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SUMMARY 

The activity coefficient of a volatile solute in a relatively non­

volatile solvent is difficult to measure by the conventional static equi­

librium method because of the low equilibrium concentration of the sol­

vent in the vapor phase and similarly the low concentration of the solute 

in the liquid phase. A number of investigators (10, II, 12, 15, 17, 19, 

21) have measured the activity coefficient of a solute at infinite dilu­

tion in such a non-volatile solvent by the gas-liquid chromatographic 

(GLC) method. In this method the gas chromatographic column used is 

packed with firebrick particles coated with the non-vo.Iatile solvent. A 

small solute sample is carried through the column by a non-soluble 

carrier gas such as helium. The time required for the solute sample to 

pass through the column is measured. The vapor-liquid equilibrium con­

stant, Kp , and hence the activity coefficient may be calculated from 

the retention volume by the following equations: 

1 P T -

v = v + — (—) v (l) 
VN VG K 2

 V P G' VL v ' 

K0P 0 
and 7OT - ~ - W 

dh O 
r2 

where V = retention volume, measured at the column temperature and the 

column exit pressure, and corrected for the effect of pressure 

gradient across the column. 
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Vn a total volume of gas phase inside the column 
\j 

V a total volume of liquid phase inside the column 
Li 

P a density of gas phase measured at the column temperature and 
\J 

column exit pressure, moles per unit volume 

P r » density of liquid phase measured at the column temperature, 

moles per unit volume 

P « total pressure inside the column 
m 

Pp =« vapor pressure of solute at the column temperature 

7 or * activity coefficient of the solute in the liquid phase 

0 « correction .factor for the imperfection of the vapor phase 

The derivation of equation (l) is based on the assumptions that the 

sample size injected is small and no solute vapor is present in the non-

soluble carrier gas prior to the injection of the solute. The activity 

coefficient measured by this method is the activity coefficient of the so­

lute at infinite dilution. 

The object of the present study is to extend the GLC method of mea­

suring the activity coefficient of the solute in a binary system from in­

finite dilution through a measurable concentration range. To accomplish 

this purpose, a gaseous mixture of solute vapor and helium gas was used 

instead of pure helium (or other inert gas) ELS the carrier gas. After the 

column was flushed by the gaseous mixture for a sufficient length of time, 

the non-volatile solvent inside the column wets saturated with the solute 

and hence an equilibrium state between the vapor phase and liquid phase 

was reached. Both phases contained a finite amount of solute. A small 

sample of the solute was injected into the column and its retention volume 

was measured. The activity coefficient calculated from the retention vol-
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ume measured at such condition was the activity coefficient of the solute 

in a solution which contained a finite amount of solute. By varying the 

concentration of the solute in the vapor phase, activity coefficients at 

various concentrations of the binary solution were measured. 

A new relation between the retention volume and the equilibrium 

constant was derived to take into account the presence of the solute in 

the carrier gas. The same theoretical plate model used by Martin and 

Synge (2k) to develop equation (l) was used here. The resultant equation 

is: 

V N = \ + (ir^HirH X ~oZ > < 3 ) 

N G P G E2 1 - y°/K2 

where y0 is the mole fraction of the solute present :Ln the vapor phase. 

The same equation has been derived by Stalkup and Dean (26) from a rate 

process approach based on the assumption that the slug of solute sample 

injected maintains a constant composition when it is carried through the 

column by the carrier gas. 

The activity coefficients of two binary systems were studied ex­

perimentally. The particular systems selected were chosen because of the 

availability of published phase equilibrium data. The activity coeffi­

cients of benzene in diethylene glycol were measured at three temperature 

levels: 50°C, 70°C, 90°0, covering concentration ranges of zero to 31*1 

mole per cent, zero to 2^.1 mole per cent, zero to 9»08 mole per cent of 

benzene in the liquid phase, respectively. The activity coefficients of 

n-hexane in l,2,k trichlorobenzene were studied at 30°C!, covering a con­

centration range from zero to 39*8 mole per cent of n-hexane in the liquid 
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phase. 

The activity coefficients of the solute measured by the GLC method 

agree veil with those obtained by the static equilibrium method in the di­

lute concentration region. At infinite dilution the agreement appears to 

be within the experimental errors of the two methods. In the region of 

higher concentration (concentration of solute in the liquid phase greater 

than 5 per cent) activity coefficients obtained by the GLC method agree 

less well with those obtained by the static equilibrium method, the devi­

ation ranges from 3 per cent to a maximum of 15 per ce.it. In all in­

stances the activity coefficients determined by the GDI! method were lower. 

In the system of diethylene glycol — benzene where the activity coeffi­

cients of benzene at the three different temperature levels, 50°C, 70°C, 

90°C, have been studied, the deviation between the res-alts obtained by the 

GLC method and the static equilibrium method is found to decrease with the 

increase of column temperature. 

The effect of the sample size on the retention time was also 

studied. Based on both the analytical analysis and the experimental re­

sults, the relation between the retention time and the solute sample size 

is found to be closely related to the equilibrium constant, Kp ., and the 

mole fraction of the solute in the vapor phase, y2 . 

All the activity coefficients reported have bee:a corrected for the 

effect of sample size as well as the effect of the imperfection of the 

vapor phase. 

ce.it
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CHAPTER I 

INTRODUCTION 

While the gas-liquid equilibrium, of mixtures of hydrocarbons of 

comparable volatility has been frequently investigated, few investiga­

tions of mixtures of hydrocarbons of widely different nolecular size and 

volatility have been made. The equilibrium data of the latter type are 

essential to the absorption and stripping processes. lilngineers in their 

process design still have to depend on so-called "K" values which are 

obtained by either assuming the ideal behavior of the solution or by a 

certain empirical correlation. A literature survey wai-s made which cov­

ered l) Chemical Abstracts from 19^6 to 1958, 2) Industrial and Engineer­

ing Chemistry from 1955 to 1958> 3) Vapor-Liquid Equilibrium Data com­

piled by Chu et_ al. (l), and by Hala et al. (2) covering up to 195^ and 1957 

respectively, and k) Engineering Data Book (3) by Natural Gasoline Asso­

ciation of America Equilibrium Ratio Committee covering "the past ten or 

fifteen years" back from 1955* The search revealed little available data 

on the binary systems of light and heavy hydrocarbons. The system of 

methane and decane has been studied by Reamer et al. (^). Methane and 

Kensol 16 (C-l6) was studied by Rzasa (5) up to 250°F s,nd 25,000 lb/in2. 

The binary systems of n-pentane with C1 0 C^Q, Cpp, CpjL and n-heptane 

with C-.Q, Cp- were studied by Nederbragt and Be Jong (6) at temperatures 

of 2U5.5 to 357°C. Kirkbride and Bertetti (7) studied the equilibrium 

relation of C. and Cc in the two types of absorption oil at 85°F with the 
-L P 

pressure in the range from 125 to 3100 psia. Mertes and Colburn (8) made 
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a comprehensive study of the binary systems of various isomers of butane 

with furfural covering the range of 100 to 200°F at pressures up to 100 

psi. 

The difficulties encountered in the study of such systems of widely 

different volatilities are the low-equilibrium concentration of the non­

volatile component in the vapor phase and similarly the lew concentration 

of the high-volatile component in the liquid phase. The error inherent 

in measurements made in such a low concentration range makes the activity 

coefficient calculated from them unreliable. 

Martin ($))> one of the inventors of Gas-Liquid Chromatography 

(GLC)y first suggested that the measurement of retention volume of GLC 

provides a rapid means for the determination of the activity coefficient 

at infinite dilution for a binary system when a liquid of low volatility 

is involved. A substantial amount of work dealing with such measurements 

has been reported since then. Porter ejt al. (10) determined the parti­

tion coefficients of hydrocarbons and alcohols in diisodecyl phthalate by 

employing the latter as the stationary liquid of a gas-liquid chromato­

graphic column. Some of the data obtained have been compared with those 

from direct equilibrium measurements and the results agree favorably. 

Keulemans (ll) calculated activity coefficients at infinitely dilute con­

centration for a number of aliphatic and aromatic volatile hydrocarbons 

in various non-volatile hydrocarbons (0,^ to C_ 0), diisodecyl phthalate, 

poly-alkylene glycol, etc. 

Kwantes and Rijnders (12) summarized Keulemans' results and re­

ported additional activity coefficient data at infinite dilution for sys­

tems such as volatile hydrocarbons in 1,2,^-trichlorotenzene and oxyge-
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nated solutes in n-hexadecane, diisodecyl phthalate, pDly-alkylene glycol, 

etc. They compared the values obtained by GLC with thDse calculated by 

the empirical relation of Br^nsted and Koefoed, and the experimental 

static equilibrium data of Pierotti e_t al. (13)> and Neckel and Kohler 

(l4). Good agreement was reported. An extension of t!ie GLC method to 

solvents of relatively higher volatilities by pre-saturating the carrier 

gas with vapor of the solvents, was also mentioned and the activity coef­

ficient of the system such as n-pentane and n-octane had been determined 

successfully by Kwantes and Rijnders (12). 

Hardy (15) calculated activity coefficients of various halogenated 

hydrocarbons in phthalates and silicone fluid from the retention volume 

data which he reported in a previous paper (1.6). Mellado and Kobayashi 

(17) obtained the vapor-liquid equilibrium constants of the systems of 

n-butane in n-dodecane and CV hydrocarbons in furfural by GLC; the results 

compare favorably with the NGAA values and values obtained by Mertes and 

Colburn (18) from the static equilibrium measurement. Adlard e_t al. (19) 

measured activity coefficients of benzene and cyelohexane in dinony.l 

phthalate by GLC method. A correction was made to account, for the imper­

fection of the vapor phase. The activity coefficient of benzene was com­

pared with that obtained by Ashworth (20) on the static equilibrium of 

the same system and good agreement was found. Everett and Stoddart (21) 

measured the activity coefficients of eight hydrocarbons at infinite di­

lution in dinonyl phthalate at 30°C by GLC. Their results, after being 

corrected for the imperfection of the vapor phase, agree within 1$> of the 

extrapolated static equilibrium value measured by Ashworth (20). They 

pointed out that the correction for the gas imperfection used by Adlard 
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et al. (19) was in error. 

All the reported activity coefficients discussed above which were 

determined by GLC method were measured in the range where the concentra­

tion of solute is very small, or so-called infinite dilution. These 

activity coefficients have only limited value in engineering practice. 

In absorption or distillation processes the concentration of solute in­

volved is finite and the activity coefficient often is strongly dependent 

on the concentration. Besides, although good agreement between the acti­

vity coefficients at infinite dilution measured by the GLC and static 

equilibrium methods are often claimed, the validity of the GLC method is 

still frequently questioned. For example, Funk and Hcughton (22) in their 

recent paper, based on a new approach to the mechanise, of gas chromato­

graphy, suggested that the activity coefficient measured by the GLC should 

be multiplied by a correction factor which takes into account the "depth 

of penetration of solute in the liquid film". Their experimental results 

show that correction facto:" varies from 0.6 to 0.9, depending on the 

thickness of the liquid film. Because the accuracy of the conventional 

static equilibrium method decreases rapidly with the dilution, in order 

to compare the results obtained by the GLC method with those obtained by 

the static equilibrium measurement, a one-constant Margules equation was 

generally employed by the authors cited above to extre.polate the static 

equilibrium data measured at relatively higher concentration to the in­

finite dilution. Certain assumptions are involved in the Margules equa­

tion. No rigorous comparison between the results by the GLC method and 

static equilibrium methods can be made unless some of the measurements of 

activity coefficients by the GLC method are carried out in the same finite 
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concentration range where the static equilibrium measurement can also be 

carried out. 

The object of the present investigation is to study the possibility 

of extending the GLC method of measuring the activity coefficient of the 

solute in a binary system from infinite dilution through a measurable con­

centration range. The basic principle employed, originally suggested by 

Stalkup and Kobayashi (23); is the mixing of an inert carrier gas with a 

certain amount of solute vapor. If the gas chromatographic column is 

flushed by the carrier gas for a sufficient length of time,, the liquid 

phase inside the column will be saturated by the solute and hence an 

equilibrium state between the vapor phase (carrier gas) and liquid phase 

will be reached. Both phases contain a finite amount of solute. Under 

such a condition, if a small sample of the solute is injected into the 

column and its retention volume can be measured, the activity coefficient, 

which can be calculated from the retention volume, will be the activity 

coefficient of solute at the specific concentration instead of at infinite 

dilution. The significance of such a study is twofold.: l) In the finite 

concentration range, a direct comparison between the results obtained by 

the GLC method and those obtained by the static equilibrium methods is 

possible without the need of extrapolation. The accuracy and limitation 

of the GLC method then may be more rigorously examined.; 2) The usefulness 

of GLC method in the measurement of activity coefficients will be greatly 

increased if the method covers a greater concentratior. range. 

Many activity coefficients reported at infinite dilution measured 

by the GLC method (ll, 12, 15, If, 22) have been calculated on the basis 

that the vapor phase behaved as an ideal gas. In the cases where the im-
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perfection of vapor phase was taken into account (19, 21) correction for­

mulae based on different assumptions were used. The correction is essen­

tial if the data obtained by the GLC method are to be compared with data 

obtained by static equilibrium measurements. Special care was taken in 

the present study to determine a proper correction factor for vapor phase 

imperfection which should be applicable both at infinite dilution and in 

the finite concentration region. 
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CHAPTER II 

THEORY 

The Basic Mechanism of a Gas-Liquid Chromato graphic Column.—A gas-liquid 

chromatographic column may be considered as a packed absorption tower in 

miniature. It consists of a mobile gaseous stream which percolates 

through a fixed bed coated with a non-volatile absorbing liquid. The 

basic difference between a chromatographic column and an absorption tower 

is that the latter, in general, is a continuous steady-state operation 

whereas in the former case the solute to be absorbed is introduced as a 

batch. The solute, in small quantity, is injected intermittently into 

the continuously flowing non-soluble carrier gas strean inside the chro­

matographic column and a concentration profile, which is both a function 

of distance and time, is developed. To study the relation between the 

retention time of the moving concentration profile inside the column and 

the vapor-liquid equilibrium constant of the solute involved, a theoreti­

cal plate model was suggested by Martin and Synge (2*0 the inventors of 

the liquid partition chromatographic column. Theory developed by this 

model was further treated by Klinkenberg and Sjenitzer (25), and Keulemans 

(ll). All these authors arrived at the same relation Detween the vapor-

liquid equilibrium constant and traveling time (expressed as the retention 

volume) of the peak concentration of solute passing through the column 

when the amount of the solute injected is small. This relation, which 

has become one of the fundamental laws in the field of gas-liquid chroma­

tography is 
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VN • *0 + I (P^> \ (1) 

where V » retention volume of the peak concentration of the solute 

band, expressed as the volume of the mobile gaseous phase 

at column temperature and column exit pressure, which has 

passed through the column from the time of injection to 

the appearance of the peak concentration cf the solute at 

the end of the column. It should be corrected for the 

effect of pressure gradient across the column when the 

pressure gradient is appreciable. 

V-, » total volume of the gas inside the column 
u-

VT = total volume of the liquid inside the column 

P = moles per unit volume of liquid inside the column measured 
]_j 

at the column temperature 

Pn = moles per unit volume of gas inside the column measured at 

the column temperature and column exit pressure 

K = vapor-liquid equilibrium constant of the solute 

Equation (l) was derived by assuming that the size of injected sample is 

small and that no solute vapor is present in the non-soluble carrier gas 

prior to the injection of the solute sample. The equilibrium constant, 

K , measured at this condition is the equilibrium constant of the solute 

at infinite dilution. 

For this study a new relation between the retention volume and the 

equilibrium constant had to be derived to describe the more general case 

where a finite amount of solute is present in both the carrier gas stream 

and the absorbing liquid prior to the injection of the solute sample. 
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The equilibrium constant measured under such conditions is the equilibrium 

constant of the solute in a solution which contains a finite amount of so­

lute. 

In this derivation the same theoretical plate model used by Martin 

and Synge (2k) is employed. In this model, a packed column is considered 

to be one composed of a number of "equilibrium stages". An "equilibrium 

stage" is called "E.E.T.P." (height equivalent to a theoretical plate) by 

Martin and Synge (2^), "contacting stages" by Klinkenberg and Sjenitzer 

(25), and "equilibrium absorption vessel" by Keulemans (ll). All these 

terms essentially have the same meaning that the average liquid concentra­

tion in an "equilibrium stage" is in equilibrium with the mobile gaseous 

phase leaving the stage. The number of the "equilibrium stages" for a 

column is not arbitrarily defined, but depends on the length and "effi­

ciency" of the column in the same sense as the number of equivalent theo­

retical plates in a fractionating column or "H.E.T.P." in a packed absorb­

ing tower. Other assumptions of the "theoretical plate model", also made 

in this derivation, are 

1) No transfer of solute occurs from plate to plate by diffusion. 

2) The solute sample injected is so small that the physical prop­

erties of both the gaseous and liquid phases remain essentially constant 

before and after the injection of the solute. One of these physical 

properties is the vapor-liquid equilibrium constant of the solute in the 

absorbing liquid. 

3) The whole column is at a uniform temperature; and under a uni­

form pressure, the pressure gradient required for flow being negligible. 

k) The absorbing liquid is non-volatile. 



10 

Keulemans* (ll) tenn "equilibrium absorption vessel" will be used 

rather than "equilibrium stage" and other symbols and mathematical treat­

ment will be similar to Keulemans1 (ll) where they are applicable. How­

ever, all the quantities involved will be on mole basis rather than on 

volume basis which was conventionally used by all of the previous authors 

(ll), (2k), (25). In the absence of chemical reactions, the mole basis is 

equivalent to the mass basis which is more logical than the volume basis 

for the performance of a material balance. 

In the theoretical plate model, a gas-liquid chromatographic column 

is considered to be a device in which a number of identical equilibrium 

absorption vessels, numbered 0, 1, 2, „.. , p, ... are linked together 

with each vessel containing m moles of the non-volatile absorbing 
s 

liquid. A mobile phase which contains y mole fraction of solute vapor 

mixed with carrier gas continuously percolates through the liquid phase 

and carries the vapor above the liquid from one vessel to another. After 

a sufficient length of time has elapsed an equilibrium condition is 

reached between "the vapor ê nd liquid phases of each vessel as indicated by 

uniform concentrations of solute in the vapor phase and liquid phase from 

vessel to vessel. The mole fractions of solxite in the liquid phase and 

vapor phase of any vessel are x and y , respectively. At equilibrium 

y° - Kx° (2) 

where K is the equilibrium constant at column temperature t.. , column 

pressure p and concentra.tion x . 

'All symbols are defined in the List of Symbols. 
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Assuming a small amount of solute is Injected into the vapor phase 

of the first vessel, the previous static equilibrium cDndition is disturbed 

and a new form of dynamic equilibrium condition is established. As pic­

tured in Fig. 1, an infinitesimal amount, dN .. moles, of mobile gas 

which is transferred from vessel p-1 into vessel p carries with it 

y ,dN , moles of the solute, while dN moles of mobile gas carries Jp-1 p-1 ' p & 

y dN of the solute from vessel p into vessel p+1 . An overall ma-
P P 

terial balance around the vessel p yields: 

dN _ - dN = dGS- + dl 
P-1 P P P (3) 1 

The material balance of the solute around vessel p gives: 

V i ^ p - i " yv% = d ( V p ) + d ( V p ) w 

where L and G are the moles of gaseous and liquid phases in vessel 

p , and x and y are the mole fractions of the solute in the liquid 

phase and vapor phase in vessel p , respectively, y is in equilibrium 
x* 

with x , thus 
P 

y - Kx (5) 
p p v ' 

'In the original theoretical plate model suggested by Martin and Synge 
(2*0, and also in the further treatments done by others (ll), (25), the 
right side of the equation (3) has been assumed to be zero. This assump­
tion is permissible when the amount of the solute injected is.small and 
no solute is present in the column and in carrier gas stream prior to the 
injection of the solute. In the case where a finite anount of solute va­
por is present in the carrier gas all the time in addition to the trace 
solute which is injected intermittently, neglecting the terms in the right 
side of the equation (3) will introduce serious errors,, especially, when 
the solute content in the carrier gas stream is high. 
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Figure 1. Equilibrium Absorption Vessels. 
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If equations (3), (*0, and (5) are combined to eliminate dN 

and x then 
P 

L y 
(y - - y )dN » (G + A d y + (==£ - y , )dL + (y - y . )dG (6) wp-l Jp' p s p h. ' Jp XK Jp-1' p p Jp-1' p v ' 

Based on a material balance of the absorbing liquid in each vessel, 

L is related to x by the following relation 

m Km 
L
P

 s irnr = jfry- (7) 

p p 

then 

Km 

P̂ " 7-^72 % <8> 
* (K - y ) " 

By substituting these two equations into equation (6) it becomes 

f m ((K - yJ + y - Ky h *?-
** - V + -5 ^ P̂  Pll_L < P_ ) . dGp (9) 

P l P (K - y ) 2 J yP"l yp 

Since the amount of the solute sample injected is assumed to be small, the 

change of the concentration of the solute inside each vessel after the in­

jection is small too, so is the change of the number of the moles of gas 

in vessel p . Mathematically, the above statements can be expressed as 

dyp — > 0 (10) 

dGp — * 0 (11) 

y . - y — > 0 (12) 
^p-l Jp v ' 



Ik 

y p - l ' ' y p ' " y 0 , ( 1 3 ) 

dy 
when dy — * 0 and (y n - y ) — ^ 0 , ( * ) is still a finite 

°P
 wp-i v Vp.! - yp 

value in comparison to dG ; therefore, dG can be dropped since it is 

negligible compared to the other terms, Then upon substitution of equa­

tion (13) into equation (9), the latter equation becomes 

dN = G + -
m.K(l - y°) 

(K - y°) 2 yp»l " yp 

The subscript p of G and N can be dropped in equation (lU) because 

when the amount of sample injected is small, the variations of these two 

quantities between any two vessels are so small compared to G and N 

themselves that they are negligible . 

Equation (lk) can be put into a simpler form by defining 

v S (15) 
m K(l - y°) 

G +-S -—-
(K - y°) 2 

where N is the number of moles of mobile gaseous stream which has passed 

through vessel p at time 0 . Hence 

dv . m ( l 6) 
m K(l - y°) 

G + 
(K - y°) 2 

'However, in equation (k) N - and N can not be ia,ssumed to be equal 
because the difference of N ' and N is not negligible in comparison 
to the difference of y , ana y . p 

P 
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By substituting equation (3.6) into equation'(ik), the latter is simplified 

to 

ay. 
P = y „ -i •• y^ ( i 7 ) dv J p - 1 ''p 

By de f in ing 

* i = y •, - y° (18) 
p - i J p - i J 

o Yp = y p - y u (19) 

the variables in the equation (17) can be replaced by 

dY 

^ = Y„ i " Y„ (2°) 
dv p-1 p 

Solving equation (20) with the following initial condition: at 

0 s 0 (N SS 0 , also v = 0), for all vessels except the first, y = y 3 
XT 

and Y = 0 , while for the first vessel (numbered as -;he vessel 0) 

y = y , and Y = y - y = Y .we obtain 
o s o s s 

-v p 
Y = Y (£—?-) (21) 
p s v p I ' 

The integration of equation (20) to obtain equation (2I„) is presented in 

Appendix I. 

Equation (21) gives the concentration profile of a small solute 

sample which is carried through the gas chromatographic column continu­

ously by a mobile gaseous stream. The concentration (Y ) is a function 

of the time (expressed as the moles of gas which have passed through the 
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column, N or v) as well as distance (expressed by the number of the 

vessel, p) inside the column. 

The maximum concentration of solute occurs in vessel p when 

dY 

d^ = ° ^ 

By combining equations (20) and (22), 

Y -, = Y (23) 
P-l P 

and substituting the resultant equation (23) into equa.tion (21) to obtain 

f^—^ = ̂  (210 
(P ~ I)' Pi 

yields 

v = p (25) 

Equation (25) shows that for any vessel p , the maxiirum concentration 

occurs when v is equal to p . 

The number of moles of gas which has -passed through vessel p when 

maximum concentration occurs in this vessel is obtained by combining equa­

tion (25) and equation (15)• 

<N W - at p " P 
• mfl - y°)K "I 
G + — 

(K - y°)2 
(26) 

The gas chromatographic column is considered to be composed of (n +^l) 

equilibrium vessels. The last vessel is the nth vessel because the 
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first vessel was numbered zero. The number of moles of gas which has 

passed through the last vessel when the maximum concentration occurs at 

the end of the chromatographic column may be obtained by replacing p 

with n in equation (26). 

(N) . : = n x 'y^max. at n 

ni (1 - y°)K 
G + — 5-

(K - y°) 2 

m K(l - y°) 

(27) 

By assuming n is sufficiently large that 

n = n + 1 (28) 

the following equations are obtained: 

nG = (n + l)G = G (29) 

nm '== (n + l)m = m (30) 
s ' s s v ' 

Using these equations, equation (27) becomes 

(N) . = G + - £ — —*- (31) 
7y=0Dax. at n fv. o^2 w ' 

(,K - y ) 

where G and m are the moles of the gaseous phase and moles of non-s 

volatile absorbing liquid inside the whole column, respectively. 

*The method of calculating number of theoretical plates (or equilibrium 
absorption vessels) from the chromatogram has been described by Martin 
and Synge (2k) and Keulemans (ll). The number of plates is in general 
over 30 per foot of column length. The number of plates of the two col­
umns (3 feet each) used in the present study varied from 150 to lj-00, de­
pending on the column temperature, flow rate, etc. 
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In order to compare equation (31) with equation (l), equation (31) 

is converted from mole units to the more conventional volume units: 

_ m (l - y ) 
P G V N = P G V G + ^ ^ 2 (3£) 

K(l - x ) 

Based on the material balance of the absorbing liquid, we obtain 

_ __ m 
E - " LVL - r-H (33) 

1 - x 

where L = total number of moles of liquid phase inside? the column. 

By substituting equation (33) into equation (32) and re-arranging it, 

equation (32) becomes 

^^^i^^H1 (3 l° 
G 1 - x 

Comparing equation (3*0 with equation (l), it is seen that equation (l) is 

merely a special case when y and x , the concentration of solute in 

the carrier stream and absorbing liquid, are zero prior to the injection 

of the trace amount of the solute. 

By defining 

P 
PG = ZTRT ^ 3 ^ 

o 

where P = pressure at the column exit, mm. Hg 

Z = compressibility factor at temperature T £.nd pressure P 

T = column temperature, °K 
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R = gas constant 

and substituting equation (35) into equation (3*0* equation (3*0 becomes: 

Z RTm K(l - y°) 

N G Po(K - y°)'-

Equation (36), which was first derived here from the theoretical 

plate model, has been derived by Stalkup and Dean (26) from the rate 

process approach. They assumed the point equilibrium between liquid and 

gas throughout the column and a band of constant composition moving through 

the column, although they pointed out "in reality the composition of the 

solute band continuously changes from entrance to exit of the column". In 

other words, they have assigned that the chromatographic column is so effi­

cient that it is equivalent to an infinite number of theoretical plates in 

a finite length. Both the rate and plate models arrive at the same rela­

tion between the equilibrium constant and the retention volume of the peak 

concentration. This agreement results rather incidentally from the fact 

that the retention volume of the peak concentration is independent of the 

number of theoretical plates the column is equivalent to, as 2x>ng as the 

number is sufficiently large, as it is shown in equations (29),, (30), and 

(3l)» Consequently, the correct relation results ever., if in the case of 

the simplified rate model the number of plates much gieater than those 

which can be practically realized has "been assumed. However, no such 

liberty is allowed in predicting the concentration profile of solute other 

than the peak point. The rate model by Stalkup and Dean (26) does not 

predict the same concentration profile expressed by equation (21) which is 

a Poisson distribution in agreement with the commonly seen experimental 
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chromatograms• 

By re-arranging equation (31) and adding the subscript 2 to K 

and y to designate solute to be consistant with the symbols used in the 

later chapters, equation (31) becomes: 

K0 (N - G)M 2 m s ( 3 T ) 

( K 2 - y ° 2 )
2 ( l - y > s 

where N = N . 
m y=max. at n 

= the number of moles of gaseous mobile phase which has passed 

through a gas chromatographic column when the concentration 

of the solute at the end of the column is maximum. 
M = molecular weight of the absorbing liquid, gram/mole 
s 

W = M m 
s s s 

= total amount of the liquid phase inside the column, gram 

In the derivation of equation (37)> an assumption has been made 

that the whole gas chromatographic column is under a uniform pressure- In 

any practical gas chromatographic column, a pressure gradient is required 

to move the gas phase through the column. To account for the effect of 

the change of the density throughout the column due to the pressure gra­

dient, a correction factor has been derived by James e.nd Martin (27), 

based on the assumptions that l) the gas flow in the column is a laminar 

flow , and that 2) the gas phase behaves as an ideal gas. For a column 

'The Reynolds number of the gas flow inside the gas chromatographic col­
umn was below 120 in the velocity range covered by the: present study. Ex­
perimental data summarized by Brown (28) show that flow in a porous medium 
changes from the laminar flow to the turbulent flow when the Reynolds num­
ber is greater than i+00. 
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•with p r e s s u r e g r a d i e n t , equa t ion (37) t hus i s modified as 

O x Is 

'•2 " 72} 

(N - Q)M f 
• m ' s p 
( i - s%) w. 

(38) 

, ( P . / p ) 2 - l 
f = (|) IJLS— 39) 

where P. is1, the column inlet pressure and P is the column exit pres-
1 O 

sure. When 1-0 < (P-/p ) < 3-•025 , as in the pressure; range involved in 

the present study, the correction factor falls in the range of 0*99 to 

1-00. 

If equation (38) is solved for Kp ., it bec?oj»?.3 

K
Jtu,* /-* O \ JL» 

P ~ ^ c y p + a J + p ^ ^ 2 * a-* > :* 
• * ; . 3 o . (40) 

•where 

yp w . 
£1 = 

(H - G)M,f 
m P 

C*D 

In equation (40) only the positive root is chosen became if the negative 

o 

root is chosen Kp becomes zero at yp « 0 <9 which apfc^ektly is a triv­

ial answer „ 

The activity coefficient of the solute in the liquid phase is de­

fined as 

f 
X2V 2L 

X2 "2L 

(^) 
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and a correction factor for the imperfection of the vapor phase is defined 

as: 

4 - -^fi- (>*) 
V P f 
¥ i 2 L 

Combining equations (̂ 2) and (̂4-3) to eliminate (f /f̂ . ) the following 

equation results 

0 P 
v (

 y2 m 
'21, v o o 

*2 *2 

) 0 (M-) 

K0 P 

= (-V5) 0 i>5) 
P2° 

where 2_ - activity coefficient of solute dissolved, in the non-volatile 

absorbing liquid 

fp^ = partial fugacity of the solute vapor at column temperature, 

T , column pressure, P , and solute concentration, y 

f = fugacity of the pure solute liquid at column temperature, T , 

and column pressure • P 
* * m 

P = total pressure inside the column 
m 

Pp = vapor pressu2*e of the solute at the column temperature, T 

Through equations (ko), (*+•!), and (k-5), %, is expressed as a function 

Qf P , T , P , Z , 0 y (N -G) and y_ T , the column temperature, 

and P , the column pressure, are the measurable quantities. P? , the 

vapor pressure of solute can be determined from the column temperature if 

a suitable temperature and vapor pressure relation is known. The determi-
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nation of 0 , (N - G) and y is discussed in subsequent sections. 

Correction for the Imperfection of the Vapor Phase.--The correction factor 

(/> , defined by equation (̂ -3); primarily is a measure of. the non-ideality 

of the vapor (gaseous) phase involved in the vapor-liquid equilibrium 

study. (0 includes also a minor correction term which accounts for the 

effect of the difference of the total pressure and vapor pressure on the 

liquid phase. This minor correction term is the only correction which 

would be necessary if the gaseous phase behaved ideally/) To determine 

the quantity, an experimental P-V-T-y relation or an equation of state 

which can represent real gas with reasonable accuracy :.s required., In 

this study a vlrial form of an equation of state truncated after the sec­

ond term was assumed. For a binary system, the equation can be written 

for each pure component and their mixture as 

N.,RT NnBn1 

\ - -z- (i + - ^ 
V 1 

(46) 

NJRT 
P2 = 

tt,B„5 
(i. + ~ ) W) 

•prp 

ta-tel+Wp 
m 

r (N + N2)Bm 

1 + 
V 
m 

Chi 

where 

Bm " -ylBll + 2yly2B12 + y2B22 (U9) 

The determination of the second vlrial coefficients, Bin , B00 , 
• 11. t-d. 
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and B.. p is discussed in the latter part of this section. 

In order to express 0 in terms of the variab].es of the equation 

of state} the following thermodynamic relations are introduced: 

Beattie and Stockmayer (29) have shown that for a pure gas: 

RTlnf 

00 

V, 

dP, 
c 

~oX VP,T 

RT 

V 
™2 - RTln Of (50) 

and for component 2 in a gaseous mixture 

V 
m 

RTlnf 2- = 

V 
m 

dP 
nu RT 

AN ' — " — 
2 V ,T V J 

m m 

V 
dV - RTln =r-~ 
m N«RT (51) 

Because by definition 

and 

V = ) N.V 
m / , 1 m 

N, 
y 2 " Z N. 

(52) 

(53) 

Equat ion (51) may be changed t o : 

V 
m 

RTlnf 2V 

• dP 
( m 

v 
m 

V 
m 

V 
dV - RTln — ~ 

m yv-rRT (5*0 

Equat ion (50) i s s u b t r a c t e d from equa t ion (5*0 t o obte,in 
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In 
2V 

y2f\ 

1_ 
RT 

— 00 

V 
m 

'_ L 
V 
m 

oT 
i 

v °° 
2 

<^r> 
RT 

V • 
m 

a\ " IT 
V, 

dPo RT 

V ' 

V2 
dV2 + In ̂ -

m 

(55) 

A minor correction for the pressure effect on the fuge.city of solute in 

the liquid phase is made here to convert f0 (at P0 ) to fQ (at P ) 
2L 

/

>m 
VOTdP 

n L 

P, 
r2 

(56) 

Equation (56) is substituted into equation (55) to obtain 

— 03 

V 
m_ 

In 2V 
y2f2L RT 

oP 
_r 

IN, 
(̂ sr-) 

v 
m 

RT 

V m 
dv
m - k 

— CXi 

V2 

V, 

a ?2 

^H 
RT 

V 
dV, 

V, m 
+ ln--J V 

m u 

P° 2̂ 

(57) 

where f = fugacity 

f = partial fugacity 

N - number of moles 

p = pressure 

T = absolute temperature 

R = gas constant 

V = molal volume 
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V = total volume 

y = mole fraction in the vapor phase 

Subscripts: 1,2,...,i ~ component 1, 2,..., i 

m » mixture of component 1, 2,...; and i 

L = liquid phase 

V = vapor phase 

Superscripts: 

o --= at the pressure equal to the vapor pressure of 

the pure component 

00 = at a very low pressure such that the gas may be 

considered as an ideal gas 

By differentiating equations (h6), (^7), and (^8), substituting the re­

sults into equation (57)> and performing the integration, the following 

equation results: 

n 2V m _ H2 o/rrO -i \ 2L ,-_. _o \ 
^ 7JZ = ln 15" + ̂  — " 2(Z2 " 1} " W ' Pm " P2 ) 

d cLL Fp m 

2P 
+ r f r ( y i B i 2 + y 2

B22 } ( 5 8 ) 

m 

Z is defined as 
m 

P V 
7 _ m m /CQ' 
m " (^ + N2)RT

 v^' 

Solving the quadratic equation (̂-8) for V a:id substituting it 
m 

into equation (59)> Z is found to be 
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B P l/2 
m ni z m = 0.5 + (0.25 + - ^ s ) (60) 

Only the positive root is chosen because this root lea.ds to unity when B 

is equal to zero for an ideal gas. Similarly, 

P° V 
Z2 = Of := °*5 + ( ° ' 2 5 + B22 P | / R T ) 1 / 2 ( 6 l ) 

2 

The correction factor for the imperfection of the vapor phase has 

been defined as: 

f P° 

0 - (rnr)(=£-) (̂ 3) 
y2 m 2L 

Substituting equation (̂ 3) into equation (58), the following final equa­

tion is obtained: 

Z° V 2P 
in 0 = m JL. - 2(2° - 1) - g|£ (P - P| ) + ^ ( y ^ + y2B£2) (62) 

m m 

In addition to the assumption of the equation cf state of the 

virial form, the following assumptions were made in the derivation of 

equation (62): 

1) The volume of the liquid phase of component 2 (solute) is 

independent of pressure in the range of P to P 

2) The vapor phase is a binary system which ccnsists only of the 

carrier gas (component l) and solute vapor (component 2). The vapor 

pressure of the absorbing liquid is assumed to be negligible. 
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In order to solve equation (62), the second virial coefficients of 

the inert carrier gas, solute vapor and their mixture are required,, The 

second virial coefficient of helium (inert carrier gas) can be calculated 

from the constants of the Beattie-Bridgeman equation of state. Korvezee 

(30) calculated the second virial coefficient of benzene (solute) by inte­

grating the derivative of heat capacity with respect to pressure and 

choosing the integration constant from the best available experimental 

values of second virial coefficients at 320°K. Techo (31) fitted a 

Berthelot type equation to the experimental data of the second virial co­

efficient of benzene. Both Korvezee's and Techo*s equations agree well 

in the temperature range which was involved in the present study. Kor­

vezee' s equation was chosen. No experimental data are available for the 

second virial coefficients of mixtures of benzene and helium- As it is 

shown in Table ik of Appendix III, at 50° C, B,p of the mixture of helium 

and benzene, estimated by mixture rules suggested by l) Lorentz and 

Berthelot (32), 2) Guggenheim and McGlashan (33)> and 3) Prausnitz and 

Gunn (3*0 varies from 22 to 51 ml./gm. mole. The Praiasnitz and. Gurm's 

rule is chosen in the present study because it has been shown to agree 

well with experimental data in the system of hydrogen and decane,, which 

resembles the present system of helium and benzene as far as the ratio of 

molecular sizes of the two components involved is concerned-

The second virial coefficient of n-hexane (solute of the second 

system being studied) was calculated by the equation suggested by Pitzer 

and Curl (35) which is based on the principle of corresponding states, 

The value calculated at 30° C (- 1800 ml./gm. mole) agrees with the experi­

mental value (- 1600 ml./gm. mole) given by Lambert et al. (36). Praus-



29 

nitz and Gunn's (3*0 rule was used to calculate the B,« of helium and 

n-hexane. 

Determination of Concentration of Solute in the Vapor Phase.--A gaseous 

mobile phase of constant composition was prepared by passing helium gas 

stream through saturators containing liquid solute maintained at a con­

stant temperature. The gas stream coming out of the saturator was allowed 

to flow through the gas chromatographic column until e. steady state was 

reached, as indicated by a thermistor detector which compared the concen­

trations of solute at the column input and output (see Chapter IV "Experi­

mental Equipment")* At this point, the concentration of solute in the 

vapor phase of the column was equal to its concentration in the exit 

stream from the column. The concentration of solute in the exit stream, 

was determined by the absorption of solute in the activated charcoal.. 'The 

length of the absorption period, 0 , was recorded by a stop timer and 

the volumetric flow rate of the solute-free helium coming out the exit of 

the absorption bottle was measured by a soap film flov meter (see Chapter 

XV, "Experimental Equipment"). The helium stream -was saturated by the 

water vapor inside the soap film. flow meter at temperature t- and pres­

sure P_ . The volumetric flow rate of helium at t« a.nd P„ can be 

f f r 

converted from the wet basis (water saturated) to the dry basis by the 

following equation: 

vf = Vfv ( f P °) <63) 

where VI = volumetric flow rate of water-saturated helium stream measured 

by soap film flow meter in ml./sec. at the; temperature t„ 
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and the pressure P^ 

Vi = volumetric flow rate of dry helium gas at t and P 

P « vapor pressure of water at t« 

The flow meter was maintained at room temperature, therefore, P 

(20 to 30 mm. Hg) was small compared to P,, (atmospheric pressure). Thus 

the helium-water vapor mixture can be assumed to be a perfect gas mixture 

in equation (63) with negligible error. 

The volumetric flow rate of dry helium Vi car. be converted to 

molal flow rate of dry helium, N' , by the following equation: 

V'Pf 

** = 44 <*) 
Z1f, which is the compressibility of helium gas at Tf and P„ can be 

evaluated by equation (6l) after substituting B.. fcr B 2 2 , Tf for T , 

and Pf for B> 

Zlf = °'5 + ( ° * 2 5 + ]3llPf/]RTf)1//2 ( 6 5 ) 

o 
The mole fraction of solute in the gaseous mobile phase, y2 3 

thus can be calculated by the following equation: 

^2 
y° M2 

1 - y| Nf9D 
(66) 

where Wp = the number of the grams of solute adsorbed, by the activated 

charcoal during the time period of 0 

Mp = molecular weight of solute, gram/mole. 
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0 = length of the time of adsorption, second. 

Equation (66) is based on the assumption that the adsorption of so­

lute by the activated charcoal was complete. This has been studied in 

this research for the case of benzene and activated charcoal. 

1) The samples which were taken from the inlet and outlet of the 

adsorption bottle were analyzed by a gas chromatograph; The outlet con­

tained less than 0.10 mole per cent benzene while the inlet stream con­

tained 30 mole per cent benzene. 

2) The mole fraction calculated by equation (6k) was compared with 

that computed from the vapor pressure of benzene at the temperature of the 

saturator, based on the assumption that the saturation is complete. The 

deviation, in general, was less than 3 per cent of the computed value (see 

the section "Discussions of Experimental Results" of Chapter VI). 

Determination of (N - G).---N has been defined as the number of the v m J m 

moles of the gaseous mobile phase which has passed through a gas chromato­

graphic column from the time of the injection of the solute into the col­

umn to the appearance of the peak concentration of the solute at the end 

of the column; and G is the number of moles of gas phase inside the col­

umn. By re-arranging equation (38) to the following form 

W(l - x° ) 
N = G + — ^ 5 (67) 

M 1 " 4 > Msfp 

it can be seen that G is merely the N of a solute sample, such as 

air, with Kp approaching infinity. (N - G) thus can be obtained by 

simply measuring 0 , the time interval between the appearance of the 

concentration peaks of air sample and solute sample which are injected 
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simultaneously, then multiplying it by N„ , the molal flow rate of the 

gaseous mobile phase. 

Nm - G - NfeR (68) 

0R is called "apparent retention time" in the field of gas chro­

matography. Np is related to Nl , the molal flow r&te of dry helium 

gas, by the following equation; 

N£ = Nf(l - y| ) (69) 

By combining equations (63), (64), (68), and (69), the working 

formula for the calculation of (N - G) becomes: 
v m ' 

(\ - 5> • ^y^fK-^^ <•*» 

A sample calculation is presented in Appendix IV. 
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CHAPTER III 

SYSTEMS! AND MATERIALS 

Two binary systems, diethylene glycol -- benzene and 1,2,1+ trichlo-

robenzene -- n-hexane, dictated by the following reasons, were selected 

for the present study: 

1) Relatively low vapor pressure of diethylene glycol and 1,2,4 

trichlorobenzene: 1.2 nun. Hg at 90°C and 0.82 mm. Hg at 30°C, respec­

tively. 

2) Suitable volatility of benzene and n-hexane: 200 mm. Hg at 

1+2.2°C and 31.6°C, respectively. 

3) Phase equilibrium data of the two binary systems, obtained from 

static equilibrium measurements by Pierotti et al, (13) and Neckel and 

Kohler (l^), were available for comparison. 

The diethylene glycol used was supplied by Matheson Coleman and 

Bell Division of the Matheson Company, Norwood, Ohio, with the specifi­

cation of B.P. 128-130°C/l0 mm. Hg. Its refractive indices, measured in 

this laboratory, were ND
 J = l.M+535 and N ' = 1.M+-710 , re spec-

20 Q C 
tively. The latter value agrees well with IL J = 1.1*472 reported by 

1 
Curme and Johnston (37)* Analysis was made with a Perkin-Elmer Vapor 

2 
Fractometer using a "Q" column at a temperature of 220°C. No impurities 

Perkin-Elmer Corporation, Norwalk, Connecticut. 
2. 
Apiezon "L" Grease coated on diatomaceous earth, maximum recommended 

temperature 325°C, supplied by Perkin-Elmer Corporation. 
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could be found. 

The benzene used was Baker reagent grade with the normal boiling 

point specified as 80.1 + 0.2°C. This commercial reagent was recrystal-

lized twice in this laboratory. The solid portion, which had a refractive 

25°C 
index N_ = IA9792 , the same value reported by the API project kk 

(38), was retained. Analysis by the Perkin-Elmer Vapor Fractometer using 

a diethylene glycol column indicated that the purified benzene contained 

less than 0.02 weight j)er cent of impurities. 

The 1,2,,̂  trichlorobenzene used was also supplied by Matheson Cole­

man and Bell Division of the Matheson Company, with the specification of 

M.P. 17°C« Analysis by the Perkin-Elmer Vapor Fractometer using a "Q" 

column at 175°C indicated it contained five different trace impurities, 

amounting to a total of 1.5 weight per cent. After recrystallizing it for 

three times, the impurities were reduced to 0.5 weight per cent- The 

melting point of the purified product was determined as 1.6.8 to l6.9°C, 

which agrees well with the values given in the International Critical 

Tables (l6.6°C) (39) and Neckel and Kohler (l6.7°C) (lA). 

The n-hexane used was Phillips Petroleum Company's "pure-grade" 

with the specification of minimum 99 VeT cent purity. Analysis using a 

2 
Perkin-Elmer "A" column indicated that it contained less than 0.5 weight 

per cent impurities. Its refractive index measured by Hwa (kO) was 

"Apiezon "L" Grease coated on diatomaceous earth, maximum recommended 
temperature 325°C, supplied by Perkin-Elmer Corporation. 
2. 
Diisodecyl phthalate coated on diatomaceous earth, maximum recommended 

temperature 175°C, supplied by Perkin-Elmer Corporation. 
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20° C 20°C 
ND = 1.37^91 against ND = 1.37^86 reported by API Project kk 

(38). Some of the same lot of reagent which had been used in Hwa's in­

vestigation was used in the present study. 

Helium was used as the inert carrier gas because of its inertness, 

its high thermal conductivity which provides high sensitivity for the 

thermistor detecting cell in the Perkin-Elmer Vapor Fractometer used in 

the study, and its low solubility in the liquid phase. The helium gas 

used was supplied by Marks Oxygen Company, Savannah, Georgia, with guar­

anteed parity of 99*99 Pe** cent. A three-foot, 3/l6-inch I.D. copper 

tubing, packed with adsorbent Molecular Sieve 13X, was installed in the 

outlet of the helium tank to remove any traces of moisture from the helium. 

The experimental GLC columns used were prepared using particles of 

Johns-Manville Firebrick C-22 as the inert solid support material. This 

material has been accepted by the workers in the field of gas chromato­

graphy as the most efficient support material because of its inertness 

and porous structure which provides great contact area even if the par­

ticles used are relatively coarse. The particles used were prepared by 

grinding Firebrick C-22, supplied by Johns-Manville Company. After care­

fully screening, the sieved 1*4- to 20 mesh size particlas were washed with 

distilled water and then dried in a 300°C oven for three hours before 

being coated with diethylene glycol or 1,2,14- trichlorobenzene. 

*Johns-Manville Company, 22 E. ̂ Oth Street, New York, New York. 
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CHAPTER IV 

EXPERIMENTAL EQUIPMENT 

The schematic diagram in Fig. 2 gives the general layout of the ex­

perimental apparatus. The apparatus consisted essentially of l) a gas 

saturation system, including flow rate control valves, gas saturators, a 

de-entrainment trap and a constant temperature water bath, to prepare the 

carrier gas containing a known concentration of solute; 2) solute adsorp­

tion bottle and adsorbent regenerator; and 3) & gas-chromatographic unit 

including column, column oven and heating system, detector, and recorder. 

The design and function of each of these principal components, along with 

their associated measuring instruments., is discussed in detail below: 

Gas Saturation System'. 

The carrier gas, containing a definite amount of solute vapor (ben­

zene or n-hexane), was prepared by passing the helium gas stream through 

saturators (j) containing liquid benzene or n-hexane. To assure that the 

exit gas had been saturated at the liquid temperature, three gas satura­

tors, made of vertical tubes and fritted glass dispersers, were connected 

in series. The third one (K ) , containing no liquid initially, served pri­

marily as a de-entrainment trap. All the three saturators were immersed 

in a ten gallon constant temperature water bath (F), manufactured by 

Wilkens-Anderson Company, Chicago, Illinois. The bath, consisting of a 

'Letters refer to Fig. 2. 



A — Helium Tank 
B - Pressure Regulator 

C - Molecular Sieve Moisture 

Adsorption Column 

D - Rotameter 

E - Pressure Reducing Needle 

Valve 

F — Constant Temperature 

Water Bath 
G — Thermometer 
H — Stirrer 
I — Thermostat 
J — Saturator 
K — De-entrainment Trap 

L - Three Way Valve 
M — Monometer 

N - Heating Coil 
0 - Thermocouple 

P — Constant Temperature 

Column Oven 

Q - Detector 

R — Pre-saturation Column 
S - Sample Injection Block 

T — Gas-Chromatographic Column 

U - Turner Adsorption Bottle 

V - Heater 
W - Humidifier 

X — Soap Film Flow Meter 

Figure 2. Schematic Diagram of Equipment. uo 
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stirrer (H), a refrigerator and a heater both controlled by a mercury 

thermo-regulator (i), maintained a constant temperature (+ 0.05°C) over 

the range both above and below room temperature as measured by a 0.1°C 

subinterval mercury thermometer (G,), which had been compared with a 

National Bureau of Standards certified 0.1°C subinterval mercury ther­

mometer* The benzene-saturated helium which left the de-entrainment trap 

(K) was led by the copper tubing into the column oven (P). The tempera­

ture of the wall of the copper tubing was maintained at a temperature 

above the water bath temperature by an electrically heated coil (N) and 

fiber glass insulation to prevent the condensation of solute vapor in the 

carrier gas stream. 

Adsorption Bottle:, 

In order to determine the concentration of solute in the carrier 

gas stream, (which is also the concentration of solute in the vapor phase 

of the gas chromatographic column) the gas leaving the column was led by 

the heated copper tubing into a Turner (̂ l) adsorption bottle (u) filled 

with activated charcoal (Columbia, Q/lh mesh, Grade 6G). The flow rate 

of the solute-free helium leaving the adsorption bottle was measured by a 

soap film flow meter (x) which had been described by Keulemans (̂ 2)„ The 

product of the exit flow rate and length of adsorption time, measured by 

a Thompson electric stop timer, yielded the total volume of the solute-

free helium passing through the adsorption bottle. This value must be 

corrected for the water vapor present in the soap film meter. To assure 

that the helium in the filLm flow meter was saturated by water vapor at the 

temperature at which the measurement was carried out, the Tygon tube (W) 

connecting the Turner adsorption bottle and soap film flow meter was 
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packed with coarse particles of Firebrick soaked with soapy water. The 

amount of solute being adsorbed was obtained by the difference between the 

weight of the Turner adsorption bottle (u) before and after the adsorption. 

A Fisher chemical balance was used for weighing. The weights, Ainsworth 

class S, were calibrated individually by the supplierc' with a maximum cor­

rection of 0.03 mg. marked for each weight. To regenerate the activated 

charcoal after adsorption, the Turner adsorption bottle (u) was purged by 

solute-free helium gas, by passing the saturators and column. The tem­

perature of the Turner bottle was maintained at 380°F during the period 

of regeneration by an electrical heater (v). 

Gas Chromatography 

The diethylene glycol gas-chromatographic column was prepared by 

dissolving 6.370 grams of diethylene glycol in a mixir.g solution of 20 ml. 

ethyl ether and 9 ml* chloroform . 21.760 grams of 1^-20 mesh, sieved, 

washed and dried particles of C-22 Firebrick was then poured into the 

glycol-ether-chloroform solution. The coated particles, after being well 

stirred, were dried under 30 mm. Hg vacuum on a water bath maintained at 

30°C. Its total weight was checked every 30 minutes to prevent the coated 

particles from being overdried. Five hours later, the total weight re­

duced to the summation of the initial weight of diethylene glycol and 

Firebrick.' This indicated that the ether and chloroform,,, which only serve 

as diluent for diethylene glycol, had been drived out. Because the vapor 

*Fisher Scientific Company, Bedford, Ohio. 
2. 
Ainsworth Company, Denver, Colorado. 

3, 
Ether-chloroform solution served as *a diluent to assure a uniform coat­

ing of diethylene glycol on Firebrick. Pure ether was not used because it 
did not completely dissolve diethylene glycol. Both the ether and chloro­
form were Baker reagent grade. 
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pressure of ether and chloroform at 30°C are 5̂ 0 mm* Kg and 230 mm. Hg, 

respectively, whereas that of diethylene glycol is on].y 0.015 mm. Hg, the 

loss of diethylene glycol during the drying process should have been neg­

ligible . 

The coated Firebrick particles, stored until used in a calcium 

chloride filled desiccator to prevent the adsorption of water by diethyl­

ene glycol, was packed into a 3-foot copper tube of l/k inch O.D. and 

3/.1.6 inch I.D.; 7*996 grams of coated particles were packed into the col­

umn. The total weight of diethylene glycol inside the column was calcu­

lated to be 1.809 grams. 

The 1,2,̂ 4- trichlorobenzene gas chromatographic column was prepared 

in the same manner. Pure ethyl ether instead of ether-chloroform solution 

was used as the diluent. The coated Firebrick was packed into a 1 meter, 

l/k inch O.D. glass tube. 5«75l6 grams of coated particles was packed 

into the column and the 1,2,^ trichlorobenzene inside the column was cal­

culated to be 1.6803 grams. 

The prepared gas chromatographic column, (l?) va<? installed in an 

inverse U shape vertically inside the column, oven (P) of a Perkin-Elmer 

Vapor Fractometer Model 15^-C The temperature of the oven surrounding the 

column was maintained within + 0.1°C by a thermistor-controlled electric 

heater on the top of the oven. Hot air was circulated throughout the oven 

by a fan. Three thermocouples (0„ , 0> , 0C) were placed on the outer 

wall of the column, seven inches apart longitudinally from, each other. 

The differences of the temperature indicated by the three thermocouples 

was less than 0.2°C. A fourth thermocouple had been inserted into the 

center of the column through a tee connection and a rubber serum cap. No 
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measurable difference (less than 0.05°C) of temperature had been detected 

between the thermocouple inside and that outside the wall at the corre­

sponding elevation. Therefore, the fourth thermocouple was eliminated to 

avoid the possibility of leakage from the gas stream passing through the 

column. The temperature reading of the thermocouple (0> ) located in the 

middle of the three on the outside wall of the column., was taken as the 

temperature of the column. All the thermocouples were calibrated against 

an NBS certified mercury thermometer with 1/10 degree centigrade subinter-

val. The fifty-six experimental points, covering the temperature range of 

26°C to 92°C, were fitted by a fourth power orthogonal polynomial equation 

using a Burroughs 220 computer. The standard deviation of fitted curve 

values and experimental values is + 0.07°C {+ 2 microvolts) with the maxi­

mum deviation of + 0.15°C (+5 microvolts). The. mill!voltage output of 

the thermocouples was measured by a Leeds and Northrup Model #8662 Poten­

tiometer with a precision of + 3 microvolts.. 

To reduce the evaporation of the absorbing liquid (diethylene gly­

col or triehlorobenzene) in the column., a "pre-saturation" column (R) was 

installed in the column oven preceding the sample injection block (s) and 

chromatographic column (T) in the path of gas flow. The two-foot long., 

3/l6 inch I.D. pre-saturation column was packed with 4 grams of diethylene 

glycol or triehlorobenzene coated coarse (greater thai l.k mesh) Firebrick 

C-22 (weight ratio of diethylene glycol or trichlorobenzene to Firebrick 

is 75:100). The carrier gas stream was saturated, or nearly saturated, by 

the diethylene glycol or trichlorobenzene at the same temperature as the 

chromatographic column before entering; the latter column; hence the vapor­

ization of the diethylene glycol or trichlorobenzene in the latter column 
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should have been greatly suppressed. 

The detector of the gas chromatograph is a thennistor type thermal 

conductivity cell, (ionization detectors, both beta ray and flame type, 

are not suitable for the present experiment because the detectors become 

insensitive when the carrier gas contains more than trace amount of so­

lute.) 'The temperature sensitive thermistors formed the four arms of a 

Wheatstone bridge. The difference in the concentration of the solute in 

the column inlet and outlet stream will cause an unbalance on the bridge 

circuit. The output signal is registered on a Leeds and Northrup milli­

volt recorder (0 to 5 millivolts range) which has a time constant of one 

second. The short time constant of the recorder, together "with the small 

dead volume (0.1 millimeter) of the detector cell, assures a rapid re­

sponse to the peak concentration. 

The column inlet gauge pressure was measured by a diisodecyl 

phthalate filled manometer.. It was found experimentally that the pressure 

drop from the measuring point to the true column inlet, and pressure drop 

from the column exit to the atmosphere were on the order of 0..1 mm. Hg, 

respectively, at the maximum flow rate (100 milliliter per minute) used 

in this study. Therefore, the pressures read from the manometer and a 

barometer, which was standardized against a precision barometer in the 

School of Chemical Engineering, Georgia Institute of Technology, cali­

brated to 0.05 mm. Hg by Edwards (̂ -3)̂  were taken as the inlet and outlet 

column pressure. 



3̂ 

CHAPTER V 

EXPERIMENTAL PROCEDURES 

At the beginning of a run, the -whole system was; checked for gas 

leakage. Helium gas was admitted into the gas chromatograph and both in­

let and exit ends were blocked off when the pressure inside the chromato­

graphic column had reached seven to eight inches of ws.ter. The rate of 

decrease of pressure, observing from the diisodecyl phthalate manometer 

(M), indicated the rate of leakage. No more leakage than two inches of 

water per hour, which roughly corresponding to two milliliters of gas per 

hour, or less than 0.1$ of the flow rate of the carrier gas, was accepted. 

The saturators were than filled about three-fourths ful.1 with liquid so­

lute (benzene or n-hexane) . Water was added to the we.ter bath (F) until 

the saturators and de-entrainment trap were completely covered.. The water 

bath was heated or cooled to a pre-determined temperature* The heater of 

the Vapor Fractometer was turned on to maintain the column oven (P) at a 

constant temperature. The heating coil (N) wrapped along the gas flow 

path was also turned on to maintain the temperature of tube, as indicated 

by thermocouples (0^, about 10°C above the temperature of the water bath. 

After these three temperatures had reached the desired, levels, the valve 

of the helium tank (A) was opened to let helium bubble through the satu­

rators and enter the column. The rotameter (D) gave s, fairly accurate 

value of the flow rate which was controlled by the pressure regulator (B) 

and needle valve (E). (The flow rate was measured more precisely by the 

soap flow meter (X) at the exit.) 



kh 

After the gas had teen flushing through the chromatographic column 

(T) for at least half an hour, the Leeds and Northrup Millivoltage Re­

corder was turned on. A stable base line indicated that the equilibrium 

condition had been reached inside the column because the base line could 

be maintained at a constant level only when the concentration of solute 

in the column inlet stream was the same as that in the exit stream„ It 

usually took from one-half to four hours, depending on the concentration 

of solute in the carrier gas and column temperature to reach this equili­

brium conditionc 

The Turner adsorption bottle (U), which was purged by helium gas 

at 380°F for at least four to five hours, was weighed to 0,1 milligram. 

The room temperature, pressure and humidity during weighing were recorded. 

After the state of equilibrium had been reached inside the chromatographic 

column, the Turner adsorption bottle was connected to the exit end of the 

column. The period of adsorption was carefully timed- The flow rate of 

solute-free helium, coming out of the exit end of the Turner adsorption 

bottle, was measured by the soap film meter (x) . 

Samples of liquid solute in the range of 0.01 to 10.0 microliters, 

were injected, using Hamilton microsyringes" , into the chromatographic 

column (T) through the sample injection block (s) where a small heater 

vaporized the sample immediately. The liquid samples were injected along 

with 1.0 to 5*0 microliters of air. An air peak and Holute peak would 

'Manufactured by Hamilton Company, Witter, California. Two different 
models were used in the present study. Model 7001N In 1.0 microliter 
full capacity with 0.01 microliter subdivisions, and Model 701N is 10 
microliter full capacity with 0.2 microliter subdivisions. 
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appear on the Recorder, The time interval between the appearances of the 

two peaks, timed by a Thompson electric stop timer, was recorded as the 

apparent retention time. Various sizes of samples were injected in random 

order to study the effect of samples size on the retention time. The min­

imum size of sample required to produce a visible peak depended on the 

column temperature and the concentration of the solute in the vapor phase. 

The higher the temperature the smaller the size of sample was required be­

cause the peak becomes sharper and hence easier to be identified„ On the 

other hand, the higher of the concentration of the solute in the vapor 

phase the larger size cf sstmple was required because of the increase of 

the base line noise. Except for a few runs operated at a column tempera­

ture below 70°C and vapor concentration greater than 30 mole per cent 

where a minimum sample size of 3 to 5 microliter' was required to produce a 

visible peak, the smallest sample size used in every run was below 1.0 

microliter. (The chromatograms of benŝ ene samples, with the sizes varied 

from 0.2 to 10 microliters, were reproduced from the recorder chart and 

shown In Fig. 3«) The flow ra,tes -were measured before and after the in­

jection of a sample. The column temperature, temperature inside the soap 

film flow meter, and reading of manometer and barometer were also recorded. 

After four to ten samples had been injected -and the adsorption time 

was over forty minutes, the Turner adsorption bottle (u) was closed and 

disconnected from the gas stream. It was weighed to 0.1 milligram. The 

difference in the weight of the adsorption bottle before and after the 

adsorption, corrected for the effect of changes in room temperature, pres­

sure, and humidity on the weighing, if any, and the amount of solute in­

jected, was the net amount of solute adsorbed from the carrier gas stream. 



Figure 3* Chromatograms of Benzene Samples of Various Sizes. 
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The Turner adsorption bottle was heated to 380CF while purged by 

helium gas overnight to drive out the solute which hac. been adsorbed. 

The bottle was then ready for the next run. 

A period of from three to five hours was required to make a set of 

measurements at a specific column temperature and vapor phase concentra­

tion. 
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CHAPTER VI 

CALCULATION PROCEDURES, EXPERIMENTAL RESULTS 

AND DISCUSSIONS 

Calculation Procedures.--The procedures for calculation of the activity 

coefficient and the concentration of the solute in the: liquid phase by 

GLC method are summarized in the following steps, A sample calculation 

is presented in Appendix IV. 

l) Calculation of the mole fraction of solute in the gaseous mobile 

phase: 

By combining equations (63), (64), (66)• substituting 62,363 for 

R and (273-16 + t«) for T~ and re-arranging, one obtains, 

Q 62,363(W2/M2)(273.l6 + tf)zlf 

y2 = (9
D
)(VfvKPf "' Pn } + 62^363(W2/M2)(273-16 + tf)ZIf

 1 7 l ) 

where Z,« is calculated from equation {65),, W^ p t̂ a > 0^ , ̂ f^ * ̂ 7 ? 

are experimental data, Mp is the molecular weight of the solute., B.,,, 

is the second virial coefficient of helium, P , the vapor pressure of 

water at the temperature of flow meter, t„ , is taken from the Steam 

Tables by Keenan and Keys (hk)* 

2) Calculation of (N - G): 
J v m 

By substituting 62,363 for R and (273.16 + t,.) for Tp , equa­

tion (70) becomes: 



9̂ 

P„ - P 
N - G m - ̂ 273-16 + t/-^-)(6273g3^-)(6R) W 

where 0 , t, as veil as t , VI , P- are experimental data, 

3) Calculation of the equilibrium constant, Kc: 

K2 " 2^2y2 + a) + 2 
/0 c \2 » f c-\2 (2y2 + a) - M-vy2; 40) 

where 

a = 
^-yy ws 
(N - G)M f m s p 

(H) 

and f was calculated from equation (39)-

M Calculation of the correction factor for the imperfection of the 

vapor phase, '0 : 

Zo V2T 2 P 

l n ^ " l n ZT- - 2(Z2 - ^ F ^ - ^ ^ T -'1-12 ' 2̂-22-m ;m 
(y B + yQB00) (62). 

where 

y2 = y2 

yx - i - y2 

P = l/2(p. + P ) m I o 

T = t + 273.16 °K 

(73) 

(7<0 

(75) 

(76) 
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Pp , the vapor pressure of solute was calculated from the following An-

toine type equations given by the API Project k-k (38). 

Benzene: log P° = 6.90565 - 2^/j\°0^t (TT) 

(P° = 1*0 to 1500 mm. Hg) 
2 

n-hexane: l og P° = 6.87776 - 2 2 ^ 3 & P + t ( ? 8 ) 

(p° = 1 0 t o 1500 mil. Hg) 

Zp and Z were c a l c u l a t e d from equa t ions ( 6 l ) and ( 6 0 ) , r e s p e c t i v e l y . 

value of VoT vas taken from the (Lata given by API P r o j e c t kk ( 3 8 ) . The 

The determination of Bn _ ., ]L~ and B 0 0 has been discussed in the sec-
11 I.C. dd 

tion "Correction for the Imperfection of the Vapor Phase" of Chapter II. 

5) Calculation of the activity coefficient of solute in the liquid 

phase: 

K0P 
7 2 L . 0 - | » (1,5) 

P2 

It was noticed that (N - G) , hence also K,-, and '• calculated from 
% m •• ' ' 2 • 2L 

it, is slightly affected by the size of solute sample injected. During 

each run, in general, four to ten samples of various sizes up to .1,0 micro­

liters were injected. The activity coefficient, 72_ , calculated from 

equation (k-5) was plotted against the volume of sample injected, s . 

The extrapolated value of 7^ at zero sample volume was taken as the 

true activity coefficient of the solute. The effect of the sample size 

will be discussed further in the next section of the chapter. 
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6) Calculation of the moles fraction of solute in the liquid phase: 

The extrapolated value of 7p at zero sample size was substi­

tuted into the following equation which was obtained ty re-arranging equa­

tion (44). 

72L P2 

Experimental Re suits.--The activity coefficients of benzene in the binary 

system of diethylene glycol and benzene were studied at the three differ­

ent temperature levels. Twenty-three runs, with four to ten samples for 

each run, were carried out at the column temperature of 50°C. The con­

centrations of benzene in the vapor phase varied from run to run covering 

a range from zero to 30.0 mole per cent. The corresponding equilibrium 

concentrations of benzene in the liquid phase were zero to 31»1 mole per 

cent. Twenty runs were carried out at 70°C and twelve runs were carried 

out at 90°C. The concentrations of benzene in the vapor phase varied 

from zero to 55*6 mole per cent. They correspond to concentrations in 

the liquid phase from zero to 24.1 mole per cent at 70 °C and zero to 9*08 

mole per cent at 90°C, respectively. According to the experimental data 

of Johnson and Francis (4-5), diethylene glycol and benzene are completely 

miscible in the concentration ranges involved in this study, although 

they form two partial miscible phases at higher concentrations of benzene. 

(see Appendix V) 

The activity coefficients of n-hexane in the second binary system 

of 1,2,4 trichlorobenzene and n-hexane were studied only at a temperature 

of 30°C. The concentrations of n-hexane in the vapor phase covered a 
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range from zero to 13«^ mole per cent; the corresponding equilibrium con­

centrations of benzene were zero to 39*8 mole per cent. 

The experiments were actually carried out within + 1.5°C from the 

nominal temperatures. All the calculations were based on measured tem­

peratures which had an accuracy of + 0.2°C. Because it was found that 

the activity coefficient is not sensitive to a small change in tempera­

ture, the final calculated values were grouped into these four tempera­

ture levels. The total pressure inside the column varied slightly from 

run to run in the range of 735 "to 753 mm. Hg, The results obtained were 

tabulated in Tables 1, 2, 3, and k, respectively, for 50°C, 70°C, and 

9G°C, the three temperature levels of the system 1 and. 30°C of system 2. 

The run numbers in the first column of these tables are given in 

chronological order, whereas the expermental results are tabulated in 

order of increasing values of x~ . The random sequence of measurements 

was designed to reduce any systematical experimental errors. One such 

possible error, for example, is the error due to the loss of absorbing 

liquid inside the column during the prolonged purge by the carrier gas; 

this will be discussed further in a subsequent section. 

P in the second column is the total pressure inside the column, 
m 

which is the average value of the inlet and outlet pressures of the col­

umn: 

P » - 5<pt.+ po> ( T 5 ) 

the difference of P. and P was maintained to be less than 20 mm. Hg 

throughout the present study. Therefore, the deviation of the average 

pressure from the pressure at every point in the column was less than 
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+ 10 ram. Hg, which is less than + 1.5$ of the total pressure. 

The third column gives y? the mole per cent of the solute vapor 

in the mobile gaseous phase, calculated by equation (71)> 'which will be 

discussed further in the subsequent section "Comparison of the concentra­

tion of the solute in the mobile gaseous phase measured by the adsorption 

method and that calculated from the vapor pressure of solute at the tem­

perature of the saturator". 

The fourth column is the correction for imperfection of the vapor 

phase as defined by the equation (h-3) and calculated from equation (62). 

The fifth column is the activity coefficient of the solute in the 

liquid phase calculated by equation (k^>) and then extrapolated to the 

zero volume of sample size as described in the previous section "Calcula­

tion Procedures". 

The sixth column is the mole per cent of solute in the liquid 

phase calculated from equation (79)» 

All the experimental data were measured with an accuracy of + 1.5$ 

or better. (An analysis of the experimental accuracy of each measured 

quantities is presented in Appendix VI.) The overall accuracy in the 

measurement of the activity coefficient of the solute by the GLC method 

was thus estimated to be + 3$« This estimation is partially confirmed by 

comparing the activity coefficients of Runs 1, 2, 5> 2?, and 55 in Table 

1, Runs 10, 11, and 38 in Table 2, Runs ^3 and kk in.Table 3, and Runs 

56 and 65 in Table k. The reproducibilities of these :cuns in the several 

temperature levels were all better than + 2$ from the average values. 

The agreement between y~ and (yp ) as listed in Tables 10, 11, 12, 

and 13 also indicates that the flow rate and y have been adequately 
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measured -with an accuracy of + yf>-

y2 and (y2 ) will "be discussed 

of Experimental Results".) 

(The details of the comparison between 

in the subsequent section "Discussions 
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Table 1 

The Activity Coefficients of Benzene in Diethylene 
Glycol at 50°C Measured by GLC Method 

Run P 
m 

0 
y2 

7 2 I 

0 
X2 

No. mm. Hg mole pe r cent 0 
7 2 I mole pe r cent 

1 7k2.6 0.0 1.01.6 6.79 0 .0 

2 752.9 0 .0 1.016 6.72 0 .0 

5 Jk2.0 0.0 1.016 6.69 0 .0 

25 7^9*6 0 .0 1.016 6.6k 0 .0 

55 7^9-7 0 .0 1.016 6.63 0 .0 

9 71*1**2 k.33 1.012 6.25 1.91 

21* 7^3.9 k.89 1.012 5.97 2.2k 

23 7I&.9 6.27 1.011 5.81* 2.9I4-

8 7^5.5 6.32 1.010 5.92 3 .01 

k 7k0.3 7 .91 ,1.009 5-73 3*78 

22 7^3.6 7.79 1.009 5.60 3.82 

21 7^3-8 9-k7 1.008 5.3k k.9k 

7 7^5.9 10.21* 1.007 5.18 5 A 9 

3 7^3.6 11.53 1.001 5*18 6.16 

20 71*0.1* 12.37 1.006 5.05 6.76 

6 7^3-0 12.1*2 1.005 5.0k 6.89 

30 7k5«k l k . 3 7 1.00k k.69 8 A k 

19 739 A lk.l*9 1.00k k.66 8.53 

27 7^7.2 18 .01 1.001 k . 3 1 • 11.56 

28 71*6.0 21.81* 0.999 3.78 15-87 

26 7^3.2 2l*.10 0.997 3 .5^ 18.2k 

29 71*7.1* 27.88 0.991*- 3.02 25.27 

1*0 7^7.5 30.0** 0.993 2 .61 31.08 
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Table 2 

The Activity Coefficients of Benzene in Diethylene 
Glycol at 70°C Measured by GLC Method 

_ . o o 
P Yo x 

m 2 ,r, 2 
mm. Hg mole per cent 0 * 21, mole per cent 

71*3.0 0.0 1.028 6.49 0.0 

745.9 0.0 1.028 6.4o 0.0 

7ivi.l1- 0.0 1.027 6.51 0.0 

746.8 5.07 1.024 6.35 1.10 

7^6.5 6.44 1.023 6.19 1.45 

745.6 8.12 1.022 6.09 1.86 

745.3 8.99 1.021 6.02: 2.07 

745.7 10.38 1.020 5.84 2.48 

746.1 12.26 1.019 5.56 3.07 

745.6 14.64 1.018 5.55 3.63 

745.5 19.00 1,016 5.35 4.64 

743.9 21.04 1.015 5.18 5.20 

742.6 24.72 1.013 5.13 6.15 

743.4 23.34 1.012 5.04 6.32 

741.6 27.41 1.012 4.90 7.10 

744.3 30.89 1.010 4.57 8.46 

745.1 34.30 1.007 4.35 10.53 

747.8 44.06 1.001 3.77 16.20 

744.6 52.35 0.998 3.20 22.85 

742.7 55.56 0.997 3.13 24.06 

7ivi.l1-
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Table 3 

The Activity Coefficients of Benzene in Diethylene 
Glycol at 90°C Measured by GLC Method 

Run P 
m 

0 
y2 

0 
x 2 

No, mm. Hg mole per cent 0 
72L mole per cent 

1*3 7kQ.k 0.0 1.0M* 6.1*1 0.0 

kk 736.5 0.0 1.01*4 6.37 0.0 

51 7ij.l1.. 7 16.78 1.035 5.70 2.26 

^5 736.9 29.70 1.028 5.37 If.16 

50 7^.1 31.61* 1.027 5.1*1 kM 
k6 7^3.0 33.50 1.027 5.27 fc.73 
52 737 A 3^.38 1.027 5.26 1*.82 

**7 7^3-9 1*0. 50 1.021* 5.01 5.96 

5* 736 A 1*1*. 60 1.022 5.01 6.62 

1*9 7**2.0 1*6.15 1.022 l*.82 7.05 

1*8 7**6.1 5^.10 1.019 if .68 8.51* 

1*2 7^3.6 55.56 1.019 4.51 9.08 

7ij.l1
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Table k 

The Activity Coefficients of n-Hexane in 1,2,4 
Trichlorobenzene at 30°C Measured by GLC Method 

Run P 
m 

No. mm. Hg 

56 737-7 

65 750.2 

64 743.0 

62 740.5 

63 737-5 

57 745-3 

59 742.2 

58 745-2 

60 743-5 

61 750.6 

o 
y2 

0 
X2 

mole per cent 0 72L mole per cent 

0.0 1.020 2.82! 0.0 

0.0 1.020 2.8c! 0.0 

2.88 1.014 2.36 5.19 

3. to 1.014 2.31 5.79 

U.83 1.012 2.11 9.01 

6.10 1.010 1.93 12.67 

7-99 1.007 1.76 18.62 

9.28 1.005 1.573 23.50 

10.66 1.003 1.^77 29.09 

13. to 1.000 1.327 39.80 



59 

Discussions of Experimental Results; 

The activity coefficients of solute presented in Tables 1, 2, 3, 

and k were calculated from the experimental data based on the following 

assumptions: 

1) The characteristics of the columns used in these measurements did 

not change during the course of experiment* Specifically, there 

was no loss of absorbing liquid during the prolonged purge by the 

carrier gas. 

2) In the measurement of y° by the adsorption method, the adsorp­

tion of solute in the charcoal is complete and no condensation of 

solute vapor occurred in the gas flow path. 

3) The activity coefficients calculated are independent of the flow 

rate of carrier gas which varied from run to run. 

k) The size of the sample injected is infinitesimally small. (When a 

finite amount of sample — greater than 0.1 microliter -- was used, 

the activity coefficient calculated, 7OT > vas plotted against 
c.Li 

the volume of sample size injected, s . The extrapolated value 

of 7 2_ at zero sample volume was taken as the true activity co­

efficient of the solute.) 

In this section, the validity of these assumptions will be dis­

cussed based on the analysis of the experimental data: 

l) The loss of the absorbing liquid of the chromatographic columns due 

to vaporization: 

Although the vapor pressure of diethylene glycol is remarkably low 

-- 1.2 mm. Hg at 90°C (k6) — compared with that of benzene, the possible 

loss of diethylene glycol from the gas chromatographic column during the 
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prolonged purge by the carrier gas stream was still a matter of concern. 

To suppress the vaporization of diethylene glycol, a pre-saturation column 

was installed in the column oven preceding the gas chromatographic column 

(see Chapter IV, "Experimental Equipment"). The carrier gas stream was 

saturated, or nearly saturated, by the diethylene glycol in the pre-

saturation column at the same temperature as the gas chromatographic col­

umn before entering the latter column. In addition, the loss of diethyl­

ene glycol inside the gas chromatographic column was monitored by the mea­

surement of the activity coefficient at infinite dilution at the different 

ages of the column. Because all the activity coefficients measured were 

based on the initial weight of the diethylene glycol jacked into the col­

umn, 7pT would show a proportional increase if any loss of diethylene 

glycol should occur. Five runs were made to measure the activity coeffi­

cient of benzene at infinite dilution at a column temperature of 50°C. 

One was carried out at the beginning of the installation of the column 

and one at the end of the present experiments, with three additional runs 

in between. The column had been operated for a total of, approximately, 

180 hours with about 100 hours at 50°C, 50 hours at 70°C and 30 hours at 

90°C covering an experimental period of about four months. The results 

of these five runs, shown in the first five lines of Table 1, agree with 

each other within the experimental error. This indics.tes that no sub­

stantial amount of diethylene glycol had been vaporized during the whole 

period and that the pre-saturation column was effective. 

The vapor pressure of l,2,k trichlorobenzene is relatively high 

compared to diethylene glycol. However, the chromatographic column which 

employed the former liquid as the absorbing liquid was; operated at a lower 
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temperature of 30°C. The vapor pressure of 1,2,14- trichlorobenzene at 30°C 

is 0.82 mm. Hg (lh) which is about the same as the diethylene glycol at 

90°C. The 1,2,14- trichlorobenzene column was also protected by a pre-

saturation column. The column has been operated for a total of 80 hours. 

Two runs were made to measure the activity coefficient of n-hexane at in­

finite dilution at the beginning and the end of the whole series of ex­

periments. The results of the two runs which are listed in the first two 

lines in Table k agree with each other very well- This indicates that 

the pre-saturation column was effective and that no substantial loss of 

the 1,2,14- trichlorobenzene inside the chromatographic column occurred 

during the S0~hour operation period. 

2) Comparison of the concentration of the solute in the mobile gaseous 

phase measured by the adsorption method and that calculated from 

the vapor pressure of solute at the temperature of the saturator: 

If the carrier helium stream is completely saturated by the solute 

when it leaves the last saturator, the mole fraction of solute in the mo­

bile gaseous phase may be calculated by the following thermodynamic rela­

tion: 

Assuming no helium dissolves in the liquid phase, zb.e latter re­

mains as a pure solute liquid at phase equilibrium.. 

<?2V>B " (f2L>s (*» 

where (f ) = partial fugacity of the solute in the vapor phase at the 
cL V S 

temperature and pressure inside the saturator t and P£ 

(fOT) = fugacity of the pure liquid solute at P and t 
j£j_j S S o 

A correction factor for the imperfection of the vapor phase evaluated at 
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P and t can be defined in the same way as that of equation (U3). s s 

0 = -
, ! V B s - (8i5 

Combining equations (80) and (8l), we obtain 

(%° )8 - -nr <82> 
s s 

where (72) = mole fraction of the solute in the vapor phase at equi­

librium condition inside the saturator 

(Pb_ ) = vapor pressure of the solute at t , :nm. Hg 

P = pressure at the exit of the last saturator;, mm« Hg 
s 

(Po ) was calculated from, equation (77) °F equation (78) by substituting *- s 

t for t , (j) might be calculated from equation (62) by evaluating 
s _i_ s 

every term at t and P instead of the column temperature and the col­

umn pressure, and substituting (y0 ) for y0 and 1 - (y0 ), for 

y, . A trial and error procedure was required to evaluate (y_ )^ « 
.L c. ' S 

The mole fraction of the solute in the mobile gaseous phase mea­

sured by the adsorption method, y2 , and that calculated from, the vapor 
pressure of solute at the temperature of the saturator, \y0 ) ^ ? would be 

the same only if the following conditions were fulfilled: 

a) The helium stream was completely saturated with the sclute when it 

left the saturator. 

b) No condensation of solute vapor occurred in the ga:s flow path before 

entering and after leaving the column. 
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c) An equilibrium state vets maintained inside the column, hence the ab­

sorbing liquid inside could not absorb any more solute. Thus the con­

centration of solute vapor in the inlet stream was equal to the concen­

tration in the exit stream. 

d) The adsorption of solute by the activated charcoal inside the adsorp­

tion bottle was complete. The helium stream which came out of the ad­

sorption bottle was free of solute. 

e) The flow rate was accurately measured. 

The deviations between y2 and (y2 ) , expressed as (y ) -

yo /(yp ) > a s shown in Tables 10, 11, 12, and 13 in the Appendix II, 

in general are less than + 3$» This agreement indicatss that the above 

conditions had been fulfilled. 

3) The effect of flow rate: 

The retention volume which has been corrected far the effect of 

pressure drop across the column, and hence the activity coefficient cal­

culated from the retention volume, is independent of tne flow rate of the 

carrier gas passing through the column. This has been proven by Martin 

and Synge (2k) and Porter et al. (10). It was re-confirmed in this study 

as shown by the data in the following Table 5-



Table 5 

Independence of the Activity Coefficient Calculated 
by the GLC Method to the Flow Rate of the Carrier Gas 

Temp* °C Flow Rate, V1., ml./sec. "V 

' 2L 

50 0.6kl 6.79 

50 1.772 6.72 

50 0.83^ 6.69 

50 1.270 e.ek 
50 0.781 6.65 

70 1.710 6.1*9 
70 0.725 6. Ho 

70 O.581 6.51 
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k) The effect of the sample size: 

The effect of sample size on the retention volume has been dis­

cussed by Glueckauf (h'j), Deemter, et al. (U8), Keulemans (̂ 9)> and Ever­

ett and Stoddart (21). No generally applicable correlation has been 

reached. In the derivation of the basic equation of gas chromatography 

the solute injected has been assumed to be infinitesimally small (see 

Chapter II, "Theory"). To fulfill these assumptions, the sample injected 

should be kept as small as possible. On the other hanl, the sample should 

be large enough to produce a visible peak on the recorder. 

The minimum size of sample which could be injected to produce a 

visible peak varied from 0.01 microliter to c}.0 microliter as concentra­

tion of solute in the vapor phase increased. This increased sample size 

was necessary because the base line noise increased with increase in con­

centration of solute in the vapor phase. At constant vapor phase concen­

tration, the higher the column temperature the smaller the sample size 

necessary to produce a detectable peak. At a column temperature of 90°C, 

the minimum sample size used in every run was below 0.2 microliter, and 

at other temperatures was, in general, below 1.0 microliter, except for a 

few runs operated at a vapor concentration greater than 30 mole per cent 

where a minimum sample size of 3 to 5 microliter was required to produce 

a visible peak. Even in the latter case, the sample size used is much 

smaller than that used by Adlard, ejb al. (19), Everett and Stoddart (21), 

and Punk and Houghton (22). During each runj, in general, five or six 

samples of various sizes up to 10 microliters were injected to study the 

effect of sample size on the activity coefficients calculated. When the 

activity coefficient of solute, J0 , was plotted against the volume of 
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sample injected, s , in most cases a straight line such as Curves III and 

IV shown in Fig. k- was obtained. However, at the column temperature of 

70° C, in a certain range of the concentration (y>> =0.20 to 0.35) of ben­

zene, the 7 p vs. s curve has the characteristics of Curve II shown 

in Fig. h; the activity coefficient began to level off when the sample 

size used was larger than 1 or 2 microliters. These curves, straight 

line or not, were extrapolated to the zero sample volume. The activity 

coefficients shown in Tables 1, 2, 3, and k are all these extrapolated 

values, except in the runs where the minimum size of s;ample used was so 

small (less than 0.1 microliter) that no such extrapolation was necessary. 

The dependence of "apparent activity coefficient" on the sample 

size, expressed as A 7 /As , the change of activity coefficient per 
tZXj 

microliter increase of sample size, is tabulated in Table 6 along with 

the column temperature, the partial pressure of solute in the vapor phase, 

and the mole fraction of solute in the liquid phase. A?' /As was the 

slope of the straight line best fitting the experimental points. In the 

cases where the 7 OT vs. s could not be fitted by a straight line, 
C-XJ 

the slope in the steep region of the curve (see Curve IX of Figo k) be­

tween s = 0 to s a l.o was measured. 

For the system' of diethylene glycol-benzene, at column temperatures 

of 50°C and 70°C, A7 2 L/A S is, in general, within the ra-nge of 0.02 to 

0.05 per microliter. The smallest sample injected for each run., as men-

*The term "apparent activity coefficient" is used here: to designate the 
activity coefficients which are calculated from equations {h-O), (^l), and 
(k-5) before being extrapolated to the zero sample size. 
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BENZENE IN DIETHYLENE GLYCOL AT 90°C 

A-* 

4.70 i -

II. BENZENE IN DIETHYLENE GLYCOL AT 70°C 
o = 0.3089 

>2 

J I 

I. BENZENE IN DIETHYLENE GLYCOL AT 50°C 
o = 0.2184 

IV. n-HEXANE IN 1,2,4 TRICHLOROBENZENE AT 30°C 
vo = 0.0483 y2 

4 5 6 7 8 9 
SAMPLE SIZE, MICROLITER 

10 11 12 13 14 

Figure k. Effect of Sample Size on the Activity Coefficient. 
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Table 6 

The Effect of Sample Size on the Activity Coefficients 
of Benzene in Diethylene Glycol (System I) and of n-Hexane 

in 1,2,1* Trichlorobenzene (System II) 

System 
Column 

Temperature 
— ^ c 

o 
x2 

0 
y2 

K2 K 2 + y2 A'/2L/A S 
Column 

Temperature 
— ^ c 

K2 K 2 + y2 
(microliter) 

I 50 0.0000 0.000Q 2.1*2 2.1*2 * 

I 50 0.0191 0.01+33 2.27 2.31 * 

I 50 0.0301 0.0632 2.10 2.16 * 

I 50 0.051*9 0.1021* 1.87 1-97 * 

I 50 0.081*1* 0.1^37 1.70 1.81* - 0.03 

I 50 0.1156 0.1801 1.56 1.7^ - 0.03 

I 50 0.1576 0.2184 1.39 1.61 - 0.02 

I 50 0.1821* 0.21*10 1.32 1.56 - 0.05 

I 50 0.2527 0.2788 1.10 1.38 - 0.02 

I 70 0.0000 0.0000 l*.60 k.6o 0o09 

I 70 0.0110 0.0507 l*.6l k.66 0.05 

I 70 0.0307 0.1225 3.99 1*. 11 o.oi* 

I 70 0.0520 0.2101+ 1*.05 If. 26 0.11* 

I 70 0.0710 0.271*1 3.86 1+.13 0.12 

I 70 0.1053 0.3^30 3.26 3.60 0,03 

I 70 0.1620 0.1*1*06 2.72 3.16 - 0.02 

I 70 0.2285 0.5235 2.29 2.81 - 0,01 

I 70 0.21*30 0.5560 2.31 2.87 - 0.03 

'Activity coefficient is practically independent of the size of the 
samples injected. 



Table 6 (continued) 

Column 
System Temperature 

*c 

I 90 

I 90 

I 90 

I 90 

I 90 

I 90 

I 90 

I 90 

I 90 

II 30 

II 30 

II 30 

II 30 

II 30 

II 30 

II 30 

II 30 

II 30 

x2 ^2 

0.0000 0.0000 8.28 

0.0416 0.2970 7.14 

0.0446 O.3160 7.09 

0.0473 0.3350 7.08 

0.0482 0.3438 7.13 

0.0596 0.4050 6.80 

0.0705 0.4615 6.55 

0.0854 0.5410 6.33 

0.0908 0.5560 6.12 

0.0000 0.0000 O.903 

0.0519 o„0288 0.555 

0.0579 0.0340 O.587 

0.090*1 0.0483 0.536 

0.1267 0.0610 0.481 

0.1862 0.0799 0.429 

0.2350 0.0928 0.395 

0.2909 0.1066 0.366 

0.3980 0.1340 0.337 

0 
> + y2 ^ > L / A

 S 

(microliter) 

8.28 0.28 

7.44 0.27 

7o4.I 0.19 

7-41 0.17 

7.47 0.32 

7.20 0.27 

7.00 0,29 

6.87 0.27 

6.67 0.19 

0,903 - 0.095 

0.58k - 0.035 

0,612 - 0.033 

0.584 - 0.021 

0,542 - 0.021 

0.509 - 0.022 

0.483 - 0.0.11 

O.473 - 0.007 

0.47L - Oo017 
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tioned before, was less than 1.0 microliter. Therefore, the uncertainty 

in the extrapolation of y0 to the zero volume of sample size is less 

than 1$ of the activity coefficient calculated. At the column tempera­

ture of 90°C, A'/ ?T/A s increases to on the order of 0*2 to 0.3 per 

microliter; however, at this column temperature, the s:nallest sample in­

jected was always less than 0.2 microliter, hence the incertainty in the 

extrapolation of y 0 to the zero volume of sample size is still no 

greater than Vf> of the activity coefficient calculated. For the system 

of 1,2,^ trlchlorobenzene -- n-hexane, Ay O T/
A s is in the range of 

0.007 to 0.03 per microliter except at the infinite dilution, 

y = 0, Ay /As =0.09 . The uncertainty in the extrapolation for 

y _ at y ->• 0 therefore is still in the order of 1 to 2$ when the 

smallest sample injected for each run is less than 1.0 microliter. At 

infinite dilution, the smallest sample injected was 0.05 mililiter. Thus 

the uncertainty of extrapolation is also well below Vjo., 

Probably theoretically more significant than the; absolute value of 

A 7 / A s is its algebraic sign... The apparent activity coefficient was 

calculated based on the (N - G) measured- The (N - G) of a solute is a 
v m ' * m 

function of the concentration of solute in the vapor phase inside the col­

umn and hence the amount of the solute injected as may be shewn, by differ­

entiating equation (37)« All variables other than (N ~ G) and y9 are 
m ' *» 

held constant. 

S ( R
m - ° ) _ KgWs(K2 - y | ) (a - Kg - y° ) 

6 ?2 V K 2 " y2 ] 

Because all the variables involved in equation (83) are positive in value, 
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and in the present study, K 0 is always greater than yQ , the sign of 

* ( Nm - ^ o will be determined by the term (2 - K p - y0 ) , 

^2 

rt ^ d(N - G) .̂  
K 2 + y° | 2 , — » L > 0 (8if) 

d y2 

o 
y 2 has been defined as the concentration of the solute in the gas phase 

before the injection of a small sample. The injection of a relatively 

large sample may be considered as combined actions of first increasing the 

concentration y2 > and then injecting a small sample. The increase of 

o 
sample size, therefore, may be interpreted as the increase of y~ . On 

the other hand, the increase of (N - G) results in the decrease of appar­

ent activity coefficient as can be seen from equations (Uo) and (kl). If 

the (N - G) and y0 in equation (Qk) are replaced by ••••" and s , 
m ^ ' dxi 

respectively, then the "greater than" and "less than" signs must be re­

versed. 

K
2
 + *2 l 2 ' " * ^ ! 0 «*> 

f C \ 

Table 6 shows a definite relation between the value of {Kl? + y? -' and 

A 7 /A s . However, the latter seems to retain the negative sign until 
C-LL 

(K2 + y2 ^ = 3 instead of changing sign at (Kp + y9 ) equal 2 which is 

predicted by equation (85). This deviation may be attributed to a) the 

large sample increases the concentration of the solute inside the column, 

therefore decreases the value of K p which has been assumed to remain at 

constant in the differentiation; b), "the peak (retention) time increases 

because it takes longer for the center line of a large]? slug to move to 
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the detector",, as shown by Funk and Houghton (22). Both of these factors 

favor the negative sign of A y 0 /A s . 
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CHAPTER VII 

COMPARISON BETWEEN TEE RESULTS OBTAINED BY THE GLC METHOD 

AND THOSE OBTAINED BY THE STATIC EQUILIBRIUM METHOD 

l) Diethylene glycol — benzene system 

The phase equilibrium of the binary system of diethylene glycol and 

benzene in the diethylene g;lycol rich region has been studied by Pierotti, 

et al. (13)« The measurements were carried out at 50°2, 70°C, and 90°C by 

the static equilibrium method inside a 50 mililiter stirred vessel. Total 

pressures and concentrations of benzene in the liquid phase, obtained by 

measurement of refractive index, were reported. Activity coefficients of 

benzene were calculated by the present author from these data using the 

following equations: 

J 
K_P P_ 

2L ^ po ^ o v ?; 

*2 x 2 2 

where P0 = P - 7 _(l - x0)P° (86) 

2 m sL 2 d x J 

Because the data were measured in the diethylene glycol rich region, and 

P, , the vapor pressure of diethylene glycol, is small compared to the 

total pressure P , 7 , the activity coefficient of the diethylene 

glycol, might be assumed as 1.0 with negligible error in computing Pp . 

The correction factor for the imperfection of the vapor phase, $ , can 

be calculated from equation (62) by letting y = 0 , and y„ = 1.0 . 

Equation (62) then simplifies to 
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ln5* = l * f - - 2 ( Z m - z £ ) . ^ ( P p|) (87) 
m 

The vapor pressure of benzene, P2 , used in equation (4-5) and equation 

(87) was based on equation (77)• The value of VpT was taken from the 

data given by API Project kk (38). The calculated activity coefficients 

at the three temperatures, 50°C, "J0oC, and 90°C are tabulated in Table 7 

along with the total pressure and the mole f inaction of benzene in the 

liquid phase. 

The activity coefficients obtained by the static equilibrium method 

which were tabulated in Tables 1, 2, and 3> &re plottei against the mole 

per cent of benzene in the liquid phase in Fig. 5> Fig. 6, and Fig. 7« 

The agreement between the two methods at dilute concentration range (x~ 

less than 5 mole per cent) is within the overall experimental errors (+3 

per cent) of both sets of data at 50°C, 70*0, and 90°C. The values of 

7n,T determined by the GLC method are seen to deviate from the data of 

Pierotti et al. (13) as the concentration of benzene increases. The 

maximum deviation is about 15 per cent. The deviation decreases with'in­

creasing column temperature. In all cases, the value of •;•' obtained 

by GLC method is smaller than that obtained by Pierotti et al. (l3)« 

2) 1,2,U Trichlorobenzene -- n-Hexane System 

The phase equilibrium of the binary system of 1,2,^ trichloroben-

zene and n-hexane has been studied by Neckel and Kohlor (l^) by the static 

equilibrium method. The total pressure of the binary solution covered a 

concentration range from x,p = 0 to x~ = 1.0 at 10°C, 20°C, and 30°C. 

Neckel and Kohler (lk) calculated the activity coefficients of n-hexane 
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Table 7 

The Activity Coefficients of Benzene in Diethylene Glycol 
Calculated from Equilibrium Data of Pierotti, et al. (13) 

Temp.°C 

P° 
2 

(mm. Hg) 

P 
•m 

(mm. Hg) 

P 2 
(mm. Hg) 

x 2 
mole p e r cent P 2 / X 2 P 2 7 2L 

50 271.2 17.0 16.9 0.99 6 .31 6 .41 

50 271.2 20.9 20 .8 1.17 6.55 6.67 

50 271.2 21.7 21.6 1.20 6.64 6.75 

50 271.2 21.7 21.6 1.29 6.19 6.28 

50 271.2 24 .3 24.2 1.37 6 .51 6.63 

50 271.2 42.6 42 .5 2 .56 6.14 6 .21 

50 271.2 63.2 6 3 . 1 4 .12 5.65 5.72 

50 271.2 112.8 112.7 7 .93 5.24 5.29 

50 271.2 12k. 6 124.5 8.98 5 .11 5.16 

50 271.2 138.7 138.6 10.36 4 .93 4.97 

50 271.2 216.2 216 .1 19.16 4.16 4 .17 

70 550.8 125.4 125 .1 4 .12 5.52 5.64 

70 550.8 193.9 193.6 6.69 % 26 5.35 

70. 550.8 275.4 275.2 10,36 4 .82 4.89 

70 550.8 405.0 4o4.8 18.38 4.00 4 .03 

90 1021 72.5 71 .6 1.17 5.98 6.23 

90 1021 222.4 221.5 4.12 5«27 5.45 

90 1021 344.8 343.9 6.69 5.04 5.19 

90 1021 533.3 532.5 12.30 4.24 4 .33 

90 1021 723.6 722.8 18.55 3-82 3.87 
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from their total pressure versus concentration data. The smoothed values 

at every tenth mole fraction of n-hexane in the liquid, phase reported by 

them are reproduced in Table 8. 

In the calculation of activity coefficients cf n-hexane, Heckel and 

Kohler used the following equation to calculate the correction term for 

the imperfection of the gas phase: 

ln * = h (V2L " B22)
(P2 - V ^ 

Equation (88) can be derived from the thermodynamic relation described by 

equation (57)> however, a form of the second virial equation of state 

slightly different from equation (kj) must be assumed: 

NpRT 

V — + N2%2 <89> 

and the following mixing rule is employed: 

B12 = I (B11 + B12} (90) 

Bpp of n-hexane used by Neckel and Kohler wets calculated from van der 

Waals constants. It is - 820 ml,/gnu mole at 30°C 9 compared to 

- 1800 ml./gnu mole calculated by Pitzer and Curl's (3.5) equation and the 

experimental data of - 1600 ml./gm, mole given by Lambert et al. (36) 

at the same temperature. Pitzer and Curl's equation was used to calculate 

Bpp of n-hexane in the correction of the imperfection of the vapor phase 

for the data measured by the GLC method in the present study. 

A comparison between the activity coefficients of n-hexane measured 

by GLC method and those by Neckel and Kohler can be made only if the two 
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Table 8 

The Activity Coefficient of n-Hexane in 1,2,4 Trichlorobenzene 
Measured by Neckel and Kohler (.14) by Static 

Equilibrium Method 

P 
IE ^ 

mm. Hg X 2 Logl.Q 7 2L f 2L 

6.08 0.01 OA5631 2.860 

11.24 0.02 0..4.5205 2.832 

16.27 0.03 0., 44691 2.7985 

21.16 0.04 0*44129 2.762 

30.42 0.06 0., 42792 2.679 

38". 68 0.08 0,40971 2.569 

45.60 0.10 o.38556 2.430 

51.72 0.12 0.36191 2.301 

62.82 0.16 0.32242 2,101 

72.26 0.20 0..28689 1.936 

82.66 0.25 0.24885 1.774 

91.91 0.30 0., 21598 1.644 

100.31 0.35 0,. 1.8721 1.539 

107,98 0.40 0.. 16.133 1.^50 
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sets of data are calculated based on the same or equivalent equations for 

correcting the imperfection of the vapor phase. Because there is a dif­

ference between the correction equations used by Neckel and Kohler (lk) 

and the present author, the activity coefficients of n-hexane reported by 

Neckel and Kohler (l^) were re-calculated by the present author from the 

experimental data of total pressure versus concentration reported by 

them (Ik). 

In the re-calculationj the same equations (45), (86), and (87) used 

to calculate 72_ of benzene from Pierotti et al.' s 'lata were used. The 

vapor pressure of 1,2,̂ 4- trichlorobenzene, P , used in equation (86) is 

the experimental value reported by Neckel and Kohler (lk) (P =0.82 mm. 

Hg at xp =0.0 in Table 9)» The vapor pressure of :i-hexane used in 

equation (k^) was calculated from equation (78) • The resultant value of 

I87.O mm. Hg is slightly different from the experimental data of Neckel 

and Kohler (P = 185,9 mm. Hg at x = 1.00 in Table 9). The value of 

Vp , 132.5 ml./gm. mole , was taken from the data given by API Project 

hk (38). The same value of VpT was used by Neckel and Kohler in their 

computation. 

The calculated activity coefficients of n-hexane in l^S,^ trichlo-

robenzene at 30°C by the present author based, on the experimental data of 

Neckel and Kohler were tabulated in Table 9 along with the original data 

of the total pressure and the mole fraction of n-hexane reported by Neckel 

and Kohler (l4). 

The three sets of data, a) activity coefficient!:! of n-hexane mea­

sured by GLC method which were tabulated in Table k, b} the same activity 

coefficients calculated from Neckel and Kohler's experimental data tabu-
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Table 9 

Activity Coefficients of n-Hexane in 1,2,4 Trichlorobenzene 
at 30°C Calculated from Equilibrium Data of 

Neckel and Kohler (l4) 

Pm P2 x2 p / po 
(mm. Hg) (mm* Hg) mole fraction 2' 2 2 2L 

0.82 OoOO 0.0000 

8.85 8.04 0.0157 

13.24 12.44 0.0245 

15.68 14.88 0.0290 

22.89 22.10 0.0UUO 

26.16 25.38 0.0505 

32.16 31.39 0.06*10 

33.55 32.78 0.0665 

38.84 39.08 O.O850 

46.50 45.77 0.1025 

50.59 49.86 0.1170 

63.84 63.15 O.1650 

76.77 76.13 0.2230 

97.00 96.44 0.3280 

118.80 118.37 0.4770 

125.70 125.31 O.5250 

134.40 134.09 0.6240 

162.00 161.87 0.8450 

185.90 185.90 1.0000 

— — _ — ____ 

2.74 2.79 

2.71 2.76 

2.74 2.79 

2.69 2.73 

2.69 2.73 
2.62 2.66 

2.63 2.68 

2.46 2.50 

2.40 2.43 

2.28 2.31 

2.05 2.07 

1.82 I .85 

1.57 1.59 

1.33 1.34 

1.28 1.28 

1.15 1.15 

1-02 1.03 

1.00 1.00 
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lated in Table 9, and c) the smoothed values reported by Neckel and Kohler 

tabulated in Table 8, were plotted in Fig. 8 versus the mole per cent of 

n-hexane in the liquid phase. The activity coefficients calculated from 

Neckel and Kohler1s data by the present author and the smoothed values re­

ported by Neckel and Kohler are seen to agree with each other within the 

experimental error, + 1.5$j> reported by Neckel and Kohler (1*0- This re­

sults from the fact that the correction term for the imperfection of the 

vapor phase is a minor correction in the present case. Therefore^ essen­

tially identical values result even if two different correction terms have 

been employed. 

The activity coefficients measured by GLC method and those calcu­

lated from the equilibrium data of Neckel and Kohler a,gree within the 

experimental errors of both sets of data (3$) at in.fir.ite dilution. The 

deviation increases to 7$ &s xp increases to 3$ and reaches the maximum 

of 15$ at xp = 10$ , and then decreases to 12 to 13$ at. higher concentra­

tions. As in the system diethylene glycol -- benzene, the activity coef­

ficients measured "by the GLC method yield a lower •ya.Xt.e than those mea­

sured by the static equilibrium method. 

The exact reason for the deviation which occur:-! in the higher con­

centration region of both systems is uncertain. It me,y be caused in part 

by the uneven distribution of the solute in the liquid phase inside the 

gas chromatographic column. The aggregation of the solute at the surface 

will increase the "effective concentration" of the solute in the liquid 

phase, and consequently yields a lower value of activity coefficient than 

it would have if the solute were uniformly distributed. 

According to Funk and Houghton (22), who have studied the mechanism 

in.fir.ite
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of gas-liquid chromatography based on a "Lumped-Film MDdel", the effect 

of the finite mass transfer rate on the retention time is related to the 

vapor-liquid equilibrium constant, K , and molecular diffusivity in 

liquid phase, DT . The greater the K and D , the greater the rate 

of mass transfer rate, and thus the more uniform the distribution of the 

solute in the liquid phase. This agrees with .the experimental results of 

the present study that the higher the column temperature (the greater the 

K and D ) the less the deviation between the activity coefficients mea­

sured by the GLC method and the static equilibrium method, 

No check of the thermodynamic consistency can bs made because the 

activity coefficients of only one component in the binary systems has 

been measured. Therefore, unless phase equilibrium data for the same 

systems are available from a third independent source, it is difficult to 

ascertain what portion of the deviation may be interpreted as the experi­

mental error of the GLC method. 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

An equation has been derived, based on a theoretical plate model, 

to describe the concentration profile of a small volatile solute sample 

which is carried through a gas chromatographic column by a carrier gas 

which is insoluble in the column liquid. The column is packed with an 

inert solid which is coated with a non-volatile absorbing liquid. The 

equation of the concentration profile permits determination of the activ­

ity coefficient of the solute dissolved in the absorbing liquid by mea­

suring the time required for its peak concentration to pass through the 

column. 

Based on the experimental results obtained, from the study of the 

two binary systems: diethylene glycol — benzene and l?29k trichloroben-

zene -- n-hexane, the following conclusions may be drsism: 

1) The activity coefficients of the solute (benzene or n-hexane) mea­

sured by the Gas-Liquid Chromatographic method (GIJC) agree well 

with those obtained by the static equilibrium methods in the dilute 

concentration region where other methods are difficult to carry 

out. At infinite dilution the agreement appears to be within the 

experimental errors of the two methods. 

2) In the region of higher concentration (concentration of solute in 

the liquid phase greater than 5 mole per cent) activity coeffi­

cients obtained by the GDC method agree less well with those ob­

tained by the static equilibrium method, the deviation ranges from 
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3 per cent to a maximum of 15 per cent. In all instances the activ­

ity coefficients determined, by the GLC method were lower. In the 

system of diethylene glycol -- benzene where the activity coeffi­

cients of benzene at the three different temperature levels, 50° C, 

70*0, 90°C, have been studied, the deviation between the results 

obtained by the GLC method and the static equilibrium method is 

found to decrease with the increase of column temperature. 

In addition to the above conclusions,, the following associated re­

sults were observed: 

1) By using a pre-saturation column preceding the gas chromatographic 

column, it was found that the characteristics of the gas chromato­

graphic column did not change during the experiment period after a 

prolonged purge by the carrier gas. (l80 hours fcr diethylene gly­

col column and 80 hours for 1,2,4 trichlorobensene column..) This 

suggests that there was no appreciable loss of absorbing liquid in­

side the gas chromatographic column during the period. 

2) Based on both the analytical analysis a.nd the e:x.per±mexxta."L results, 

the relation between the retention time and the sclute sample size 

is found to be closely related to the equilibrium, constant, K^ , 

and the mole fraction of the solute in the vapor phase, y2 » 

Whereas the GLC method by no means can replace all the conventional 

static equilibrium methods in the vapor-liquid equilibrium, study, it 

offers certain advantages in the measurement of the activity coefficient 

of a dilute solute in a relatively non-volatile solver.t. No analysis of 

the composition of the liquid phase is required and hence the measurement 

maintains the same accuracy at dilute concentration. On the other hand, 
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the GLC method at present is seriously limited by the upper limits of con­

centration and temperature range it is able to cover. 

Future study should be conducted in the high concentration region 

where a discrepancy between the results of GLC method and the static 

equilibrium methods was observed in the present study. Higher total pres­

sure may be employed to increase the partial pressure of solute without 

the necessity of increasing the concentration of solute in the vapor 

phase. By this method the equilibrium concentration of the solute in the 

liquid phase may be considerably extended. 

By using a pre-saturation column as employed in the present study 

or by other better means, the GLC method may possibly tolerate a vapor 

pressure of the absorbing liquid up to several milimeters of mercury. 

Investigations should be conducted to establish the upper limit because 

it is directly related to the temperature limit allowed by GLC method. 

Further study may also be made in the application of GLC method in 

the vapor-liquid equilibrium of multicomponent systems which contain at 

least one relatively non-volatile component- The non-volatile component 

should be used as the absorbing liquid and the mobile gaseous phase should 

be composed of an inert carrier gas and the remaining volatile components. 

Retention time of every volatile component present wild be measured in 

order to solve simultaneously the equations which relate the retention 

time and equilibrium constants of all the volatile components in a rather 

complicated form. 
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APPENDIX I 

INTEGRATION OF EQUATION (20) 

dY 
P = Y . - Y (20) 

dv p-1 p 

Equation (20) may be solved vessel by vessel. Start with the first ves­

sel, p = 0 . The concentration of the solute of the inlet flow for the 

I 
P-

first vessel is always equal to y , therefore, Y _, = 0 . Equation 

(20) becomes 

dY 
~ = - Y (91) 
dv o w 

The solution of equation (9l) with the initial condition, at v = 0 , 

Y = Y is: o s 

YQ = Ys e
_ v (92) 

The second vessel, p = 1 , is considered next. By substituting p = 1 

into equation (20), one obtains 

3~- = Y - Y, (93) 
dv o 1 v ' 

Equation (92) and equation (93) are combined to obtain 

dY 

~ == Y e~V - Y. (9*0 
dv s 1 
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Equation (9*0 is a first order linear differential equation. Its solution 

is: 

Yi " V e + c i e (95) 

The given initial condition is : at v = 0 , Y. = 0 , therefore CJ - 0 , 

then 

X. = Y v e " v (96) 
1 s 

For the third vessel^ p = 2 , equation (20) becomes: 

dY t̂ 

dv = • Yl - Y2 (97) 

Solving equation (97) in the same manner as solving equation (93)* one 

obtains 

\ = v;l->e"v (98) 

For vessel p , it can be easily shown that: 

-v v 
Y = Y (—4~) (21) 
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APPENDIX II 

COMPARISON OF THE CONCENTRATIONS OF THE SOLUTE IN THE MOBILE 

GASEOUS PHASE MEASURED BY THE ADSORPTION MEPHOD AND THOSE CALCULATED 

FROM THE VAPOR PRESSURE OF SOLUTE AT THE TEMPERATURE CF THE SATURATOR 

The numerical values of y0 and. (y ) of each experimental 
d id S 

run, calculated by equation (71) and equation (82), are listed in Tables 

10, 11, 12, and 13. The run numbers in the first column of these tables 

are listed in the same order as those listed in Tables 1, 2, 3j and k in 

Chapter IV to facilitate cross-reference. Tie last column of those 

tables listed the deviation between (y2 ) and y2 , which is defined 

as 

\Yo )« - y? 

tar. - - ~ (99) 
(7% ) -



Table 10 

The Comparison of y and (y ) of Benzene 

<— ,c S 

at Column Temperature of ,50° C 

0 
y2 ( y 2 } s 

mole pe r cent mole pe r cent 

0,0 0.0 

0.0 0.0 

0 .0 0 .0 

0 .0 0 .0 

0 .0 0 .0 

4-33 4.95 

4.89 5»08 

6.27 6.39 

6.32 6»k9 

7 .91 8.05 

7.79 7-97 

9.1*7 9.70 

10.24 10,1.5 

11.53 -' 0 cp. 

12.37 12, ;5i 

12*42 12.47 

2.4.37 1.4.87 

14.49 l-J+.70 

18 .01 17.94-

21.84 2£.:?.2 

24.10 24.63 

27.88 27-4,5 

30.04 30.06 
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Table 11 

o The Comparison of y' and (y ) of Benzene 

at Column. Temperature cf 70 °C 

Run No. mole per cent mole per cent dev. 

10 0.0 0.0 

11 0.0 0.0 

38 0.0 0.0 » — — 

12 5.07 4.94 - 0.027 

13 6.44 6.44 0.000 

14 8.12 8.04 - 0.010 

15 8.99 8.97 - 0.002 

16 10.38 10.k5 0.006 

17 12.26 12.1.7 •• 0.007 

18 14.6+ 14.46 » 0.012 

31 19.00 19.17 0.009 

33 21.04 21.7C C O 30 

32 24.72 26. &4 0.0 38 

53 23.34 2--.S0 O.051 

39 27 .41 28.38 C O 3-; 

35 30-89 3 - • • • * • ' ? ?'?%?• 

36 3-4.30 3 5 ^ 6 0..027 

39 44.06 4:~.3:. 0.025 

40 52.35 ' : :3. ;"6 C 0 1 3 



Table 12 

The Comparison of ŷ_ and (y_ ̂  of Benzene 
c. *" c. S 

at Column. Temperature of 90*C 

e 
y 2 

(y2 h 
Run No. mole per cent mole per cer.t 

**3 0.0 0.0 

44 0.0 0.0 

51 16.76 l?.47 

5̂ 2Q.70 29.85 

50 31.65 33.83 

46 33.50 34.26 

52 3^.38 34.06 

47 40.50 41,12 

54 44.60 46.90 

49 46,15 *?• >• 

48 54.10 5^.61 

42 55.60 56. S:̂  



Table 13 

o / o \ 
The Comparison of y0 and (y ) of n-Hexane 

2 2 s 
at Column Temperature of 30°C 

Run No. 

c 
y2 

mole per cent 

0.0 

(y° ) 
•J2 s 

mole per cer.t 

% 

c 
y2 

mole per cent 

0.0 0.0 

65 0.0 0.0 

6k 2.88 2.84 

62 3. to 3.70 

63 ^.83 k.96 

57 6.10 6.37 

59 7-99 8-16 

58 9-28 10.0.1 

60 10.66 10.95 

61 13. to 13.50 
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APPENDIX III 

THE SECOND VIRIAL COEFFICIENTS 

OF THE MH:TURE OF HELiiCUM AND BENZENE 

In the absence of experimental, P-V-T-y data, the second virial co­

efficient of a m1.xt.iire must be estimated from the properties of its con­

stituents* The second virial coefficient of a binary mixture, as derived 

from statistical mechanics, has been given as a quadratic function of the 

mole fraction in equation (U9): 

B
m - i B.U + 2y.ly2B12 + A B22 (M 

where B,. and B0^ are the second virial coefficients of helium and 
XJL dc 

benzene, respectively, as defined by equations (h6) and (Vz) and B.,p is 

an interaction coefficient.. 

Many different types of mixture rules have been suggested, to esti­

mate B.]0 from. B.̂ , and B2P • The most simple one consists ±2. taking 

the arithmetic mean of these two: 

B12 " I (\l. + V.. iW0) 

Adlard, et al. (19) used equation (.100) to correct for imperfection of 

gas phase in their calculations of the activity coefficient of benzene at 

infinite dilution by GLC method. This arithmetical mean method has been 

pointed out by Guggenheim and McCrlashan (3.3) &s having "no basis in 

theory, nor in experiment". It only gives an adequate answer when 

m1.xt.iire
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B.... » Bpp and this is certainly not the case for helium and benzene. 

A Lorentz-Berthelot mixture rule (32) was used by Techo (31) in 

the determination of the activity coefficients of non-polar ternary hy­

drocarbon systems. To use this mixture rule, the second virial coeffi­

cients of pure substances and mixtures must be expressed in a Be.rthelot 

type equation: 

B « C - A/T (101) 

The mixture rules are; 

« # 3
 +ci/3 )3 

C 2 = —ii H — — (102) 

A 1 2 = /A^A 2 2 (103) 

Teeho (31) shows that B.|p of the mixture of eyc.'Lohexane and ben­

zene calculated from the mixture rule of Lorentz-Bert/helot agrees well 

"with the experimental data of Wae.lbroeek (%>) . 

Guggenheim and McGlashan (33)* "based on the principle of corre­

sponding states., found that the second virial coefficients of many pure 

substances can be described by a single universal function: 

f» - *cf»> do*) 

For all gases,, except hydrogen and helium, V* and T* may be taken as 

the critical volume and critical temperature of the gas. In the cases of 

helium and hydrogen pseudo-critical temperatures and pseudo-critical 

pressures are determined by fitting the available experimental values of 
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the second virial coefficient into equation (104). The following values 

for helium are given by Guggenheim and McGlashan (33)• 

V* = 33•7 cm. /mole 

T* = 7.660K 

Guggenheim and McGlashan (33) have also proposed that equation 

(87) is applicable to a mixture; the equation having the form 

^ = F ( ^ - ) (105) 
v 12 A 12 

The mixture rul.es they suggested are: 

(v*12)
l/3 = i ' v * ^ 3 -> I (v*22)

l/:3 (106) 

T* s (T* T* ) (107) 
12 K LI 22; v '; 

Guggenheim and McGlashan (33) show that R. ... calculated, from equations 
JL'd 

(105) f (106), and (107) agrees well, with the experimental values in the 

mixture of helium and argon. Everett and Stodclart {2.1} uised this method 

to correct the imperfection of vapor phase in their calculation of the 

activity coefficient at infinite dilution by GLC method. 

Prausnitz and Gunn (3*0 have pointed out that Guggenheim and 

McGlashan"s method gives good results for mixtures of light components 

but gives progressively worse results as the sizes of the gas molecules 

increase. They introduce a third parameter which was developed previ­

ously by Pitzer and Curl (35) for the correction of the imperfection of 

rul.es


100 

the pure gas: 

B12Z*12/V*12 " ( ° * 1 ^ + 0.073w12) - (0.330 - 0 ^ 6 w 1 2 ) ( T r l 2 ) ' 1 

(0.1385 + 0 - 5 0 v 1 2 ) ( T r l 2 ) " 2 - (0.012 + 0*97w1£ ,)(T r l2)"3 

- 0 ' 0 0 7 3 w 1 2 ( T r l 2 r 8 (108) 

Their mixture rules are 

V*12 " I <V*11 + V*22> (109) 

W12 = I J w U + *22) (110) 

and T*1£ . 0.85(1*^ x T* 22^
2 (Hi) 

for V * 2 2 A * n > 3 

where 

T * T/T* (112) 

Z*12 « 0.291 - 0.08*^ (113) 

for pure substance i , (i • 1 , or 2)9 w. , the acsntric factor, is 

defined as: 

vli a' " los (pi/p*i) " 1*000 t11^ 

P. is the saturated pressure of component i at T - 0.7 .> and P*. 

is the critical pressure. In an example presented by Prausnitz and Gunn 



101 

(3*0; B 1 2 of the mixture of hydrogen and decane calculated by the above 

equations agrees well with the experimental value. In his calculation, 

he takes the pseudo-critical properties of hydrogen estimated by Guggen­

heim and McGlashan (33) and assumes that the acentric factor of hydrogen 

is zero. 

B-2 of the benzene-helium system at 1}Q°C based on various mixing 

rules is summarized in Table l4. 
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Table Xk 

Comparison of B_2 of the System Helium-Benzene 

at 50°C Computed by Various Mixing Rules 

a Arithmetic' 

mean 

- 552 ml./mole 

Lorentz-

Berthelot 

22.5 ml./mole 

Guggenheim-

McQlashan 

2^.4 ml./mole 

Prausnitz-C'd 

Gunn 

51 • 3 ml./mole 

a. Based on B,, = 13 ml./mole , Bpp ~ - 1123 ml*/mole 
o 

b. Based on Q = 13>0J ml./mole , A = - 2100 ml./mole , 0O~ 

C?2 = 1*8.8 , A 2 2 a - 12.8 x 10
7 ml./mole , °C2 

c. Based on T* = 7*66*K , V* =» 33-7 ml./mole , 0.'* « 562.6°K , 
11 

V*22 = 26l*° ml-/mole 

d. Based on v.., « 0 , Wp0 = O.2196 

Except for the method of arithmetic mean, which is apparently not 

applicable in a system composed of molecules of widely different sizes, 

all other methods give B_ p a relatively small positive value,. The 

Prausnitz and Gunn's rule was chosen in the present study because it has 

been shown to agree well in the system of hydrogen and decanej, which re­

sembles the present system, of helium and benzene. 
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APPENDIX IV 

SAMPLE CALCULATIONS 

All the calculations were carried out by a Burroughs 220 computer. 

The procedures and the equations involved have been sianmarized in the 

section of the "Procedures of Calculation" in Chapter II, This sample 

calculation illustrates the procedures of the numerical calculations, 

System Diethylene glycol -- Benzene 

Run Ho. 2? 

Experimental Data: 

V\L (flow rate of water-saturated helium stream, at t„ and 
fv f 

P f): O.743 ml./sec. 

Wp (total weight of benzene adsorbed in time 0~): 2.2850 gm. 

P. (pressure at the column inlet): 751-7 am. Hg 

P^ (pressure at the column outlet): 7̂ -0.3 mm, Hg 

P (pressure at'soap film flow meter); 1^.2 mm. Hg 

P (pressure at the exit of the last saturs.tor): 751.8 mm« Hg 

t- (temperature at soap film flow meter): 32.0°C 

t (temperature of water bath): 37»6°C 

t or T (temperature of column): 50.0"0 or 323.2°K 
JL 

W (mass of diethylene glycol inside the column): I.809A gm. 

Q (length of the time during which the benzene in the column 

exit stream was adsorbed by the activated charcoal); 3810 

sec. 

Q (apparent retention time): ^01.0 sec. 
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Calculati onai Pro ce dure s: 

l) Calculation of the mole fraction of benzene in the mobile gaseous 

phase, y° : 

By substituting the molecular -weight of benzene, 78.11 for NU in 

equation (7l)> the equation becomes 

Q 798A(W2)(273.16 + tf)Zlf 
y2 = T y ^ K ^ T ^ n ) + 798TMW2}{273.16 + t Jz^

 (ll5) 

where 

Zlf • °*5 + j 0,2? + 8^/52,363(273-16 + *f)\ (65) 

Bni was calculated from the constants of the Beattie-Bridgeman 

equation given by Dodge (.51): 

Bn - [- Wh^i tf) - °-0lH00 + 5T^£ff+ tf)] * *>3-WB* -ie 
(116) 

where R = 0.08206 atm.-liter/gnu mole, °K 

From the steam tables of Keenan and Keyes (kk), at t « 32.0"C ., P = 

35.7 mm» Hg. By substituting P and other e:xperimer,tal data into equa­

tion (65), (115)* and (ll6) we obtain 

Rp » 13.5^ ml./gnu mole 

Z J f = 1.0005 

y% . 0.2184 
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2) Calculation of (N - G) 

o 
T2 

m 

Substituting y0 and other experimental data into equation (72) 

gives 

(N - G) := 0.013995 moles 

3) Calculation of the correction factor for the imperfection of the 

vapor phase, 0 

Z V 2P 
In 0 - in £ - 2(Z° - 1) - gf* (PB - Tp • g - f j ( y ^ + y2B22) (62) 

m m 
1 

,2 
22^2' 

1 

Z° = 0.5 + (0,25 + B P°/RT)2 (61) 

Z = 0.5 + (0.25 + B P /RT)2 (60) 

where R = 62,363 mm. Hg-ml./gm. mole, °K 

Bori was calculated by the equation given by K&rvezee (30): 
C.C. 

Bl
00 = 1200 - 90TA - 6.6J+T2 + 0.339T^ - 0.0138T2 + 0.00051^ (117) 

B22 = ( 1 + ~i-)B22 ( l l 8 ) 

where T^ = (T - 320)/l0 (119) 

p
m • ( p i + P o ) / 2 < T5) 

and T = 273-16 + t± ( 76) 

B-p was obtained by equation (108). The de t a i l s have been given 

in Appendix I I I . 



106 

B was defined by equation (^9): 

\ - yiBii + 2yiy2B^a + y ^ 2 2
 (^9) 

•where y_ = y0 and y. « 1 - y , , B,. was calculated from equation ( l l 6 ) 
d d L ' d XI 

after substituting tn for t_ . 
1 f 

VOT > the volume of liquid benzene, "was calculated by the follow­

ing equation based on the data given by API Project kh (.38). 

v 78*11 ___, (-no} 
V2L " 0.01602(55.16^ + (15*56 - t^) 0.000659) 

Pp , vapor pressure of benzene at column temperature} is calcu­

lated by equation (77)-

log F° - 6.90565 - s ^ ° l \ (77) 

The results from the a.bove calculations are 

B-,., = 13»l8 ml./go?., mole 

B.!0 = 51*36 ml./gm. mo.le 
„L<C. 

Bop = - 1121.7 ml./gm. mole 

B == - 27.9 ml./gm. mole m °^ 

Pg = 270.9 mm. Hg 
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VpT = 88.4 ml./gm. mole 

z\ = 0.9847 

z « 0.9990 
m 

# = 0.9990 

4) Calculation of the activity coefficient, 7 0 , and the mole frac-

ticn of benzene in the liquid phase, x._ : 
c. 

Substitute the molecular weight of diethylene glycol, M = 106.12 , 
s 

and other data obtained in the previous calculations into equations (40) 

and (I4-X) • 

K2 = 1.3.54 

Substitute the value of K„ into equation (45) 

The sample size used in this run -Has 1.0 microliter. Four other 

samples varying in size from 1*0 to 10.0 microliter were injected in this 

set of runs at the same experimental conditions. The apparent activity 

coefficients calculated from the five samples were plotted against sample 

sizes as shown in Fig. 4 and an extrapolated value of 7 = 3«78 at 

infinitesimal sample size was obtained. 

By substituting the value of 7 pT at infinite*simal sample size 

into equation (79).? "ŵ  obtain 
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4v. 
X« = 

° P 
2 m 

7 p o 
2L 2 

== O.I587 

(79) 
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APPENDIX V 

SOLUBILITY 05' BENZENE IN DXET^fLENE GLYCOL 

The mutual solubilities of benzene and diethylene glycol have been 

studied by Johnson and Francis (^5). The cloud points versus composition 

data reported by them -were reproduced in Fig. 9» (̂ b® compositions which 

originally were expressed on a weight basis have been converted to a molal 

basis.) As is illustrated by the three isotherms 5G*C, 70°C, 90°C, in 

Fig. 9y the concentration ranges covered by the present study and that 

covered by the vapor-liquid equilibrium study made by Pierotti et al. (13) 

are all in the diethylene glycol rich region where benzene and diethylene 

glycol are completely miscible. 

Pierotti et al. (13) also reported some experimental data of mutual 

solubility of benzene in diethylene glycol. Their data are reproduced in 

Table 15. These data are apparently in error because if their data were 

correct', most of the vapor-liquid equilibrium, data reported by themselves 

Table 15 

Experimental Solubility Data of Benzene in Diethylene 
Glycol Reported by Pierotti et al. (13) 

107 1:27 163 187 188 183 l6l Ihh 127 

13.5 17.0 27.O I+7.5 66.k 8O.3 91.7 95-2 97.1 

Temp. °C 

Mole Per Cent 
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Figure 9* Cloud Points of Diethylene Glycol -- Benzene System. 
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(13) (see first and fifth columns of Table 7) would be in the two-phase 

region. In the two-phase region the total pressure should remain constant 

at constant temperature, but this is in contradiction to what Pierotti ejb 

al. (13) have reported. Assuming that the temperature scale of the cloud 

points in Table 15 was measured in Fahrenheit scale whrlch was misprinted 

as Centigrade, corrections then were made accordingly and the corrected 

data were plotted in Fig. 9 "to compare with Johnson and Francis' data 

(̂ •5). While the two sets of data agree in the benzene rich region, a 

great discrepancy appears in the diethylene glycol rich region. Pierotti et 

al.'s solubility data are doubtful because both their own vapor-liquid 

equilibrium data (13) and the results obtained by GLC method indicated 

that at 50°C benzene and diethylene glycol do not form partial miscible 

phases at benzene concentration of 17 mole per cent as Pierotti's solu­

bility data indicate. 
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APPENDIX VI 

ACCURACY OF THE EXPERIMENTAL DATA 

The following quantities, except t , and P ,, are the experi-
v s 

mentally measured data required to calculate y? , the mole fraction of 

solute in the vapor phase, y ? , the activity coefficient of solute in 

the liquid phase, and x„ ., the mole fraction of solute in the liquid 

phase, according to the calculation procedures described in the first 
section of this chapter, t and P are needed in the calculation of 

* w s 
(y0) > ̂ ne Eiole fraction of solute in the vapor phase of the saturator 
when the vapor and solute liquid are at equilibrium at t and P 

The purpose of measuring (y0) has been discussed in. the second section 
c. S 

P. 
1 

of the "Discussions of the Results" in Chapter VI. 

pressure at the column inlet, mm. Hg 

pressure at the column outlet, mm. Hg 

pressure in the soap film flow meter, mm. Hg 

pressure at the exit of the last saturator, mm. Hg 

temperature in the soap film flow meter} °C 

temperature of the water bath which contained the satu­

rator s, °C 

temperature inside the column, °C 

amount of absorbing liquid inside the column, grams 

amount of solute adsorbed by the activated charcoal dur-

W 

W, 

ing the time period of QT 
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VL : volumetric flow rate of water-saturated helium gas mea-
IV 

sured by soap flow meter at t.p and P , mililiter per 

second 

9 : length of the time while the solute in the column exit 

stream was adsorbed by the activated charcoal, second 

0 *. retention time, second 

The experimental accuracy in the determination of each of the mea­

sured quantities listed above will be discussed in the: following in order 

to estimate the overall accuracy of the activity coefficients measured by 

the GLC method. 

P was the same as the atmospheric pressure which was measured by 

a barometer. The gauge pressure of P was read from a manometer (see 
s 

Chapter IV, "Experimental Equipment"). Both of the instruments could be 

read to 0.1 mm. Hg. 

Within the flow rate range involved in the present study, the dif­

ference between P and P. and the difference between P and P« 

s i o f 
were found to be less than 0.1 mm. Hg. Therefore, P. was taken as 

:L 

(P - O.l) mm. Hg and P was taken as (P + O.l) mm. Hg, respectively. 
S O S 

Such a correction might not be necessary because an accuracy of + 1 mm. 

Hg was all required for the measurements of these pressures which were 

equal or slightly above atmospheric pressure. The + 1 mm. Hg uncertainty 

causes an error of less than +0.2$ in the data measured. 

The temperature 9 tf , was read directly from a mercury thermometer 

graduated in subintervals of one degree centigrade. The accuracy thus was 

estimated as + 0.5°C. Because t appears only in the correction term 

for the effect of temperature on the gas volume, + 0.5°C uncertainty 



liA 

causes less than + 0.2$ error in the volume measured, t also determined 

the value of P , the vapor pressure of the water in the flow meter. At 

room temperature, a chance of + 0.5°C causes less than + 1 mm. Hg change 

of the vapor pressure of water. Because P in general was on the order 

of 7̂ 0 mm. Hg and P was in the range of 20 to 30 mm. Hg, an uncertainty 

of + 1 mm. Hg of P affects less than + 0.2ff> of the value of (P_ - P ) 
- n — r x f n 

which appears in equation (,7l)» 

The temperature of the water bath, trt , was maintained within 

+ 0.05°C by a mercury themo-regulator. It was measured by a 0.1°C sub-

interval mercury thermometer which had been compared with an NBS (National 

Bureau of Standards) certified 0.1°C subinterval mercury thermometer. The 

temperature of column oven was maintained within + 0.1°C by a thermister 

controlled electric heater. Column temperature, t } was measured by a 

copper-constantan thermocouple. It was also calibrated against the NBS 

certified thermometer. The calibration was fitted by a fourth power 

orthogonal polynomial equation. The standard deviation of fitted curve 

values and experimental value is + 0.07°C and the maximum deviation is 

+ 0.15°C. By taking into account of the other factor such as the possi­

ble uneven distribution of the temperature inside the water bath and col­

umn oven, the accuracies of the measurements are estimated to be + 0.2°C 

for both t and t . These temperatures were used to determine the 

vapor pressure of the solute. According to equations (77) and (78), &• 

change of 0.1°C will cause the change of vapor pressure of benzene of 1.0 

mm. Hg at 50°C (P° = 271.2 mm. Hg), 1.8 mm. Hg at 70°C (P° = 550.8 mm. Hg) 

and 3.̂ 2 mm. Hg at 90°C (P^ = 1020 mm. Hg) and the change of vapor pres­

sure of n-hexane of 0.67 mm. Hg at 30°C (P° = I87.I mm. Hg). Therefore, 
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an uncertainty of + 0.2°C gives about + 0.7$ error in the vapor pressure 

of the solute calculated from it. 

W was weighed to 0.1 miligram,. By taking account the possible 
s 

error in the packing, the accuracy is estimated as + 0.01 gram or + 0.8$ 

of the total -weight of the absorbing liquid inside the column. Wp was 

also weighted to 0,1 miligram. By taking into consideration of other 

possible sources of error, the accuracy is estimated as + 1 miligram. The 

total weight of W in general, was greater than 1 gram, except in a few 

cases it was as small as 0»3 gram. 

Instead of directly read out as mililiter per second, the soap film 

flow meter measures the flow rate, VI , as the time required for 25.0 

mililiter of water-saturated helium gas to pass through the flow meter. 

The volumetric scale of the flow meter was calibrated by distillated water 

to an accuracy of + 0.5$. The reproducibility of the stop timer in timing 

the movement of the soap film was +0.1 second. The total length of the 

time for the soap film to move a distance equivalent to 25.0 mililiter 

volume was in general 30 to 60 seconds, and in no case: less than lh sec­

onds. The accuracy of the flow meter measurement, the.-refore, is better 

than 40.7$• The fluctuation of flow rate was found in some cases as much 

as + 1.5$ of the average flow rate. Two or three measurements always made 

within 0 while the retention time was measured. An. average value was 
Xl 

chosen. 

0 was measured by an electric timer. Major error in the measure-

ment of 0R was introduced in the determination of the concentration peak 

point in the recorder chart, especially when a small sample was used. For­

tunately, the flat peak generally occurred after a long retention time. 
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In some cases the uncertainty of the peak point might be as great as + 5 

seconds, the apparent retention time., 9 , in those cases was always 

greater than 5 minutes. The error was no greater than +1.5 per cent, 

Based on the above analysis, all the experimental data are be­

lieved to have been measured with an accuracy of + 1.5 per cent or better. 
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