Results were confirmed by classical
measurements on the carbon dioxide, hydrogen sulfide, methane and n-
octane system. Resulté were correlated well by a modified Redlich—Kwong
equation.
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tion Company. |
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~ CHAPTER T .
INTRODUCTION

A knowledge of the vapor-liquid equilibrium'relationship is a
prerequisite‘to the description of a variety of processes for separation
of the compoﬁeﬁts of a mixtﬁre. Information‘is scarce on the vapor-
liquid equilibrium behavior of carbon dioxide (C02) and hydrogen sulfide
(HZS) in absorber sysfems operating at subambient temperatures and mod-
erate pressures. Experience in correlating vapor-liquid equilibrium
ratios‘(K—values) has indicated that.the non-hydrocafbons COé and H,S
usually require preferential treatmént for the estimation of their K-
.yalues. L%ﬁerature data are especially scarce for K-values of'CO2 and
H,S in aromatic and naphthenic solvents.

The purpose of this'study was to kl) construct an apparatus which
could be used to determine experimental K-values of st and 002 in
aromafic and naphthenic solvents, (2) measure the K-values of COz'and

H,S in selected paraffinic, naphthenic, and -aromatic solvents and (3).

2
provide a suitable correlation for representation of the phase behavior
of €O, and H,S in these salvehts.

" The apparatus constructedvfor this work employed the chromatographic
technique. The literature onbthe subject of gas-liquid chromatography
reveals that chrométography is firmly established as a reliable and

applicable technique for studying thermodynamic properties of solutions.

The chromatographic method of measurement was used because it is a



simple,vaccuréte, and rapid meéns of’obtaining K-value data. 1In
addition, pfevious studies (17, 51) at Oklahoma State University using
the chromatographic technique had resulted in establishment of some
expertise in the use of this method.

bThespe;ific systems selectedvfor study were designea to fill é
critical gép in available data on tﬁe hydrocarbons and associafed com—
pongnts. The proposed systems for stud& are:

1. €O, in the methane (Cl)—toluené (Tol) system

2
2. €O_ in the methane-methylcyclohexane (MCH) system

2
3. COz_in_the methane-heptane (07) system
4, H,S in the methane—toluéne system
5. H,S in the methane;methylcyclohexane system
6. H_S in the methane-heptané system
For each system the data range selected wés 20 to -40°F (20°F intervals)
at pressures to 1500 psia. The’data were measured chromatographically

with the CO2 and H S at infinite dilution in all cases.

2
The systems listed were chosen because they provide the desired

combinations of the non—hydroéarbons\with naphthenic and aromatic sol-

vents and they are systems for which pertinent binary data are avail-

able (methane-toluene, methane-methylcyclohexane, methane-heptane,

, methane-H_S). The binary data are required for two pur-—

methane—C02 9

poses. First, the methane-solvent binary data are required for calcu-
lation of the K-values df HéS and COZ from the chromatographic

experiments. Second, the complete sethf binary data listed above are
useful in development of correlations: to predict vapor-liquid equili-

brium.



In addition, the K-values of CO,. and HZS in the methane-octane

2
system at -20° and 0°C were measured both by the chromatographic fech—
nique and in a classical windowed cell. The windowed ceil‘data help
appraisé the validity of tﬁe chromatogréphic,data~from this study.

The data from this work were correlated in terms of a modified
form of the Redlich-Kwong equation of state, employing empirical inter-
action parameters. The basis for the correlation is the Soave modifi—r
cation of the Redlich-Kwong eduation. Two correlational methods were
used, one in which an energy term (Tcij}.is modified and one in which.

both energy and distance (Vcij) terms wére modified. The correlation

was applied to the experimental results of this work.



CHAPTER II
LITERATURE SURVEY

The literature survey for this study consisted of a search for (1)
the binary vapor-liquid equilibrium (VLE) data needed for the experi-
mental calculations, (2) binary VLE data needed for correlation work,

and (3) all existing VLE data on K-values of COZ or H,S in heavy (hep-

2
tane and heavier) alkanes, aromatics, or naphthenic hydrocarbons.

The history of chromatography, the application of gas-liquid
partition chromatography to vapor-liquid equilibrium studies, and the
. theory of chromatography have been discussed in detail by several other
investigators (24, 46, 51). The work of Van Horn goes into particular
detail on the above subjects.

. The binary vapor-liquid equilibrium data required for calculation
of K-values at infinite dilution by the chromatographic technique con-
sist of methane in each of the solvents over the range of
studiZd. In this work the data were fhe-following: (1) methane+heptane
(2) methane+methylcyclohexane, (3) methane+toluene, and (4) methane+ »
n-octane. ‘Table I gives all the data found and the range of the data
source. The data which were used in this work are indicated with an
asterick. |

| The binary VLE data needed fo? the correlation work consisted of
the systems, methane + solvent, methane + gas (002, Hzé) and solvent +

gas. The methane + solvent binaries have already been discussed. The



data for 002 or HZS in methane are listed in Table I. No data were
found for 002 or HZS in the solvents (n—héptane, methylcyclohexane,
toluene, or n-octane).

Finally, all VLE data which show the effects of aromatics or
naphthenics on the behavior of COé or H,S were gathered. Very few
data are available, thus illustrating the need for the data of this

work.



TABLE I

EXPERIMENTAL K-VALUE DATA FROM LITERATURE

Temperature Pressure Data
System Range Range (psia) Source
_Methane+ -100 to 0°F 100 to 4%
n-Heptane 3000
i
Methane+ 37 to 137°C 45 to 13
n-Heptane 255
Methane+ ~100 to O°F 100 to E
Toluene 3000
150 °F 100 to 12
5300
Methane ‘
Methylcyclohexane -100 to 0°F 100 to 5%
3500
Methane + -50 to 150°C 130 to 22%
n-Octane 1500
-120 to 200°F 200 to 23
1600
40 to 280°F 50 to 40*
1200
Methane+ 40 to 340°F 200 to 34
Hydrogen Sulfide 10,000
Methane + -100 to 29°F 200 to 9%
Carbon Dioxide 1100
-40 to 10°¢C 540 to 20
1200
Carbon Dioxide+ 40 to 280°F 50 to 35
n-Decane 1150 ‘
Hydrogen Sulfide+ 40 to 340°F 50 to 36
n-Decane ' 1900
Methane+ -51 to -34.4°C 300 to 15
Carbon Dioxide+ 700

Hydrogen Sulfide



TABLE I (Continued)

EXPERIMENTAL K-VALUE DATA FROM LITERATURE

Temperature Pressure Data
System Range Range (psia) Source
Methane+ -20% 100 to 21
Carbon Dioxide+ 1000
n-0Octane
Methane+ 10 to 150°F 100 to 52
Carbon Dioxide+ _ 750
n-Decane )
Methane + -40 to ZOOC 100 to 1
Carbon Dioxide+ 1500
n-0ctane
Methane+ -40 to 2000 100 to 1
Hydrogen Sulfide+ ~ 1500
n-Octane
Methane+ : -50 to 250°F 100 to 49
Ethane+ ' 4500
Propane+ :
n-Pentane+
n-Decane+
Toluene+
Hydrogen Sulfide+
Nitrogen+
Carbon Dioxide
Hydrogen Sulfide+ 100 to 400°F 20 to - 10
n-Nonane . 400
Hydrogen Sulfide+ 100 to 400°F 20 to - 10

Mystiline . 400




CHAPTER III
 THEORETICAL DEVELOPMENT

The theoretical development of the equations used to calculate
experimentai K-values is given in this chapter for both experimental
methods. The development of the correlation framework is also dis-

cussed in this chapter.
Gas-Liquid Chromatography Experiment

The Basic Chromatographic Equations

Pecsar and Martin (31) have presented a somewhat simple derivation
of the basic chromatographic equation. A modified version of their
derivatioﬂ will be presented here, the final result“being the equations
which are appropriate for the systems used in this work.

The assumptions involved in the derivation of the equations are
the following:

1.  Sample size is inifinitely small.

2. The partition coefficienf K is constant throughout the column.

3. The pressure drop along the columnvis négligible.

4. The amount of liquid in the column during solute elution

remains constant.:

5. The mixing and diffusion effects are negligible.

6. There is no interactiOn between solute and solid support in

the column.



7. Instantaneous equilibrium of sample solute exists between the
vapor phase (carrier gas) and the liquid phase (stationary
- liquid).
The partition coefficiént ki is defined by

concentration of component i in the liquid phase (3-1)

ki = concentration of component 1 in the vapor phase
or |
k. i TUA N A (3-2)
i ngi/Vg YiPg Kipg
where n o= number of moles of component i in the liquid phase
ngi = number of moles of component i in the vapor phase
v, = volume of stationary liquid in the gas-liquid chromatography
(GLC) column
Vg = void volume of the GLC column
X, = mole fraction of component i in the liquid
y; = mole fraction of component i in the vapor
P = liquid density
pg = vapor density
K. = K-value of component i.

The total number of moles of component i contained in the sample
which passes through the column, n., is the sum of the moles of com-
ponent i in the vapor phase, ngi’ plus the moles of component i in the
liquid phase, ng o, or

n, = ngi +np . ' (3-3)
A '"retention volume'" of component i, Vpi» can be defined as

Vai = f tos (3-4)



10

where f is the carrier gas flow rate and tRi is the retention time of
component i; that is, the time required for a sample pulse of component
i to pass through the column.
The average linerar velocity of the sample pulse, u;, can be
defined as
ui = L/tRi (3—5)
where L is the length of the chromatograph column. Combining Equations
(34) and (3-5) gives
Similarly, the carrier gas velocity can be defined as
= Lf/V (3-7
ug Lf/ o )
The average linear velocity of the sample pulse (Equation (3-5))
can also be expressed in terms of the velocity of the sample pulse in

the vapor, u_ ., and in the liquid, u The average linear velocity,

gi Li°®

i is the velocity of propagation of the impulse through the column
and can be expressed as the average velocity of component i moving in
g p g

the vapor phase and in the liquid phase, or

(3-8)

Since the liquid phase is stationary, then
uLi =0 n(3—9)

The fraction of the sample pulse which is in the vapor phase will have
a velocity equal to the carrier gas velocity, or

u. =u_ =Lf/V 3-10
g1 g / g ( )
Substituting Equations (3-9) and (3-3) into (3-8), the result is

(n. +n .)u. =n (3-11)

gi Li’ "1 gi ugi
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Equation (3-8) could be written -

n. u. =n .
1 1 g1 g1
or
n u
8t - g
n. u .
1 gl =

Combining E quation (3-10), (3-6), and the above equation gives the
fraction of the sample pulse in the gas phase as

n . \Y

Bl _ B

n, V.

1 R1
The above illustrates that the ratio of the free gas volume to the
sample retention volume is the fraction of the sample in the vapor
phase.
Equation (3-11) can be rearranged and combined with Equatiom

(3-6) and (3-10) to give

Lf = Lf .o Lf o
. (= ) +n. ( =— ) =0 (3-12)
gl “Vp Vg Li Vei
n s fL
Rearranging Equatlon (3-12), d1v1d1ng through by > and
R1
gubstituting Equation (3—2) for -g—-glves
L1
v K. V. -V_. : (3-13)
ePg i lg” Riy_,
VL pL Vg

The moles of pure stationary liquid are equal to the moles of

liquid and gas solution minus the gas in solﬁtion, or

W= PV o X PV
P N
or ;
= (1_)(1) pL VL
or finally
)
‘ f...WL
A (3-14)
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.where
Vp PL = WL = the moles of stationary liquid and gas solution on
f> the GLC column.
WE = the moles of pure stationary liquid on the GLC column.

X] = mole fraction of carrier gas in the liquid phase.
Equation (3-14) expresses PL VL in terms of variables which are
measureable on the chrbmatographic apparatus. Equations (3-13) and

(3-14) are combined to give

K. (1-x;) p% ‘(Vg = Vp;) .
WL
Solving for K. gives
..... W
K1 T TI5) B, (V- 7)) (3-15)
where |
K, = vapor liquid equilibrium constant of the sample pulse i,
WE = moles of pure stationary liquid in the GLC column,
X = mole fraction of the carrier gas in the liquid phase,
- pg = density of the carrier gas.
’ Vp; = retention volume of solute i (sample pulse i).
Vg = free gas volume, or volume of the gas phase in the GLC column.
‘In this work, Vs has been calculated using the following equation:
Vei = Vmi = Vmi
where
V;i'= retention volume of componeﬁt i from the sample valve to the

detector, including the GLC column
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Vgi = retention volume of component i from the sample valve to the
detector, via the GLC column bypass.
Although Vﬁi should be the same for all components, tests indicated

that there was a difference of 0.5 to 5.0 seconds in elution times (VRi

o tri) between helium and co,, samples, from 100 psia to 1500 psia,
respectively. Vgi was measured with the GLC column bypass open and the
GLC column blocked out of the system. The above equation can be com-

bined with Equation (3-4) to give

c . B
Vo, = tgs £ -t £B (3-16)
where
fc = carrier gas flow rate for the column run

fB = carrier gas flow rate for the bypass run = fc
In this work the carrier gas flow rates, f, were measured at ambient
conditions with the carrier gas saturated with water vapor.

Thus, f can be expressed as

f="f '(—a) (g—) zg (3-17)
a .

where

f, f_ = system and ambient flow rates

a
P, P = system and ambient pressure
T, Ta = system and ambient temperature

Zg = compressibility of carrier gas at column conditions, T and

P.
The carrier gas flow rate at ambient conditions can be expressed °

in terms of experimentally measurable quantities using
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V. P -P
£ = -El-a- R a  HYO y (3-18)
B P :
a
where

VB = calibrated volume of the bubblemeter

tB = residence time of the bubble in VB»

Pa = ambient pressure (mm Hg)

PHZO = water vapor pressure at Ta

The water vapor pressure can be expressed as a function of ambient

temperature (in °C) by the following equation:
p , g €q
P =9.412 - 0.266 Ta+ 0.0366 T

H20

2
a

(3-18a)
The above equation was derived by a simple second degree polynomial
least squares curve fit of water vapor pressure data from the litera-
ture: (32).

Equations (3-15) to (3-18) are the basic equations used to calculate

K-values from GLC elution data.

Determination of GLC Column Void Volume

The void volume, or free gas volumen, Vg’ of the GLC column is
defined as the volume of gas phase in the GLC column.

The K-values are dependent directly upon the value of (VRi - Vg)’

as can be seen from equation.(3—15). For highly retained components in
which VRi is large, a high accuracy in caléulating Vg is not necessary,

since VRi.?> 'Vg. But for very volatile components where the value of

Vei approaches Vg’ the free gas volume, Vg, needs to be known very

accurately.
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In this work the free gas volume was obtained from retention volume
measurements on the spherical gases, helium (He) and argon (Ar), by
extrapolating retention volumes of these two gases as a function of
polarizability to the point of zero polarizability. This method is
similar to that used by Yudovich (53). A plot of retention volume as
a function of polarizability is shown in Figure 15. A linear extrapo-
lation can be made numerically. The polarizabilities of helium and
argon are 0.204 and 1.63, respectively (25). Knowing the retention

volumes of He and Ar, V and V. , the slopes on Figure 15 can be

RHe RATr

written as

Vrar ~ VRue VRar ~ Vg

1.63 — 0.204 1.63 - 0.0

or
Vg = 1.143%ye = 0.143 Vo, (3-19)
where
Vg = free gas volume
Vede = retention volume of helium
VRAr = retention volume of argon

The retention volumes of helium and argon were calculated using
Eﬁuation (3-16); that is, runs for two helium samples and two argon

samples were required.to calculate Vg.

Classical Windowed Cell Experiment

In the classical experiments the samples of liquid and vapor were
drawn from a closed eqﬁilibrium cell and analyzed either by a hydrogen
flame detector (HF) or thermal conductivity detector (TC). The detec-

tors had to be calibrated before the K-value data could be evaluated.
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This section will discuss the equations used to calculate detector
response factors for each component and the equations used to evaluate

K-values from the cell data.

calculation of Relative Response Factors

Différences in thermal Condﬁctivity (for the TC detector) or in the
number of carbon atoms per mole (for the HF detectér) cause the response
of the detectors to differ for different components. Thus, the response
factor, RF., of component i is defined to be the chromatographic detec-
tor output response of component i per mole of component i. The output
‘response for a component is the area under the peak on the strip chart
recorder, or for this work, the number of counts on the digital integra-
tor. Thus, the response factor for component i is

number of counts of component i
RF. = T
i ~ number of moles of component i

The 'relative response," R,., of the component methane, Cl, to component
1i »

i can be expressed as

R.. = RFy _ counts Cl / moles Cl
1i — RFi ~ counts Ci / mole$ Ci

\

or
moles Ci / moles Cl
(3-20)

Ryi = counits C; /- counts Cl
Thus, the relative response factor can be found by making a mixture in
which the numbers of moles of each component is known. A sample of the
mixture must then be run through a chromatograph to find the number of

counts which result for each component.
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Calculation of K-values

The experimental data from the windowed cell consist of the 'number
of counts" of each component in both a vapor and a liquid sample; that
is, the area under the peak of each component. By taking the ratio of
fhe nuﬁber of counts of component i to the number of counts of Cl and
combining this with Eduation (3—20),.thé_molar ratio of all components

to Cl can be found using

nCi counts Ci moles C.
Te1 ) >"(Rli) ( counts Cl ) = moles Cl (3-21)

The total moles of mixture in the sample per mole of Cl in the sample

can be calculated using

nyin ng
el el 2( 5 (3-22)
el fo1 i Pl

Summing over i components means summing all components, including Cl'
The mole fraction can now be calculated using

n. . n./n
X, = —= = ci el - (3-23)

* nt f_ (nci/ n.1)

The liquid mole fraction, xi,‘is cai;ulated using the liquid sample peak
areas and the vapor mole fraction, Vi is calculated using the vapor
sample peak areas.
The vapor—liquid equilibrium constant, Ki’ is then calculated using
the'expression
Ki‘= yi/xi, (3-24)
Equations (3-20) to(3-24) are the basis for calculations of K-values in

the windowed cell.
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Correlation Framework

The Soave modification to the Redlich—Kwong (R-K) equation of state
is the basis of the correlation of the experimental data taken in this
work. The following section will briefly describe (1) the R-K equation
of stéte, (2) the Soave modification of the R-K equation of state, and

(3) the application of modified mixing rules to the Soave equation.

The Redlich-Kwong equation of state (37) is commonly considered the
best of the tﬁo parameter equations of state (11, 41) for predicting
thermodynamic properties of hydrocarbons and nonhydrocarbons. The R-K
equation was originally proposed for predicting pressure-volume-temper-
ature behavior at temperatures above the critical temperature for any
pressure.

The original R-K equation of state is

p=2L __ aZTé | (3-25)
V-b ¥V (V+b)

where a and b are individual parameters which are evaluated from the

critical properties.

Letting
_pv B
Z=p7 (3-26)
A= —2P _ (3-27)
R2p2 5
and
B = 2P (3-28)
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Equation (3-25) can be written
Z3 - Z2 +.Z (A—B-Bz) -AB =0 (3-29)

By setting the first and second derivatives of pressure with respect to

volume equal to zero at the critical point, bc énd a_ can be written as

RT ,
b, = 0.08664 —< - 0.08664 V' (3-30)
c C
and
a = 0.4275 ———— = 0,4275 R T~ "°V' (3-31)
c c c ¢

where Tc’ P, = critical temperature and pressure
R = gas constant
Vé:RTc/Pc = ideal gas critical volume.
- The R-K equation can be used to calculate the volumetric and thermal
properties of pure compounds and of simple mixtures to a good degree of
accuracy. However, its application to multicomponent vapor-liquid

equilibrium calculations often gives poor results.

Soave Modification of R-K Equation

Soave (42) believed the shortcomings of4the R-K equation could not
be éttributed solely to the imperfection of the mixing‘rules (several
people have introduced modified mixing.rules into the R-K equation (7,
18)5. He thought the equation's lack of accuracy in expressing the in-
fluence of temperature was partly the cause as reflected in the eqﬁa—
tion's low accuracy in calculating the vapor pressures of pure substances,
which are not influenced by any mixing rule. Soave assumed that an
improvement in reproducing saturation conditions of pure substances also

leads to an improvement for mixtures. Soave modified the R-K equation
i
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'
by replacing the term (a/Té) with a temperature dependent term a'(T).
Equation (3-25) is now written

RT a' (T)

P =33 95 (3-52)
The parameters a' and b can be found at the critical point to be
R2T2 (3<33)
a'(T ) = 0.4275 —= = 0.4275 RT V'
_ c P cc
c
and
b = 0.08664 RT /P = 0.08664 V' (3-34)
c c'“c c

By introducing a dimensionless factor ai(T), ai(T) may be written as

ai (T) = aéi_a (T) (3-35)

where
ai(Tc) =1,

Soave expressed the empirical factor ai(T) as

0.5, .2
ay(T) = [ 1em, (1-1,.7"%) ] (5-36)
where TRi = reduced temperature of component i = T/TCi
) 2
m, = 0.480 + 1.574 u; - 0.176 o, (3-37)
and w. = the accentric factor of component i.

1

A complete discussion of the basis of Ejuations (3-36) and (3-37) is
presented by Soave (42).

For mixtures, Soave employed the following mixing rules

. ,0.5,2
a' = (3 x.a] ) (3-38)
b= Ix.b. (3-39)
1 1 1

where al and b, are defined by Equations (3-35) and (3-34), respectively.

The terms ai(T) and a, of Equation (3-35) are defined by Equations
i
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(3-38) and (3-33), respectively. Equations (3-32) to (3-39) are the

basic equations used by Soave.

Modifications of the Soave Equation for This Work

Soave (42) found that his mo&ified‘R—K equation fit experimental
vapor phase and liquid phase data well for the hydrocarbon systems. He
also concluded that the proposed equation was able to predict the phase
behavior of mixtures in the critical zone. But large deviations were
found for systems cdntaining C02,’H28, and polar compounds although
the vapor pressures of the single pure components were reproducible.

in the present work the simple mixing rules suggested by Soave
(Equations (3-38) and (3-39)) for applicaltion of the equation to mix-
tures have been modified further by using more general mixing rules,

as follows:

-, _ .
at(m) =L ﬁ [xg%5 al; 0 (T)] (3-40)
and
b =L .X. b.. 341
ig (xli 1J) ( )
where
a'.. = 0.4275 R T .., V'.. (3-42)
cig cij “ecij
_ 0.5, .2 '
uiﬁT)_ Hﬂﬁj(l4hﬁ )] - (3-43)
m.. = 0.480 + 1.574w.. - 0.176 w. .2 (3-44)
1] 1] 1]
w.. = (w (».)1/z (3-45)
ij iJ '
TRij = T/Tcij (3-46)
T = (T_.T )1/2 (3-47)
cij = ‘Tei'cj
1/3 1/3..3
t - 1 ] ]
Vcij = [/2(Vci + ch )] (3-48)
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b.,. = (b, +b.)/2 = 0.08664 [ci * 'cj] (3-49)
ij i J e

Empirical cbrrelation factors can be applied to the above
generalized mixi#g rules to improve the Soave modification of the R-K
equation. The correlation factors can be considered to be independent
of system temperature, pressure, and composition. There are numerous
ways in which empirical adjustment factors may be introduced into mixing
rules. Direct adjustment factors can be applied to the constants a' and,

b, such as

1
_ e |
aij = (aiaj) (1-B1) (3-50)
or |
(b.+b.) . :
b, = ———=- (14B,) (3-51) |
ij = 2 2 :

or adjustment fabtors can be applied to parameters such as critical

temperature and volume,

= 3 %
Tcij = (TCich)z(l—Bs) (3-52)
1
'L, o= [(Véil/s + Véj /3)(1 B )] 3-53)
Vcij = 5 + 4)] (3-

Since a!. is a function of T .. and V'.. (Equation 3-42) and b.. is a
ij : cij cij ij
function of Véij:(Equatidn 3-49), correlation factors B, and B, indi-
rectly affect, aij, while correlation factor B, directly affects bij'
Lin and Robinson (19, 26) found that modification of both the

energy (Tcij) and distance (Véij) parameters was necessary to accurately
represent second:virial coefficient data. Similar approaches have been
used with other solution models (14, 27). 1In this work, two sets of

empirical correlation factors were calculated. One method modified two

parameters, as was suggested by Lin and Robinson; the other method

[
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modified only the energy term (Tcij)‘ The corresponding equations for

application of the empirical correlation factors are shown below:

Method 1 - one empirical correlation factor (kij)

T .. = (T.T Joj(Lkiﬂ

Method 2 - two empirical correlation factors (kij’ zij

B 0.5
Teij = (ToiTey) — (1-ky4)
1/3 1/3 3
] —_ ) [] [
eij = {/z(Vci + ch J(1 + Kij)]
b.. = 0.08664 V'..
ij cij

(3-54)

(3-55)
(3-56) °

(3-57)

Equation (3-54) replaces (3-47) in the modified mixing rules for the

first method, while Equations (3-55) through (3-57) replace Equations

(3—47) through (3—49:) for the second method.

Calculation of K-values

The K-value of component i can be expressed in terms of the liquid

and vapor fugacity coefficients of component i; that is,

. 9510 Fin/%P Yi
where
@0 ¢ig:= liquid and vapor fugacity coefficients
P = system pressure
X, ¥; = liquid and vapor mole fractions
fiL’ ig = liquid and vapor fucacities,
and fiL = fig at equilibrium.

(3-58)

The fugacity coefficient of component i can be calculated using the

expression
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- 2%y.b.
en ¢i — - gn (P(K;b)) _ 5_1 ik _ i1151k en (KEE)
(V-b) RT "“b
2y.b:=b) - ’
R ot 1 T Y (3-59)
RT™ *°b (V+b) v

Equation (3-59) can be derived by applying the following general

thermodynamic relationship to Equation (3-25):

r7IER RT

1n¢i=_ k"_v] dVv — RT ¢n Z (3-60) |

1
RT v ani Ty, Vo, n
i

The derivation of Equation (3-59) from Equation (3—25)Fand (3-60) is
given in Appendix C. |

Equation (3-60) was evaluated using the original R-K equation
(Equation (3-25)) rather than the Soave Modification (Equation (3-32))
to derive Equation (3-59). This is valid and can be used if the follow-

ing modifications are also incorporated.

0.5

a(T) = a_; oci(T) TRi (3-61)
where
R2 TCZ.S
a . = 0.4275 5 —_
ci
instead of
R2 TC2
a . =0.4275 (3-62)
c1 PC

The above can be proved by expressing the parameter a of the original

R-K equation in terms of a' of the Soave modification, or

=a' (3-63")

S

T

Substituting Equations (3-33) and (3-35) into (3-63) gives

[\
|l
j=o]

\%]
H
Ql\J
-3

T — g = ___Ei______
Té al (T) = al; o ﬁ‘T) = 0.4275] Pci
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or

RZTCiZ.S . Y
a; = 0.4275 [ ][T '] ai(T)
ci ci
Finally, a, can be written
: 0.5
— ]
ai(T) = aci ai(T) TRi (3-64)
where
R2 TCiZ.S
a'. = 0.4275
ci .
ci

Thus, a. of the original R-K equation is expressed in terms of(xi(T)
of the Soave modification. If Equation (3-64) is used along with the
original R-K equation, then Equation (3-59) is valid for use in this

work.



CHAPTER IV
EXPERIMENTAL APPARATUS

In this study, vapor-liquid equilibrium constants were measured
experimentaliy on two different types of apparatus. Thg first apparatus
consists of a continuous flow system in which vapor-liquid equilibrium
data were measﬁred from the retention time required.for an infinitely
dilute sample to pass through a chromatographic column. The second
consisted of a variable volume static system in which known amounts of
‘the components were mixed in a windowed cell from which vapor and liquid
samples were extracted. Mole fractions were then found using a chroma-
tographic system and a detector whose response factors are known.

A detailed description of the fwd experimental apparatus will be

given in this chapter.
Gas-Liquid Chromatography Experiment

The chromatographic method of measurement was.used because it is
simple, accurate and a rapid means of obtaining K-value data. ‘A sche-
'matic’diagram of the apparatus is shown in Figure 1.

The main components of the system are the following:

1) the constant temperature bath

2) the sample valve

3) the gas-liquid chromatography column and presaturator

4) the detector and recorder

26
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5) the pressure control and measurement

6) the flow control and measurement, and

7) auxiliary equipment.

The apparatus was mounted on an angle iron frame. Plywood platforms
were used to support the.stripchart recorder, a,p§tentiometer, the con-
troller for the constant temperature bath,; the electronic unit for the
detectors, and the detectors. The valves, pressﬁre controllers, pressure
gauges, bubble‘meters, and sample valve were mounteduon a vertical ply-
wood board. Many of the above mentioned instruments were mounted such
that their faces showed through the vertical plywood board. The temper-
ature bath was moﬁnted_hehind the main angle iron frame. The bath,
which was mounted on a screw jack, could be raised and lowered around
the gas-liquid chromatography (GLC) column and presaturator. The major-
ity of the connecting tubing was 1/8'" 0.D. stainless steél tubing.. A
vacuum pump and sodium hydroxide rinse apparatus were placed in a hood
and were connected to the system by 1/4 inch 0.D. copper tubingr

The main components of the system will be discussed in detail.

The temperature bath and controller for the bath was made by Ladau
and consisted of (1) Model KB~20 batﬂ, (2) Electronic Relay Type R-10
and (3) Relay R-20 (controller).

The model KB-20 bath consists of a double ﬁalled bath vessel with
coverplate. The inside diﬁensions of the bath were 8 inches by 8 inches
by 14 inches 1ong. The wall thickness is 2 incﬁes. The insulation
between the inner bath vessel and the outer housing is glass wool. A

circulation pump is mounted on the top of the bath, at one end. The
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pump includes a propeller at the end of the drive shaft which provides
the internal stirring required to maintain good temperature control.
Two outlets are available which could be used to circulate to another
bath or simply for better agitation in the temperature bath. The pump
has a 70 watt motor and a maximum circulation rate of 2 1/4 gal/min.
The flow rate in an external circuit can only roughly be controlled.
An internal coil allowed cooling of the bath from an external source.
A platinum resistance thermometer and heating coil are mounted for opti-
mum temperature control.

The Electronic Relay type R-10 and Relay R-20 contain the main
controls for the bath. The R-10 contains the on-off switch for the
pump and a potentiometer which controls the heater wattage from 20% to
100% of rated capacity. The R-20 is connected to the platinum resis-
tance thermometer, which is mounted in the constant temperature liquid
bath. The R-20 contains the on-off switch of the bath heater and the
controls for setting the bath temperature. Cooling was supplied in two
ways. For the —40°F isotherms, liquid nitrogen was passed through the
internal coil in the bath. For thé'higher temperature isotherms, the
bath liquid was circulated through a second external bath whose tempera-
ture could be lowered to -550C, but which could not be controlled accur-
ately. The liQuid from the external bath was not passed through the
internal coil due to lack of pumping capacity for the external bath.
The pump on the Ladau bath had very good pumping capacity, as was stated
earlier.

The bath temperature was controlléd by the R~20 relay. The bath
temperature was read with a thermopile made of eight copper-constantan

thermocouples. The thermopile was calibrated by the investigator (see
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Appendix E). A Leeds and Northurp Volt Potentiometer was used to read

the thermopile.

Sample Valve

The sample valve was developed by R. H. Jacoby and is very similar
to the valve used by Yarborough and Vogel (50). The valve used in this
work differs from that of Yarborough and Vogel in that the sample cavity
is within a removable capsule. This gives the valve two significant
advantages: (1) The fact that the sample cavity is removable makes it
possible to machine it very precisely. (2) Since the sample cavity is
easily removed, the size of the sample cavity may easily be changed forf
different types of gases or fluids, and the cavity may easily be replacéd;
if the seat becomes worn or damaged.

The valve stem is non-rotating which should help preserve the seal.
The sample cavity used in this work had a volume of 40 ul. The sample
sizes could be varied by varying the pressure at which the samples were

trapped.

The GLC Column and Presaturator

The GLC columns and presafurators were made from 1/4 inch 0.D.
stainless steel tubing. The columns were approximately ten inches long.
Longer columns gave a largef differences in retention times between
helium and the other components, but they also cause the peaks to spread
out more. The columns were chosen to give the best compromise between
the two effects. The presaturators were approkimately 48 inches long.r
They were bent into a loop five inches in diameter, two and a half times

around. The five inch diameter fit nicely into the temperature bath



31

and allowed both the column and presaturator to be submerged completely
in the bath.

The chromatograph packing was acid washed, 30/60 mesh Chromosorb. P
(Tek Lab, catalog number CP-23060). The pécking was used because it did
not react with tﬁe samples. Other packings .were tried (Poropak Q, Fluo-
ropack 80), but would react with‘the samples. The liquid load of the

stationary phase was approximately 30% by weight.

Detector and Recorder

The detector system consisted of a thermistor detector and
thermistor power supply connected to a stripchart recorder.

The power supply was a Gow-Mac Tﬁermistor Power Supply Control
Model 40-002. It is compatible with all thermistor detector thermal
conductivity celis and delivers a high quality direct current voltage to
the thermal condﬁctivity cell. The unit has a resistance of 8000 ohms
at 25°C. An attenuator of sénsitivity potentiometer acts as a voltage
divider circuit. This enabled the user to adjust the size of the peaks
which are displayed on the Strip charf recorder. A polarity switch
allowed the user to changed the direction of the peaks.

The thermi§tor detector consisted of the thermal conductivity cell
block and the degector elementé. The two elements (Gow-Mac, Model 13-
504) were mounted in the cell block directly in the gas flow path. The -
cell block was méde from 304 stainless steel. The high sensitivity and
rapid response of the thermistor are attributed to its very small volume.
The internal volﬁme of the detector cell was 0.012 cc. |

The strip chart recorder (Brush Recorder, Mark 10) used a

null-balance, potentiometric principle to plot the peaks in response to
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variations in a dc input from the thermistors. Chart speeds of 2
inch/min and 5 inch/min were mostly‘used, although speeds of 1 and 10
inches/min were available on the recorder.

The cell block was placed in a mefal box and surrounded by foam
rubber. A small heater and temperature controller were connected to the
cell block, but.were not used ih this work. As long as the block was

well insulated, noise due to temperature fluctuations was negligible.

Pressure Control and Measurement

The system pressure was controlled by two pressure regulators in a
series. System pfessure was measured between the sample valve and GLC
column

The first of the pressure regulators (Hoke, Model 521B20) was a
ballast-loaded high precision regulator. ' The carrier gas cylinders
(high pressure methane) were connected directly to the regulator via a
manifold. The pressure was réduced from the bottle pressure to approxi-
mately 100 psia above the system pressure using the first regulator.

The second pressure regulatof (Mity-Mite, Model 94) was also a ballaét—
loaded regulator which was used to drop the pressure approximately 100
pSia to the sys?em pressure. Both of these regulators used.trapped gas
in a\sealed dome to regulate the down stream pressure. A 15 inch piece
of capillary tubing was in the carrier gas inlet line just after the
second regulator. The high resistance to flow in the line helped to
overcome any short term pressure fluctuations.

The main gas stream was divided into two streams, the sample stream
and the refefence stream. The reference stream contained a column which

was approximately the length of a GLC column plus a presaturator. The
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reference column was filled with dry packing. The purpose of the
reference column was to provide approximately the same amount of resis-
tance to flow in the reference stream as the GLC column provided to the
sample stream.

The system pressure was measured with a Heise bourdon tube pressure
gauge. The pressure of the gauge was 0-3000 psia, with 2 psi Subdivi—

sions. The pressures were recorded to the nearest 1 psi.

Flow Rate Control and Measurément

The flow rates of the sample stream and reference stream were each
controlled with avwhitey micromgter control valve (Cat. No. 21RS2-316).
. The valve utilizes a 0.020 inch orifice diameter and a spring loaded
stem to control flow rates. The stem has a very slight taper and is
only 0.010 inch in diameter at the tip. The spring loaded stem guards
against heavy handed operafors who might overtighten it. The gas flow
rates were measured using 50 cc soap bubble flow meters; made from 50
cc burettes. The bubble metgr on;tﬁe sample stream was calibrated with
water. The reference streaﬁ bubble meter was not calibrated since the
flow rate did not need to be known accurately.

The timer used for measuring flow rates was a Brenet (No. 67) stop
watch with a 10 second sweep. The smallest divisions were 0.1 secondé’
and time could be read within 0.02 seconds. A Breﬁo stopwatch with a
30 second sweep, 0.1 second divisions, and which could be read to 0.05
seconds was used, as weli as the Brenet, to measure the time required

for the samples to pass through the GLC column. The Breno was generally

used when long retention times were expected.
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Auxiliary Equipment

The auxiliary equipment consisted of (1) a vacuum pump, (2) a
balance, (3) a carrier gas saturation flask, (4) a sodium hydroxide
(NaOH) rinse bottle, (5) barometer, (6) thermometéf, (7) ultra sonic
cleaner, and (8) valves and fittings.

The vécuum pump (Welch, Duo-Seal, 1/3 horsepower) was used to
evacuate the sample system before samples were injected into the valve.
The sample system was purged at least twice with the gas to be used as
the sample fof the next run. An exception was the HZS runs where the
system was thoroughly evacuated before the samples were trapped. The
system was not purged with HZS fo minimize the possibility of leaking HZS
to the atmosphere.

The balance (Mettier Instrument Company, 0-100 gm, 0.C5 mg
divisions) ﬁas used fér all weighing done in the’course of taking data,
which included weighing the empty and packed GLC columns and weighing
the solid support, both wet and dry.

The carrier gas saturation flask was used to saturate the sample
stream with water after it had passed through the detector and before it
passed through the bubble meter. The gas entered the top of the dewar
through a 1/4 inch 0.D. stainless steel tube, which éxtendea to just
above the water level. Bubbling the gas directly into the liquid caused
a great deal of noise in the detector due to the flow upsets. Passing
the gas into the dewar above the water_would‘probably not thoroughly
saturate the gas stream. Thus, cotton was suspended between two corks
about three inches up the entry tube. As the gas exited the tube it

passed through the cotton, which remained saturated with water. No flow

upsets were caused by this system. The gas exitéd'through a side arm.
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The sodiuﬁ hydroxide (NaOH) rinse bottle was used not to neutralize
the samples which passed throﬁgh the GLC column (approxiﬁately 40 ﬁf at
300 psi), but rather to neutralize that volume of H,S which filled the
sample stream while charging the sample valve. This volume consisted of
the tubing between the H,S Bottle and sample valve, approximately 6 feet
of 1/8 inch tubing and dead space in tubing joints. The H,S was purged
through the NaOH solution with methane. The rinse bath was 12 inches
high and 2 i/z inches in diameter. The entry tube extended to within
one inch of the bottom of the bath. The bath was filled with a NaOH
solution to within two inches of the top. A flask was put in the line
ahead of the NaOH.rinse bath to prevent the possibility of sucking the
NaOH solﬁtion back into the sample system. The gas would pass from the
NaOH rinse into the fume hood.

A Sonogen-Z ultrasonic cleaner (Branson Instruments, Inc., Catalog
No. LTH-126-6 (bath), Model A-300 (electrical unit)) was used to clean
the inside of the columns, the 1/8. inch tﬁbing used in the construction
of the equipment, and all valves and fittings. All valves (Autoclave,

10V-2071) and fittings were manufactured by Autoclave.

Classical Windowed Cell Experiment

The equilibrium cell used in this work was a variable volume
windowed cell. The apparatus, both windowed cell and chromatographic
analysis equipment, have been previously described by Yarborough and
Vogel (50) . The windowed cell employs a sampling valve similar to that
used in the GLC work, which allows small samples to be taken and injected
into the chromatograph flow stream. A schematic diagram of the windowed

cell apparatus is shown in Figure 2.
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Only minor modifications have been made to the apparatus for this
The modifications are as follows:

1. The column used with the hydrogen flame detector was 12 feet of
1/8 inch 0.D. stainlessrsteel thinwall tubing filled with 10
weight percent Methyl Silicone Gum Rubber SE-30 on 60/70 mesh
Anakron ABS solid support.

2. The original dual hydrogen flame ionizatioﬁ‘detector was
replaced with a Model 5750 flame detector retrofit kit to improve
the linearity and sensitivity of response.

3. The filaments in the thermal conductivity detector were
tungsten-rhenium "hot wire'" filaments. The filaments were new
at the beginﬁing of this work and were calibrated for this work.

4. A schematic diagram of the chromatographic switching valves is
shown in Figure 3. Also shown are the TC column, the HF column,
a heated expander-mixer coil, and a flow stream splitter.

5. The air bath in which the windowed cell was confined was cooled
with a Coplematic refrigerétion unit (Model KATC-0100-CAH) which
had a single stage compressor. The compressor was air cooled
and designed for extra low temperature.. The compressor was
charged with Freon 502 (Monochloro-difluoromethane/chloropen—

tafluoroethane) .
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CHAPTER V
EXPERIMENTAL PROCEDURE

The procedures used in taking the experimental data will be
described for the two experimental methods, the GLC experiment and the

classical windowed cell experiment.
Gas-Liquid Chromatography Experiment

An examination of the equations

WO
K. = L
i (1‘_X1) pg(VRi—Vg)
C B
Vri = Trif = tgsf
and ' P

a, T
£ =, (50 () (2

which are the basic equations for determining K-values from
chromatography elution data, reveals that the foilowing parameters must
be measured experimentally to calculate the K-value from the above
equations:

(1) T-system temperature

(2) Ta—ambient temperature

(3) P-system preésure

(4) Pa—ambient préssure

(5) fa—flow rate of the carrier gas

39
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(6) tri-retention time of solute i
(7) W:—total moles of pure liquid contained in the GLC column.

The values of Xq» pg, and Zg were found in the literature.
The experimental procedure and technique used to obtain the
parameters listed above are described below. Unless otherwise stated,
the discussion will refer to Figure 1. ‘All preparatory work, preparing
columns, and the measurement Qf the temperature, pressure, and flow

rate will be discussed first. The on-stream procedure will be discussed

last.
General

The tubing, fittings, and valves were thoroughly cleaned in a
sonogen ultrasonic cleaner before they were assembled to remove traces
of o0il and grease. 'The’equipmenfvwas then rinsed with ethanol and
thoroughly dried. After the equibment-was assembled, carrier gas was
passed through the lines to dry out any water vapor that may have con-
densed on the lines. All‘fittings were tightened and the system was

pressure tested with Helium at 1700 psia.

Preparation of Column Support

A pre-weighed amount of firebrick solid support was put in a clean
eight ounce jar. The amount of liquid on the support should be about

30% of the weight of the support plus liquid, thus
L '.x
-I-‘+—S' = 0.30

or

L=°—'-§s=o.4ss
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where

L

weight of liquid needed, and

S

weight of solid.

The calculated amount of liquid was measured in a small beaker and then
added to tﬁe‘solid support. . The iiqﬁid loading needed oniy to be approx-
imately 30%; thus, measurements need only be made roughly. The top was
put on thexjar and the jar was shaken until the slurry appeared to be
homogenous.  The mixture was then allowed to set for a few hours with

occasional shaking. The jar was tightly sealed.

Preparation of the Column and Presaturator

Care had to be taken in preparing the GLC column to be sure that
kthe number of moles of liquid in‘the column, Wz, was precisely known.

The cdlumn waé made By installing the proper fittings on a ten inch
piece of stainless steel tubing. The column Was bent into a semi-circle
shape with a five inchvdiamefer; This shape was convenient for weighing,
filling, and mounting the column'in the liquid bath. The column was
thoroughly cleaned in the ultrasonic cleaner, rinsed with ethanol and
dried. The column was weighed and recleaned. When the column weight
did not changé by‘more than 0.1 mg., the procedure was stoppedf

The column was then weighed with a small amount of glass wool
( 0.03 gm) and the wqight‘was‘recorded. The column was placed in a .
vise. The packing was poured into the column with the aid of a funnel
and some tygon tubing. A mechanical vibrator was placed on the column
to aid in the settling of the packing. When the column was full, the
ends were plugged with the weighed glass wool. .The filled column was

then quickly weighed and connected into the systeﬁ. The filling and
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.weighing of the column was done quickly to allow as little as possible
of the solvent to evaporate from the column. Tests indicated that liquid
lost from the column was negiligible over a three to four minute inter-
val. The difference in weights of the column before and after packing
represented the weight of the column packing, the solid plus the liquid.

To find W:, the exact amount of liquid in the column must be known.
The weight Qf liquid was found by first cléaning and thcroughly drying a
one ounce crucible. The empty crucible was weighed and then reweighed
after filling it wifh éome of the packing material from the same jar
that was just used to fill the column. The crucible was then placed on
a hot plate and the solvent was boiled from the solid. The dry solid
was allowed to cool and then weighéd. The dry solid was weighed until
the weight agreed within 0.1 mg. with the previous weighing to be sure
that the crucible had codled to room temperature.

The liquid loading was calculated using the relationship

(Solid weight wet—solid weight dry) ~ (SWW-SWD)  (5-1)
(Solid weight wet-crucible weight) =~ (SWW—CW)

WFL =

where
WFL = weight fraction liquid

solid weight wet (SwWw) solid + liquid + crucible

solid + crucible

solid weight dry (SWD)
crucible weight (CW) = crucible
The number of moles of liquid in the GLC column, WE, can be

calculated using

WO _ (PCF — PCE) (WFL)

L LMW (5-2)

where

PCF = weight of packed column full
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PCE = weight of packed column empty

LMW = liquid molecular weight

The weighing and drying of the packing was done very soon after the
column was packed to assure that the packing being dried is the same as
the column paqking. Although negligible change occurred in six hours
with the jar tightly sealed, the crucikle was filled soon after the
column was packed.

Upon completion of an isotherm, the GLC columh was isolated from
the system (the bypass opened) and the bath was lowered from around the
column., The column was given time to warm to room temperature (usually
until the next morning, 7 or 8 hqurs), and th¢n was removed and weighed.
The amount of weight loss of liquid in the column was recorded.

The column was changed after most runs. Occasionally, if less than
0.5% of the liquid was lost, the column would be replaced quickly and
used for another isotherm. In general, columns were ﬁost often used
twice for —40°F and -20°F runs, where the solvent vapor pressure is
lowest.

The presaturator was installed in the carrier gas upstream of sample
valve. The purpose of the presaturator was to saturate the carrier gas
with solvent, thus minimizing the liquid losses in the GLC column. The
assumption was made in the theoretical derivation of the équations that
the number éf moles of liquid on the column is known. If the liquid
slowly bleeds off the column, it will cause an error in the calculated
K-values. The presaturator was used to minimize this loss.

The procedure for preparing the presaturator was similar to

preparing the GLC column. A 48-inch piece of stainless steel tubing and
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its fittings were thoroughly cleaned. A slurry was made up. Since the
amount of liquid need not be kncwn, the slurry was made as wet as possible
so that it still poured easily and was not extremely gummy (2 35-40%
1iquid). The slurry was>poured into the presaturator and vibrated to
ensure a homogenous‘column. The presaturator was then coiled into a five
inch diameter circle and mounted in stream. |

The presaturator could be used for both a —40°F and -20°F rﬁn, but
was generally refilled for the 0°F and 20°F runs. Note that the presa—
turator could not be bypassed. Thus, if any difficulties occurred that
caused a great deal of delay ﬁhile the equipment was on stream, the pre-
saturator would continue to dry. Long delays are considered to be a

minimum of ten hours. One to two hours were not critical.

Temperature and Pressure Measurement

Ambient temperature and pressure had to be measured and system
temperature and pressure had to be controlled and measured.

Ambient temperature was measured with a mercury in glass thermometer
which was mounted on the side of theAmain‘equipment frame, approximately
a foot from the bubble flow meters.- The temperature was measured and re:
corded to within 0.1°C just after each sample was .run.

Ambient pressure was measured with a mercury barometer which had
0.1 mm Hg divisions. The barometer was read at least once an hour.

The readings were extrapolated for éamples,run between readings.’
A thermopile made of eight copper-constantan thermocouples was used

to read the bath temperature. (See Appendix E for the calibration of

the thermopile). The system temperature'waschecked every 10-15 minutes.
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The system pressure was measured with a Heise bourdon tubg pressure
gauge at the entrance of the GLC column. Thevaccuracy of the gauge was
0.1% of full scale (3000 psia).

The system pressure was set with the Mity-Mite pressure regulator..
Pressure drép along the column Qés negligible. The system pressure was
reduced to atmospheric with a throttling valve after exiting the column.

The pressure at the detector and at the flow bubblemeter was atmospheric.

Flow Rate Measurement

Only the flow rate of the sample stream was measured accurately.

The flow rate of the reference stream was set so that it was close to the
sample stream flow rate.

The sample stream bubble meter had been calibrated with water. The
time required for a bubble to rise between two pfedetermined marks was
measured with a stopwatch which had a 10 second sweep and could be fead
within 0.02 seconds. The runs could be reproduced within 0.05 seconds.

The flow rates were not changed during a run. The flow rate was
measured before and after runs with very short elution times, not during
the runs. For samples with longer elution times, the flow rate would be
measured while the sample was traveling through the column. The bubble-
meter times would sometimes vary by 0.1 seconds during a 20 minute elution
time. The variance was due to slight drifts in system pressure. The
- flow rates varied from 45 cc/min at low pressures to about 150 cc/min af
1500 psi.

The expansion valve was heated to prevent condensation of the
column solvent in the throttling valve. Difficulties were encountered

when the valve was not heated. The condensate would plug the valve,
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restricting the flow area. The flow rate would slowly decrease. The

plugging was a problem only at high pressure.

y
Sample Trapping and Injection

The high pressure gas cylindefs containing the solute gases were
connected with a manifold. Each bottle had its own pressure regulator,
except HZS.- Two valves and a pressure gauge (stainless steel) were used

to regulate the size of the H_S sample. The outlet of the sample system

2
was vented to a fume hood. The sample system could be evacuated with the
vacuun pump. The general procedure was as follows (see Figure i).

1. With valves 7 and 8 closed, and valve 19 open, the system was
purged with the solute gas. Valves 9, 10, and 18 are always
kept closed eXcepf when trapping HZS samples. Purging consisted
of pressuring the systeﬁ up to 150 psia and then dropping the
pressure to atmospheric. The system was purged twice, then the
solute gas was allowed to flow continuously through‘the system
for ten to fifteen seconds. The sample valve was left open
during the purging.

2. The sample system was pressured to the appropriate pressure
(25-200 psia). Pressure gauge H was used to read the sample
pressure.

3. The sample valve was closed;'trapping the sample.

4. The sample system was then purged with methane to flush out
most of the solute gas'bgtween valves 12 and 13. The system
does not need to be thoroughly cleaned of solute gas.

5. Valves 12 and 13 were closed. Valve 7 was slightly opened to

allow the volume around the sample valve to come to system
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pressure without greatly upsetting the pressure-in the rest of
the system: vValve 8 was opened and valve 19 was closed.

6. Any traces of solute which were not removed by purging were now
givén time to elute frombthe system, or at least, they were
ahead of the actual solute sample far enough that it did not
affect the solute sample. In general, the solute was not in-
jecfed until the traces of solute showed ﬁpvon the strip chart
recorder. When samples were to be passed through the GLC
column, the column was bypassed until the traces showed up on
the recorder. Only then was the GLC column put in the main
stream..'

7. The sample valve was opened and the stopwatch started.

Since purging the system with H,S twice was inappropriate, a somewhat

2

different procedure was used with the HéS.

1. Valve 11 waé‘closed to keep H,S from contaminating the pressuré'
regulators. Valve 14 was kept closed since the sample pressure
was read on the stainless steel pressure gauge J. Values 7 and
8 were closed. | |

2. The system was evacuated back to valve 9 by opening valve 16
(close 15).

3. The H,S cylinder was opened énd the volume be?wfen.vaive 9 and
the cylinder was filled to éylinder préssure (= 350 psi).

4. Valve 9 was opehéd slightly, and the volume between valve 9 and

valve 16 was filled to the appropriate pressure. The sample

valve was closed.
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5. Quickly, valve 9 was opened fully and valve 15 was slightly
cracked to bleed the H,S into the NaOH rinse (valve 17 was not
open) .

6. The methane cylinder was opened and the manifold filled to 150
psia. When the HZS pressure dropped to atmospheric pressure
in the sample system, valve 11 was slightly opened and the sys-
tem was purged with methane. Care had to be taken that the
NaOH ringse was not blown out of the bottle. After a few minutes
of purging valves 11 and‘15 were closed and the system was
evaduated with the vacuum pump.

7. Valves 12 and 13 were closed. The rest of thé procedure was

the same as for the other samples.

Recording Sample Times

The retention time, tRi’ is the time required for the sample to
elute from the sample valve to the detector. The sample was considered
‘to have reached the detector when the deflection (the peak) on the strip
chart recorder reached its maximum._ The exact maximum could not be seen
visually, especially at high pressures, where the top % inch of a 6 inch
peak would sometimes stretch out for one‘to two minutes.

The folloﬁing method was used to find the exact time to the peak
maximum. The recorder paper had a vertical line every 0.5 inches. As
the pen passed over a selected vertical line, the sfopwatch was stopped
and the line marked. The line that waé chosen was the first one passed
by the stripchart recorder needle after the peak maximum came out. For
peaks that were slow coming out, the line that seemed to be nearest the

maximum was chosen. A ruler was then laid horizontally across the peak
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and the midpoint of the peak was found at several points between the
baseline and the maximum height of the peak. The midpoints should all
lie on the same vertical line, but due to a small amount of tailing they
did not. Extrapolating from these midpoints to the top of the peak
gave position of the peak maximum. Knowing the chart speed and the
distance from the peak maximum to the line at which the stopwatch was

., was calculated. The timer was

stopped, the exact elution time, tR1

stopped at a vertical line as near the peak maximum as possible to mini-
mize any error that might be caused by faulty chart speed or poorly

spaced chart paper.

On-Stream Procedure

This section describes the general procedure used in taking data
for an entire isotherm. The procedure described in the previous sections
will be joined together. All isotherms for one solvent were run before
a new solvent was begun. The -40°F isotherm was run first, then —200F,
OOF and 20°F. For a given isotherm, the lowest pressure, 100 psia, was
run first, 1500 psia was run last. For each pressure eight samples were
injécted, four blanks, that is, the GLC column was bypassed, and then
four samples were passed through the GLC column. They were usually run
in the following order: He, Ar, COZ,'anleZS. All isotherms for one
solvent were completed before‘runs with a new solvent were begun.

Column packing for the GLC column and presaturator were made up
. separately and allowed to set overnight. The GLC column and presaturator
werevthdroughly cleaned and allowed to dry overnight.

Runs were generally begun in the morning so that an entire isotherm

could be completed without stopping (= 16 hours). The temperature of the
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constant temperature bath was checked the first thing in the morning.
Any overnight drift in temperature was corrected. The presaturator was
filled with packing and connected inito the system. A helium pressure of
1500 psia was applied to the system and the system was cheéked for leaks.
The liquid temperature bath was raised up around the GLC column and pre-
saturator. The helium was bled off the system and carrier gas flow was
begun. The system pressure was set at 100 psia with the Mity—Mite pres—
sure regulator and the flow rate was adjusted to about 45 cc/min.

The carrier gas was allowed to flow through the GLC column for a
few minutes fo sweep out any air and‘helium in the column, but then the
GLC column was blocked out of fhe system and the bypass was opened (valve
5). The system flow rate and the detector took about 30-60 minutes to
reach steady state. The current éetting to the detector filaments was
4.5 miliamperes. The attenuator was set on 64.for the 100 psié runs.
During this time, the crucible was weighed and a sample of the GLC column
packing was weighed. The drying of the sample was begun. The dry solid
was weighed sometime later when the crucible had cooled.

A helium sample was trapped and the helium traces were allowed to
pass through>fo the detector. The ambient temperature and pressure were
recorded. This could be done at about the time the flow rate and recorder
were lining out. The system temperaturg was checked for drift. The flow
rate was recorded, the helium sample injected, and the retention time was
recorded after the peak came out. An argon sample was then trapped, the
traces allowed_to pass, the flow rate rgcorded, and then it was injected.
The procedure was continued for COZ and H,S. Note that the GLC column

was being bypassed for these four samples.
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The bypass was now closed and the GLC column opened to the flow
stream. The four samples were run again. The bypass was opened when
the traces of solute were being flushed beforevsample injection. The
ambient pressure was recorded after the four samples.

UpOn completion of the above eight sample injections, the system
pressure was raised to 200 psia and the above procedure repeated, the
GLC column was closed off and allowed to dry and warm to room temperature
overnight. The next morning the GLC column was weighed to check for

liquid loss.
Classical Windowed Cell Experiment

The operating procedure for preparing for and taking the
experimental data will be discussed in this section. Two types of data
were taken with the windowed cell apparatus. First data were needed to
calibrate the thermistor, that is, to find response factors for each
component. For these runs the exact composition of the mixture must be
known. The second type of data taken consisted of the K-value data.

For these runs the exact composition of the mixture need not be known.
The following topics will be discussed in this section: (1) prepara-
tion of mixtures, (2) sampling, (3)'sam§le injection and chromatographic
run, (4) calibration of detectors,‘and (3) measurement of K-value data.

The first three items above apply to both the taking of oalibration

data and K—Qalue data. The fourth and fifth items explain fhe two pro-

cedures and the differences between them.
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Preparation of Mixtures

This section contains a discussion of the procedure for preparation
of a mixture for a calibration run, one in which the quantity of each
component is known precisely.  For K-value measgrement runs the exact
amount of each component in the mixture need not be known, although the
mixture was usually made so that it had approximately a predetermined
composition. The mixtures contained methane (Cl)’ hydrogen sulfide
(HZS)’ carbon dioxide (002), and n-octane (08). The proéedure was as
follows.

The windowed cell was thoroughly cleaned and dried. With the
piston pushed forward (small volume) the cell was purged with methane
several times. The windowed cell was then filled with methane to a pre-
determined volume and pressure. Two to three hours were allowed for the
methane to reach cell temperature (approximately room temperature). The
cell pressure was occasionally adjusted so that it was kept within 2 psia
of the charging pressure. The number of moles of methane in the cell was
calculated using the cell volume, temperature, pressure, and compressi-
bility data from the literature (39).

The H,S, C02, and C8 were added to the system as liquids by means
of a screw pump. The HZS and C8 were charged at‘1000 psia (the pressure

most often used in charging the methane). The CO, was charged at 500

2
psia or 1500 psia, depending on the size of the chargé and tctal amount
of mixture in the cell. The number of moles of each component was cal-

culated from the liquid densities at the charging temperature and pres-

sure. Liquid densities were obtained from the literature (40, 45).
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Sampling

The method used in sampling is described,by Yarborough and Vogel
(50) . Slight variations in the procedure will be described below.

1. The sample valve, purge valve, and shortbpieces of tubing were
brought up to a temperature above the system temperature for
vapor samples to avoid condensation of the vapor samples and
brought to system temperature for 1iquid samples to avoid |
flashing the liquid.

2. Two valves were used in the sampling. An 8 ylvalve wés used
for the liquid samples. A 201r1va1ve was usedfﬁx;vapor samples.

3. 1In general, samples wefe taken in the following aorder: vapor,
liquid, liquid, vapor.  After the first vapor and liquid samples
were taken and while the samples were being run through the
chrdmograph, the cell was rdcked; mixing thevcontentg. The
final liquid and vapor samplés were then taken. A visual
check was made of the éize of the peaks recorded on the strip
chart recorder to see if any of the four.samples were visibly'

bad. If so, théy~were repeated.

Sample Injection and Chromatograph Runs

The chromatograph system consisted of the carrier gas flow stream,
two - chromatograph columns in serieé with the two detectors (hydrogen
flame ionization, HF, and thermal conductivity, TC), the strip chart
recorders and the Infotronics unit.

After a sample had been trapped in the sample valve, the sample

valve was disconnected from the windowed cell and reconnected to the
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chromatograph system. The sampie valve was placed in a heating block.
The heating block was used to heat (75—10000) the sample valve, thus in-
suring that the liquid samples were in a vaporstate. This would allow
the entire sémple to go directiy into‘the carrier gas stream when the
sample valve was openéd. TheAsample valve dead spaée was purged with
helium. The switching valves (see Figure 3) were then set so that the
sample valve was in the main carrier gas flow stream.

The sample valve was opened, thus injecting the sample into the
stream. Bofh strip chart recofders and the Infotronics unit wére turned
on. In general, the peaks came out in the following order: (1) methane
(HF -1:15), (2) methane (TC-2:30), (3) carbon dioxide (TC-3:15), (4)
hydrogen sulfide (TC—4:30), and (5) n-octane (HF-5:00). The natation in
parenthesis indicates which detector the component passed through and
the time from injection in minutes and seconds, where 1:15 is one minute
15 seconds. At about 7:30 the n-octane peak would show up on the TC
detector. The strip chart recorder gave a viéual record of what was
happening in the chromatograph system, while the Infotronics unit re—
corded on tape a signal proportid;él to the peak area. The tape was
played back at a later date. A digital integrator converted the tape

output to 'number of counts,' which was directly proportional to peak

area.

The chromatograph detectors must be calibrated so that the detector
response can be converted into ''moles of a component." The calibration

~ procedure was the following.
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A mixture was made in the windowed cell. The pressure was raised
to 5500 psia and the cell rocked for three to four hours to insure that
the mixture existed as a single phase. Four samples were taken from the
cell, two from the top and two from the bottom. If the samples all had
very nearly the same composition, the mixture was considered to have been
in single phase. If the top and bottom compositions were not equal the
cell was rocked for a longer period of time. Four more samples were
taken. This procedure was continued until the mixture was in a single
phase. 1In this work, the series of four samples never had to be taken
more than twice.

The method of relative response was used to calculate the response
factors for the two detectors (see Chapter III). The componené response

relative to the methane response was obtained for C02, H_S, and n-C

2 8

on the thermal conductivity detector and for n-Co on the hydrogen flame

ionization detector.

K-value Data

The general procedure used in taking the K-value data is discussed
in this section. The overall procedure incorporates all the above sub-
sections except that concerning the calibration of the detectors.

The cell was charged with mixture 6 (see Table xvI). All the
K-value data were taken using this mixture. The cell was not recharged
between isotherms.) The mixture was made at this composition so that
the H,S and co, mole fractions would be relatively small (= 0.10). Six
moles of mixture were made up becéuseithis amount fit two criteria which
made easier operation of the windowed cell. Too small of a charge is

difficult to pressurize into the single phase region because the
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windowed cell volume can be decreased to only a given minimum amount.
On the other hand, too large a charge cannot be dropped to 200 psia for
the needed data, that is, the windowed cell volume can be increased
only to a given maximum amount.

After the mixture reached. the single phase region at 5500 psia and
the calibration mixture run, the system was cooled down and the pressure
was dropped to about 1500 psia. Since the oil on the dead weight gauge
side of the diaphragm contracted while the system cooled down, the sys-
tem has to be checked ogcasionally so too great of a pressure difference
did not build across the diaphram. Once the cell reached OOC, the cell
was rocked for an hour at 1500 psia. The pressure was then gradually
(30-60 minutes) lowered to 1000 psia while the cell was continually
rocked. After reaching 1000 psia rocking was continued for 30 minutes.

The cell was stopped in the level position. The system temperature
and pressure were recorded. The system pressure was raised about 10-20
psi again. Two samples were taken, one liquid and one vapor. The cell
was rocked while the two samples were run through the chromatograph.

Two more samples were then taken, liquid, then vapor. After running
the latter two samples, the pressure was gradually dropped to 800 psia.
The procedure. was continued through 200 psia.

Upon completion of the OOC'isotherm, the temperature was lowered
to —-20°C and the system pressure raised to 1500 psia. The cell was
rocked for an hour, then the pressure was gradually lowered. The above

procedure was repeated for the -20°C isothernm.



CHAPTER VI

EXPERIMENTAL RESULTS

During this study, experimental K-value data were obtained for co,

and H,S in several hydrocarbon systems over a range of temperatures and

pressures. The experimental results are presented in tabular and graph-

ical form in this chapter. Appendix I contains the raw experimental

data from which the results reported here were obtained.

The data were taken on the following systems at the following

conditions:

Chromatographic K-value data:

(a)
(b)
(c)
(d)
(e)
(f)

(g)

(h)

carbon dioxide - methane - n-heptane

hydrogen sulfide - methane - n-heptane

carbon dioxide - methane - toluene

hydrogen sulfide - methane - toluene

carbon dioxide - methane - methylcyclohexane
hydrogen sulfide - methane - methylcyclohexane
carbon dioxide - methane - n-octane

hydrogen sulfide - methane - n-octane

K-value data from windowed cell:

(1)

hydrogen sulfidé - carbon dioxide - methane - n-octane

Systems (a) through (f) were run at temperatures of —40°F to 20°F (20°F

intervals) and eight pressures from 100 to 1500 psia. Systems (g) and

(h) were run at 0°C and -20°C at six pressures from 100 to 1000 psia.
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Although the K-value data for CO2 and HZS in methane - n-octane were not
an original goal of this work, they were.taken in order to confirm the
reliability of the experimental technique as discussed in the following
chapter. The experimental K-values cof the systems (a) thrdugh_(h) listed
above.are given in Table II. The results of the windowed cell work,

liquid and vapor mole fractions and K-values for Co,, H,S, methane, and

2
octane, are given in Table III.

Figures 4 through 6 illustrate the K-values of systems (a) through
(f). 1Isothermal plots of the six systems are given. Figures 7 through

12 show isobaric plots of K-values as a function of reciprocal tempera-—

ture.



TABLE IT

CHROMATOGRAPHIC K-VALUES FOR CARBON DIOXIDE
(HYDROGEN SULFIDE) AT INFINITE DILUTION
IN FOUR METHANE+SOLVENT BINARY SYSTEMS

59

Temperature
Pres;ure, o o o o
psia -40°F ~-20F OF 20°F
Methane + Heptane
100 4.62(0.968) 5.93(1.348) 7.00(1.687) 8.43(2.164)
200 2.42(0.534) 3.09(0.726) 3.63(0.918) 4.20(1.153)
400 1.37(0.328) 1.66(0.425) 2.05(0.543) 2.32(0.659)
600 1.02(0.267) 1.22(0.339) 1.49(0.425) 1.63(0.507)
800 0.88(0.250) 1.05(0.311) 1.23(0.381) 1.40(0.444)
1000 0.82(0.260) 0.94(0.299) 1.12(0.362) 1.23(0.410)
1250 0.84(0.285) 0.89(0.314) 1.03(0.362) 1.17(0.409)
1500 0.85(0.314) 0.91(0.351) 0.94(0.375) 1.07(0.408)
Methane + Methylcyclohexane
100 5.90(1.020) 7.52(1.408) 8.78(1.826) 11.36(2.454)
200 3.08(0.558) 3.79(0.742) 4.66(0.984) 5.45(1.257)
400 1.70(0.335) 2.06(0.437) 2.47(0.562) 2.96(0.707)
600 1.24(0.266) 1.49(0.343) 1.81(0.440) 2.15(0.550)
800 1.07(0.246) 1.27(0.306) 1.47(0.379) 1.70(0.467)
1000 0.96(0.245) 1.13(0.297) 1.35(0.359) 1.44(0.420)
1250 0.94(0.270) 1.07(0.305) 1.23(0.351) 1.33(0.408)
1500 0.99(0.321) 1.03(0.328) 1.18(0.368) 1.24(0.407)
Methane + Toluene
100 4.27(0.411) 5.78(0.626) 7.55(0.923) 10.71(1.246)
200 2.21(0.221) 2.94(0.331) 3.76(0..477) 4.63(0.653)
400 1.26(0.132) 1.61(0.194) 2.03(0.272) 2.45(0.365)
600 0.93(0.105) 1.21(0.152) 1.48(0.209) 1.83(0.277)
800 0.81(0.097) 0.96(0.133) 1.23(0.183) 1.47(0.238)
1000 0.77(0.099) 0.89(0.128) 1.09(0.173) 1.32(0.223)
1250 0.78(0.112) 0.89(0.134) 1.02(0.169) 1.14(0.213)
1500 0.82(0.128) 0.91(0.148) 1.00(0.178) 1.09(0.207)



TABLE II (Continued)

Temperature
Pressure, " ' o o
psia. -40°F -20°F O°F
Methane + Octane*
100 - 6.72(1.537) 9.37(2.442) -
200 — 3.45(0.822) 4.86(1.276) -
400 — 1.95(0.490) 2.65(0.723) -
600 _— 1.42(0.382) 1.89(0.550) ——
800 - 1.16(0.339) 1.52(0.467) —
1900 - — 1.03(0.319) ©1.40(0.438) —_—

; ., O
* Temperatures in C



TABLE III

K~VALUES OF CARBON DIOXIDE, HYDROGEN SULFIDE,
METHANE, AND n-OCTANE FROM WINDOWED CELL

-20°¢C 0°¢c
Vapor Liquid Vapor Liquid
Mole Mole Mole Mole
Pressure Fraction Fraction K-Value Fraction Fraction K-Value
Composition (psia) Y X K Y X K
200 0.0418 - 0.0116 3.59 0.0443 0.0085 5.22
400 0.0398 - 0.0209 1.90 0.0428 0.0175 2.44
CO2 600 0.0418 0.0295 1.42 0.0423 0.0234 1.80
800 0.0411 - 0.0350 1.18 0.0417 0.0284 1.47
1000 0.0405 0.0381 1.06 0.0410 0.0312 1.31
200 0.0204 0.0255 0.798 0.0284 0.0226 1.25
400 0.0177 0.0376 0.470 0.0257 0.0371 0.693
HZS 600 0.0227 0.0579 0.392 0.0239 - 0.0444 0.538
800 0.0214 0.0614 0.348 0.0224 0.0472 0.474
1000 0.0194 0.0605° 0.322 0.0201 0.0472 . 0.427
200 0.938 0.096 10.59 0.927 0.081 11.85
400 0.942 0.185 5.44 0.931 0.165 5.70
Methane 600 0.935 0.265 3.70 0.934 '0.232 4,19
800 0.937 0.331 2.91 0.936 0.302 3.09
1000 0.939 0.390 2.48 0.938 0.362 2.73
200 0.000153 0.867 0.000177 0.000375 0.888 0.000423
400 0.000093 0.756 0.000122 0.000286 0.781 - 0.000366
Octane 600 0.000114 0.648 0.000176 0.000253 0.700 .0.000361
800 0.000125 0.573 0.000218 0.000162 0.623 0.000261
1000 0.512 0.00108 0.000731 . 0.560 10.00131

0.000554

19
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CHAPTER VII
DISCUSSION OF RESULTS

This chapter presents the results of an examination, analysis and
correlation of the experimental results which were cataloged in the pre-
vious chapter. The chapter begins with a discussion of the expected
experimental uncertainty of this work. The results of this work, buth
windowed cell and chromatographic, are compared to available literature
data on similar systems. The qorrelation framework described in Chapter
III is tested using data from this work as well as data from the liter-.

ature.
Error Analysis

The total expected error in any measured quantity is the sum of the
contributions made by errors in measurement of each individual variable
used to calculate the final quantity.

Details of the development of the equations necessary to calculate
expected experimental uncertainfy of the K-values measured by the
chromatographic technique appear in Appendix A. The estimated uncer-
tainties involved in the measurements df experimental parameters are
listed in Table IV. The results of the error analysié are shown in
Table V.

From Table V the experimental uncertainty is greatest for the

lighter solute (002) at higher temperatures and lower pressures. At
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TABLE IV

ESTIMATED UNCERTAINTIES IN MEASUREMENT OF
EXPERIMENTAL PARAMETERS

Experimental Measurement Estimated Uncertainty

1. Measurements made on Mettler balance for
calculation of weight of liquid on

column (SWW, SWD, CW, PCF, PCE) 0.00020 gm
2. Solubility of methane in stationary

liquid - %, 0.2%
3. Ambient Pressure - P 0.2 mmHg

a

4. Standard deviation in the calibration of

bubblemeter — VB 0.019 cc
5. Time required for volume of gas Vg to pass

pass through the bubhlemeter - tB 0.05 sec
6. Ambient temperature - T 0.1°¢

a

7. Retention times - tRi’ tRHe’ tRAR 0.6 sec

ihch
{2
mm

chart speed)

0.3 sec

inch

(5 p— chart speed)




TABLE V

ESTIMATED PERCENTAGE ERRORS IN EXPERIMENTALLY

DETERMINED K-VALUES ‘

Chromatographic Experiment

System Conditions co, HZS
20°F, 100 psia 2.9 0.4
C1-TOL . |
—40°F, 1500 psia 1.0 - 0.5
20°F, 100 psia 2.5 0.6
C1-MCH .
—~40°F, 1500 psia 0.6 : 0.4

Component Conditions
0% 0°
200 psia 1000 psia
c1 3.2 2.0
c8 10.3 10.4
HZS 6.3 5.8

4.9 4.3




74

these conditions thq retention time is smallest, thus the value (VRi—Vg)
is smallest. Several authors (8, 24, 43, 46) have discussed the impor-
tance of determining Vg accurately.

Error analysis for the classical windowed cell indicates that an
uncertainty of approximately 4.6% for CO2 and>6.0% for HZS is expected.
Table V gives the results of fhe error analysis.

Appendix A discusses the development of the equations used in the
error analysis for both the chromatographic experiment and the windowed
cell experiment.

In an effort to access experimentally the uncertainties in the
calculated K-values from th¢ chromatographic experiments, three separate
and complete runs were made for the K-values of 002 and HZS in the methane-
octane system at 0°%. Fcreachrun,allpreparationsandcperationsweredone
separately from those of any other rﬁns; that is, separafé columns and
separate batches of column packing were employed for each run. Figure 13
and 14 illustrate the experimental scatter among these three separate
runs. The greatest deviation was less than 4% while the average devia-
tion from the average was only approximately 2%, which was slightly larger
than the calculation expected experimental uncertainty. The conclusion

is drawn that there are some unknown factcrs other than random experimen-

tal measurement.
Discussion of V

In the present work the free gas volume, Vg’ was calculated by
measuring the retention volumes of two noble gases, helium (He) and
argon (Ar), and extrapolating these retention voluﬁes'as a function of
the polarizability linearily back to a polarizability of zero. At

zero polarizability the gas was assumed to be unretained.
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The identification of the retention time of a substance with zero

polarizability as being unretained is not substantiated by any rigorous

theory. 1In fact, Masukawa (28) has discussed the hypothetical perfect

gas perturbation method in detail and has suggested several alternative

extrapolating parameters for determining retention volumes of an unab-

sorbed gas, such as, critical temperature, Lenord Jones potential para-

meter, or heat of adsorption.

The free gas volume, Vg’ can be expressed in terms of a general

[
extrapolation parameter, B, in the following way. From a plot of VR vs

/

B, v
\R

b

will equal Vg at B = 0, or for helium and argon, the following

identity can be written,

V -V V., =V
g He AR He (7-1)

0 -Bye Bar " Bpp

Solving for Vg’ the result is

A -V
v =VH _ AR He (7-2)
g € B AR :

(2R -1y

BHe

Two possible extremes exist for the minimum and maximum values of Vg.

1.

In the case where Bhe <<B8r’ Equation (7-2) indicates that Vg

AR
wiil approach VHe' Since helium is definitely retained to a
finite extent as it passes thréugh the GLC column, the free gaé
voluﬁe must be less than VHe' Thus, the value of Vg which is
calcualted when LéEVBHe] is very large is the maximum value
that Vg could have. The use of a larger value of Vg in the
calculation of K-values can in no way be justified.

The opposite extreme would be the case where EsARﬁgﬁe] is small.

0f the extrapolation parameters suggested by Masukawa, the
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parameter with the lowest ratio of values of argon to helium is
AH

heat of adsorption where [ﬁéﬂ] = [AHAR

gHe He

Table VI lists the K-values which were calculated using the highest

] = 5.81.

and lowest values of Vg from the two methods mentioned above. Changes

in the K-values of 3.1% for Co, and 1.0% for H,S were caused by the

2

variation in Vg' The K-values shown in Table vI are for the methane-MCH

system. The small deviations in the calculated K-values indicate that

i
!

the method used in this work for calculating Vg should not cause appre-:
ciable error. Figure 15 illustrates the method used to calculate._vg

using the three extrapolation parameters.

SV ¥ SR

Comparison of Results with Other Work

In this section both the chromatographic results and static cell
results of this work are examined along with available literature data
to test the mutual consistency among the various data sources.

Asano et al. (1) measured the K-values of CO., and HZS in the

2
methane-octane system at 0°c and -20°c for pressures from 100 to 1000
psia using a technique quite similar to the method used in this work.
The techniques differed only in the calculation of Vg’ where Asano used
binary K-value data from the literature and radioactively tagged methane
to experimentally find a retention volume for methane. Table VII gives
the results of Asano and this work (chromatographic and static cell)
over the same range of conditions. Figures 16 and 17 present compari-
sons of the data of Table VII. Ih the figures the results from the
static cell of this work and the resﬁlts of Asano are presented in terms

of their percent deviations from the chromatographic K-values of this

wérk. The chromatographic K-values of this work have an estimated



TABLE VI

EFFECT OF EXTRAPOLATION PARAMETER ON
CALCULATION OF K-VALUES

Calculated K-=Values

1 2 3
) Heat of Percent of Deviation

Pressure Polarizability Adsorption 2-1 3-1

System (psia) BB =7.0 BB = 8.0 B/ = 4.81 1 1
co 100 5.90 5.97 5.87 1.19 -0.51

2

00 1.0 1.09 | 1.066 1.87 -0.
_400F 8 7 0.37
1500 0.99 - .1.02 . 0.977 3.03 -1.31
100 11.35 11.57 . 11.26 1.94 —0.79

C02 .

00 1.70 1.74 1.68 2.35 -1.
200F 8 7 18
1500 1.24 1.28 1.22 3.23 -1.61
100 1.02 1.02 1.019 0 -0.10

HyS .

00 0.24 0.247 0.245 .41 -0.
—400F 8 6 0.41
1500 0.321 0.324 0.319 .93 -0.62
100 2.45 : 2.46 2.40 .4l 0.0

HyS

200F 800 0.467 0.477 0.465 2.41 -0.43
0.407 0.411 0.405 .98 -0.49

1500

6.
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TABLE VIT

K-VALUES OF CARBON DIOXIDE AND HYDROGEN SULFIDE
IN THE METHANE-n-OCTANE SYSTEM FROM
CHROMATOGRAPHIC WORK, WINDOWED
CELL WORK, AND DATA OF ASANO

This Work
Pressure Chromatography Static Cell Asano (1)
(psia)
100 6.72 - 6.17
200 3.45 3.59 S.il
CO0,y 400 1.95 1.90 1.77
-200c 600 1.42 1.42 1.33
800 1.16 1.18 1.11
1000 1.03 1.06 0.985
100 9.37 — 8.45-
200 4.86 5.22 4.46
CO» 400 2.65 2.44 2.41
0°c 600 1.89 1.80 1.80
800 1.52 1.47 1.46
1000 1.40 1.31 1.31
100 1.537 - 1.16
200 0.822 0.798 0.670
HoS 400 0.490 0.470 0.400
—200C 600 0.382 0.392 0.310
800 0.339 0.348 0.284
1000 0.319 0.322 0.280
100 2.44 : - 1.90
200 1.28 1.25 1.10
HZS 400 0.723 0.693 0.650
0°c 600 0.550 0.538 ‘ 0.488
800 0.468 0.474 0.421

1000 0.438 0.427 0.400
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uncertainty of + 3% (as denoted by the horizontal dashed line at +3% in
Figures 16 and 17); the static ceil results, 5% (bars drawn above and
below diamond); and an uncertainty of +3% was arbitrarily assigned to
the results of Asano.

Figure 16 shows' the 002 K-values of the stafic cell work énd Asano
to be in excellent agreement at 0°c (except for 200 psia)._ The chroma-
tographic data of this work appear somewhat higher than.the others,
although three of the five data points are within the combined experi-
mental uncertainty. Figure 17 shows the COZ K—&alues at -20°C to be in
reasonable agreement for all three data sets with somewhat better agree-
ment between the two methods of this work. KXhoury and Robinson (21),
however, reported good agreement with the CO2 K-values of Asano at -20°C.
They claimed agreement within 1% although they presented no discreet
numerical results. They also employed the chromatographic technique in
their studies.

The comparison of H_S K-values in Figure 16 and Figure 17 show the

2
data of Asano to be 9-12% below the K-values of the chromatographic work
at 0°C and 12-20% below at —20°C. This difference is well outside the
expected experimeﬁtal uncertainties. The static cell data are in good
agreement with the chromatographic data of this work. The disagreement
illustrated in Figure 17 between the present chromatographic data and
those of Asano was, in fact, the compelling reason for undertaking the
windowed cell measurements.

Additional indirect comparisons of the experimental data of this

work can be made with the co, and H,S K-values measured by Yarborough

(49) in multicomponent systems. Yarborough made measurements in
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(1) a system containing the hydrocarbons methane, ethane, propane,
lheptane and decane, and nonhydrocarbons nitrogen, carbon
dioxide, and hydrogen sulfide, and

(2) a system differing from the above-mentioned system in that
toluene was also added to the mixture to make the C., fraction
contain 64% toluene.

Thus, the mixtures were identical except that the C7+ fraction for the
first mixture consisted of heptane and decane while the second mixture
had a C7+ fraction consistihg of heptane, decane, and 64% toluene. The
measurements were made on the identical static cell apparatus used in
this work. Figure 18 through 21 present comparisons of the co, and HZS
K-values of Asano (dashed line), this chromatographic work (in toluene
“and heptane) and the work of Yarborough (solid lines). The figures
show the effect of temperature on>CO2 and HZS K-values at 500 and 1000
psia.

Figure 18 reveals fair agreement among the K-values of co, at 500
psia for the data of all investigators. The K-values in n-heptane from
this work are about 20% above the other investigators at low temperature,
but approach the data of Yarborough at higher temperatures. The K-values
of Asano show excellent agreement with Yarborough at low témperatures
but begin to deviate at higher temperatures. Figure 19 shows the K-value
of €O, at 1000 psia for Asano and Yarborough to be in excellent agree-
ment, while the K-values in n-heptane from the present study are some
10% higher. Again, the K-values of this work approach those of Yar-—
borough at higher temperatures while the K-values of Asano begin to

deviate from those of Yarborough. The presence of toluene does not have

a great effect on the co, K-values in the work of Yarborough or in this
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work. The isobars for the two systems of Yarborough do cross at high
temperatures in the two plots, while the isobars of this work would
cross, but at a much lower temperature. .This trend shows up in both
figures.

Figure 20 shows the K-values for H,S at 1000 psié in heptane for
this work to be in excellent agreement with the data of Yarborough (for
pafaffinic C7+), while the data of Asano are asvmuch as 25% lower at
—400F. Further, the indicated effect of toluene on the HZS K-value is
quite consistent between this work and that of Yarborough; that is, the
presence of 64% toluene reduced the H,S K-values of Yarborough below

the value in the paraffinic C + by about 2/3 of the amount that the

7
chromatographic data of this work indicated. Figure 21 shows similar
trends for H,S K-values at 500 péia, but to a lesser extent. Eakin and

Devaney (10) measured the K-values of H.S in n-nonane and in mesitylene

2
(an aromatic) using a static cell. They compared their results with
those of Yarborough in heptane and toluene. They concluded that 'both
sets of data are consistent." Eakin and DeVaney found the aromatic
reduced the H,S K-values at low teﬁperatures and enhanced them at higher
temperatures.

K-values for the methane and heavy solvent were not measured in
the chromatographic work; however, both methane and octane K-values were
determined as part of the windqwed celi measurements (see Table III).
Figure 22 shows those K-values, along with the methane K-values (in
octane) measured by Kohn and Bradish (22). Due to the low concentration
of octane in the vapor, Kohn did not calculate octane K-values. .The

solid lines in Figure 22 show the methane and octane K-values which

were predicted by correlating the data of Kohn and Bradish using the
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Soave modification of the R-K équation of state with one empirical
factor added. The figure shows the methane K-values of this work to be
15-20% beloﬁ those of Kohn and Bradish. Yarborough (49) compared the
methane K-values of his work with other investigators and found his
K-values (taken on the identical windowed cell apparatus as this work)
to be 10-15% lower than the others. The octane K-values appear to be

in quite reasonable agreement with the correlation considering the very
low concentrations of octane in the vapor phase which led to rather high

uncertainties in the octane K-values.
Data Trends

Based on the experimental reéults of this work, some general
comments are possible regarding the effects that naphthenic and aromatic
components in an absorber oil would have on the K-values of co,, and HZS'

For CO,, the K-value in MCH is from 15 to 30% higher than in the
paraffinic solvent n-heptane over the complete temperature range —40 to
20°F. The greater deviations are at lower pressures and higher tempera-

tures. Toluene has much less effect on the CO, K-values, reducing them

2
by about 7% at the —40°F and increasing them by 7% at 20°F.

Just the opposite effect is seen for the H,S K-values. 1In MCH,

the H,S K-values are approximately 1 to 7% higher than in the paraffinic
n-heptane, but in toluene the K-values are reduced from 45 to 60%. This

effect of toluene is substantiated for both CO2 and HZS by the work of
L ‘

_ Yarborough (49).

Finally, Figure 23 shows the ratio of the HZS K-values in toluene

- to the H_ S K-values in n-heptane as a function of pressure. The general

2

trends illustrated in the figure are similar to results obtained for the
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K-values of CO2 and st in MCH relative to those in heptane. As the
pressure increased, or the tempeérature decreased, the K ratio decreased
in solvents MCH or toluene relative to heptane. Plots of the other
systems showed considerably more fluctuations of data points and much
more overlapping of isotherms, but the general conclusions were still

the same.
Correlation of Data

The data’of this work have been correlated in terms of a modified
form of the Rédlich—Kwong equation of state, employing empirical inter-
action parameters. The basis for the cprfelation is the Scave modifi-
cation of the Redlich-Kwong equatibn. In this section the steps taken
in correlating the data are discﬁssed in detail, along with the diffi-
culties encountered in the correlation effort. The results are then

compared with the basic Soave correlation.

The‘Sbave modification of the Redlich—Kwong eéuation of state is
discussed in detail in Chapter III. In the present work the mixing
rules which were suggested‘by Soave have been modified into a more gen-
eralized form, which is given'in éQuatiOn (3-40) through (3-49). Two
sets of empirical correlation factors were calculated in this work. One
set (kij) modified the enefgy term (Tcij) while the otber set (ki' 2. .)

J,» 1
modified both the energy term and the distance term (through Véij)' The
equations showing the application of the two sets of empirical correla-
tion factors are given in %quations (3-54) through (3-57). The use of

the two separate methods was undertaken to determine whether or not there
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is a need for more than one empirical correlation parameter to adequately
represent the experimental data.

The correlation equations indicate that critical temperature,
critical pressures (Vé = RTc/Pc) and accentric factors are needed for
the pure components used in this study. Critical temperatures and pres-
sures have been found in the literature (30) and are given in Table VIII.
Although available in the literature, acentric factors for each of the
pure components were calculated in this work to optimize the accuracy
of the Soave equation. Vapor pressure data were used along with the
Soave modification of the Redlich;Kwong eqﬁation of state to find the
acentric factors which resulted in the best prediction of vapor pressure
data. Table IX shows the range of the vapor pressures used for each
component and the acentric factors thch were calculated. The vapor
pressures of five of the systemé were taken from one source (3). The
original soufces of the data ére also listed.

The“model used in this work thus required empirical factors (kij or
kij and éij) for each binary pair appearing in the mixture. The empiri-
cal correlation factors were determined by non-linear regression to pro-
vide the bést»fit to binary phase equilibrium data taken from the
literature. Binary data are available only for the methane binary sys-
tem. For binary systems involving CO2 and HZS'with heavy solvents
phase equilibrium data are not available. Thus, the empirical correla-
tion factors for these systems were determined by direct fit of the model
to the infinite dilution K-values for H,S and co,, determined in the
present study. 1In all evaluations of empirical correlation factors the
objective function which was minimized in the non-~linear-regression was

the sum of squares of the deviations between the experimental K-values



TABLE VIII

CRITICAL PROPERTIES OF METHANE,
SOLUTES, AND SOLVENTS (30)
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Critical Temperature

Critical Pressure

373.54

Cpmponent °K) (atm)
Methane 190.59 45 .441
n-Heptane 540.27 27.001
Methylcyclohexane 572.20 34.261
~ Toluene 591.80 40.548
n-Octane 568 .83 24.537
Carbon Dioxide 304.21 72.877
Hydrogén Sulfide 88.868




TABLE IX

VAPOR PRESSURE DATA AND CALCULATED
ACENTRIC FACTORS

CO2 |
Hydrogen Sulfide,

Temperature and Calculated
Pressure Range Acentric Number of Data
Component of Data Factor Data Points Source
Heptane, C, 47.78 - 779.37 mmHg 0.345 20 (3, 48)
25.93 — 99.28 OC
Methane, C; 105.03 — 2220.5 mmHg_ 0.002 24 (3, 16, 44)
(-181.0) - (—146.65) c
Toluene, TOL 47 .66 — 779.33 mmHg 0.260 25 (3, 48)
35.37 - 111.50 °C
Methylcyclohexane, 47 .66 — 779.33 mmHg 0.234 21 (3, 48)
MCH 25.59 - 101.83 OC ' :
Octane, Cg 57 .53 — 779.33 mmHg 0.394 19 (3, 48)
: 52.93 - 126.57 °C
Carbon Dioxide, 31027. — 54300. mmHg 0.239 19 (40)

6.76 — 30.04 °C

10343. -~ 67229. mmHg 0.107 12 . (40)
10.44 - 100.00 °C :

L6
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and the calculated K-values. For the binary systems containing methane
and a heavy solvent, the methane K-values are three to four orders of mag-
nitude greater than the solvent, thus the objective function of the minimi-
zation was much larger for the methane. 1In effect, only the methane

. K—values had any effect on the optimization. For the methane—CO2 and me-
thane—HZS binaries, both components affected the optimization. Appendix

B explains the program used and shows a general flow chart of the program. !
Results

The results of the two correlations are given in this section.
Table X presents the empirical correlation factors (kij and kij’lij)
which resulted from the two correlational methods. Table XI lists the
results of the correlation of the binary K—value data from the literature.
The table gives the average absolute percent deviation between the K-
values predicted by the correlation and the experimental K—values from
the literature. Since the correlation minimized the square of the
difference between the experimental and predicted K-values, the corre-
lation, in effect, was fitting only the methane K—values for the systems
cl-c7, C1-TOL, Cl-MCH, and C1-C8. The results illustrate this point in
that the average deviations for the solvents are much higher than for
methane. vFor CO2 and HZS’ where the K-values are within an order of
magnitude of the Cl, the correlation fits both components more evenly.
The general trend seems to be that the two constant correlational
method fits the binary data slightly better than the one constant method.

Figures 24 through 34 illustrate the results of the correlation of
the binary K-values. All data points that were ﬁsed in the porrelational

fits are shown in the figures to demonstrate the range of the data used.



EMPIRICAL INTERACTION PARAMETERS EMPLOYED

TABLE X

IN K-VALUE CORRELATION
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Components Data
"i' and '""j" kij kij 'eij Reference
c,/¢, 0.0464 0.1452 0.0634 4
C,/Cq 0.0598 0.1719 0.0735 22
C, /MCH 0.0675 0.1454 0.0514 5
C,/Toluene 0.0784 0.1206 0.0500 6
01/002 0.0441 0.0445 -0.0382 9
C1/H,S 0.0414 0.0643 -0.0440 40
€o,/C, 0.1536 0.2758 0.0398 this work
€0,/Cq 0.1590 0.2918 0.0526 this work
€0,,/MCH 0.1719 0.2725 0.0310 this work
€0, /Toluene 0.1339 0.2237 0.0249 this work
st/c7 0.0934 0.2297 0.0307 this work
H,S/Cq 0.0930 0.2431 0.0465 this work
H,S /MCH 0.1031 0.2240 0.0173 this work
0.0365 0.1549 ' 0.0033 this work

HZS/Toluene
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TABLE XI

RESULTS OF CORRELATION OF BINARY K-VALUES

Average Absolute Percentage Deviation
In Predicted K-Value

One Parameter Method Two Parameter‘Method

System Cq Other C1 - Other
c; - C, 1.9 23.3 2.6 19.4
C; - MCH 2.8 71.40 1.5 56.9
c, - TOL 10.4 58.8 2.3 62.1
c; - o, 9.4 2.9 6.0 3.1
C; - HS 12.9 1.6 11.1 5.4
cy - C 1.7 68.5 1.7 | 68.1
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The results of the correlational work are given by the dashed lines (one
constant correlational method) and the solid lines (two constant
method). Some of the predicted isotherms are not shown to prevent
cluttering the figures. 1In general, the highest and lowest temperatures
are shown. The intermediate isotherms show similar trends. In Figure
25, which shows heptane K-values for the methane-heptane system, the 0°F
and —40°F isotherms are data which were taken much more recently than
the —20°F isotherm and were measured using an improved technique. In
fact, the heptane, MCH, and toluene K-values of Chang and Kobayoahi

are all suspect. The correlation fits the new data quite well while the
older data (—200F) differs greatly from the correlation. Since Kohn

and Bradish (22) did not report the octane K-values of their work, no
figure is shown illustrating the correlation.

The results shown in Table XI and Figures 24 through 34 show that
the two constant correlational method seems to fit the experimental data
slightly better than the one constant correlational method.

Table XII lists the results of the correlation of co, and HZS
K-values at infinite dilution from the expérimental data of this work.
The table gives the average absolute percent deviation between the ex-
perimental and predicted K-values. Results are shown for both correla-
tional methods and for the original Soave modification of the R-K
equation of state.

The two correlations of this work fit the experimental data much
better than the Soave equation. The results indicate that the one con-
stant correlational method fits the experimental data of this work

slightly better than the two constantmethod forall cases except the methane



RESULTS OF CORRELATION OF CARBON DIOXIDE

TABLE XTI

(HYDROGEN SULFIDE) K-VALUES AT
INFINITE DILUTION IN
METHANE+SOLVENT
BINARY SYSTEMS

Twoc Parameter Method

Average Absolute Percentage Deviation
In Predicted K-Value

One Parameter Method

system Soave kije & i

o c, 58.5 (37.5) 4.5 (4.4) 4.3 (4.1)

¢, - Cq 57 .4 (33.1) 2.6 (3.4) 1.9 (1.7)

C; - MCH 66 .54 (45.0) 4.5 (3.6) 3.7 (2.0)
TOL 58.57 (69.7) 5.5 (2.2) 7.1 (3.2)

€11
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system. Figure 35 through 38 illustrate fhe fit of the two correlational
methods to the experimental data.

The.results démonstrate that the two parameter correlation provided
in general a better fit to the binary data; however, the one parameter
correlation seems to fit the data of this work better. The differences
between the two correlations were minor. Both correlétion methods fit
the experimental data considerably better than the original Soave_modi—

fication of the R-K equation of state.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

This study consists of an investigation of the vaporization

equilibrium ratios of co, and H,S in aromatic and naphthenic solvents.

An apparatus was constructed suitable for determination of chromago-

graphic K-values for the components and conditions of interest in this

study.

The data of this study were correlated by a modified version of

the Redlich-Kwong equation of state.

The following conclusiohs were made from this study:

(1)

(2)

(3)

The design of the apparatus was Sound, as illustrated by the
precision and accuracy of the data taken. The apparatus was
simple to use and experimental measurements were easy to make.
The chromatographic data of this work and the static cell data

of this work for the CO2 or H,S in methane-octane system show

2
reasonable agreement. The fact that these two exper<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>