
• . MEASUREMENT 
OF 

BINARY GASEOUS DIFFUSION COEFFICIENTS 
OF 

POLAR SYSTEMS 

Aziz Ahmed Mian 

A 
THESIS 

PRESENTED TO 
THE GRADUATE FACULTY OF 

THE UNIVERSITY OF BRITISH COLUMBIA 
IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR 
THE DEGREE OF 

MASTER OF APPLIED SCIENCE 
IN 

CHEMICAL ENGINEERING 

We accept this thesis as conforming to the required standard 

Dr. D.S.Scott, Associate Professor, Chemical Engineering; 
Director of this investigation. 

VANCOUVER, BRITISH COLUMBIA 
1962 



In presenting this thesis in p a r t i a l fulfilment of 

the requirements for an advanced degree at the University of 

British Columbia, I agree that the Library shall make i t freely 

available for reference and study. I further agree that permission 

for extensive copying of this thesis for scholarly purposes may be 

granted by the Head of my Department or by his representatives. 

It is understood that copying or publication of this thesis for 

financial gain shall not be allowed without my written permission. 

Department 

The University of British Columbia, 
Vancouver 8, Canada. 

Date Ih^Jr 5 1 ^ f nS'L-



A B S T R A C T 

i 
T h i s i n v e s t i g a t i o n w a s u n d e r t a k e n p r i m a r i l y f o r t h e p u r p o s e o f c o l l e c t i n g 

r e l i a b l e e x p e r i m e n t a l d a t a o n b i n a r y g a s e o u s d i f f u s i o n c o e f f i c i e n t s o f p o l a r 

s y s t e m s . T h e : b i n a r y g a s p a i r s i n v e s t i g a t e d w e r e t h e A - SO2 > A - H C I , a n d 

S O g - H C I s y s t e m s . D i f f u s i o n t h r o u g h , a p o r o u s s o l i d . i n a f l o w a p p a r a t u s w a s 

a d o p t e d f o r t h e d i f f u s i o n m e a s u r e m e n t . T h e d i f f u s i o n c e l l w a s s t a n d a r d i z e d b y 

m a k i n g d i f f u s i o n r u n s u s i n g t h e N g - C O ^ s y s t e m a t 5 d i f f e r e n t t e m p e r a t u r e s , 

r o o m t e m p e r a t u r e , 70°C, 1 2 0 ° C , 2 0 0 ° C , a n d 2 S 0 ° C , a n d u s i n g a l s o t h e N g - H g 

s y s t e m a t r o o m t e m p e r a t u r e . T h e r m a l c o n d u c t i v i t y c e l l s a n d c h e m i c a l m e t h o d s , 

a l o n e o r i n c o m b i n a t i o n , w e r e u s e d f o r a n a l y s i s o f t h e g a s s t r e a m s . 

' T h e r e s u l t s i n a l l t h e s e t h r e e s y s t e m s c o u l d b e r e p r e s e n t e d b y s t r a i g h t 

l i n e s o n l o g a r i t h m i c p l o t s o f d i f f u s i o n c o e f f i c i e n t a g a i n s t t e m p e r a t u r e s f r o m 

2 0 ° C - 250 ° C I n t h e f i r s t t w o p a s p a i r s , t h e e x p e r i m e n t a l c o e f f i c i e n t s a p p e a r e d 

t o b e 2 5-3$ a n d 2 9 - 2 $ l e s s a t r o o m t e m p e r a t u r e , a n d 2 0 . 0 $ a n d 1 2 . 1 $ l e s s a t 

a b o u t 250°C t h a n t h e r e s p e c t i v e l y p r e d i c t e d v a l u e s o b t a i n e d b y u s i n g t h e 

S t o c k m e y e r p o t e n t i a l f u n c t i o n i n t h e H i r s c h f e l d e r d i f f u s i o n e q u a t i o n . T h e 

s l o p e s o f t h e l i n e s w e r e I.988 a n d 2 . ^ 2 , r e s p e c t i v e l y . I t w a s f o u n d t h a t t h e 

A - S O g s y s t e m c o u l d b e r e p r e s e n t e d b y a p o t e n t i a l f u n c t i o n o f t h e L e n n a r d - J o n e s 

t y p e , a l t h o u g h t h e m o l e c u l a r f o r c e p a r a m e t e r s d e t e r m i n e d f r o m t h e d i f f u s i o n d a t a 

d i d n o t a g r e e w i t h t h o s e c a l c u l a t e d f r o m t h e p u r e c o m p o n e n t v a l u e s a n d t h e u s u a l 

e m p r i i c a l c o m b i n i n g r u l e s . T h e s y s t e m A - H C I c o u l d n o t b e r e p r e s e n t e d b y a 

f u n c t i o n o f t h e L e n n a r d - J o n e s t y p e . . . 

T h e t h i r d s y s t e m , S O g H C I , w a s a l s o f o u n d t o b e h a v e m o r e o r l e s s t h e same 

w a y a s A - H C I s y s t e m . H o w e v e r , t h e s l o p e o f t h e l i n e o b t a i n e d f r o m a L o g D v s 

L o g T p l o t ( 2 . 2 2 ) , w a s s m a l l e r t h a n t h a t o f t h e A - H C I s y s t e m , a l t h o u g h s t i l l 

g r e a t e r t h a n t h a t p r e d i c t e d b y u s i n g t h e M o n c h i c k a n d M a s o n . (12-6-3) p o t e n t i a l 

f u n c t i o n . T h e m a g n i t u d e s o f t h e d i f f u s i o n c o e f f i c i e n t s w i t h i n t h e r a n g e o f 

t e m p e r a t u r e s s t u d i e d w e r e f o u n d t o b e w i t h i n 1 1 . 0 $ o f t h e p r e d i c t e d o n e s . 

N e v e r t h e l e s s , t h e s y s t e m d i d n o t c o n f o r m c o m p l e t e l y t o t h e M o n c h i c k . a n d M a s o n 



model.. 

• Some qualitative reasons are given for the inadequacies of present potential 

functions and combining rules for use in predicting binary diffusion coefficients 

in mixtures containing polar molecules. 
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1. 

INTRODUCTION 

From the point of view of both applications in many engineering 

operations and an understanding of the nature of the unlike molecular interact

ions, i t is important to have reliable values of the binary diffusion 

coefficients of gases. 

According to the rigorous kinetic theory of gases, the mutual diffusion 

coefficients of gases in binary systems, in the f irst approximation, is 

dependent only cn the unlike molecular interaction. Hence, its accurate 

determination is liable to give information about the force laws between 

unlike molecules better than possibly any other property of gas mixtures. 

Based on simplified assumptions Hirschfelder and others^ have deduced a 

mathematical expression for the prediction of binary gaseous diffusion 

coefficients. This relationship has been found to be valid over fairly wide 

ranges of temperature and pressure only for nonpolar, nearly spherical 

molecules, that is, those molecules for which the Lennard-Jones potential 

function might be adequate. 

A modification of this function has been applied to predict the diffusion 

coefficients of systems involving a nonpolar substance as one component and a . 

polar substance as the other. Unfortunately, the experimental data at 

varying temperatures for such systems available in the literature are scanty 

and often do not agree with the predicted values. Obviously, reliable 

experimental data on diffusion coefficients of nonpolar - polar systems over 

a reasonable range.:of temperature are needed to test the modified equation of 

Hirschfelder and others. 

Finally, for the prediction of diffusion coefficients of systems involving 

polar molecules as both components, there exists no equation in the literature. 

Furthermore, no attempt has yet been made for the experimental measurement of 

the diffusion coefficients of such systems as a function of temperature. 



. . I t may be mentioned in this connection that, based on certain 

.simplifying assumptions which though not rigorously justified are claimed by 

the authors to be physically reasonable, a theory has been worked out by 

Monchick and Mason^ for the prediction of the transport properties of pure 

gases which have permanent dipole moments. An acid test for this theory lies 

in its simultaneous application to the viscosity and the self-diffusion 

coefficient data. Although reliable viscosity data of many polar gases are 

available in the literature, unfortunately, the data on the self-diffusion 

coefficients of such substances are almost negligible. Therefore, whether 

or not Monchick and Mason's model represents the true picture of polar molecules 

, in so far as their transport properties are concerned, remains to be seen 

when reliable measurements of their self-diffusion coefficients are available. 

Furthermore, this equation of Monchick and Mason is not adaptable as 

such to binary systems. Some combining rules, either purely empirical or 

based on . some, physical reasoning, are needed for the parameters of the 

proposed potential function for polar substances. Obviously, this requires 

reliable experimental data on binary diffusion coefficients of such systems 

i f such rules are to be adequately tested. 

The present investigation is therefore directed towards the measurement 

of binary diffusion coefficients of polar systems. 

An-outline of the plan of investigation is given in the next section. 
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METHODS OF APPROACH 

As a f irst step toward the present investigation i t was planned that a 

review of the pertinent literature be made for the purposes of the selection 

of systems of gas pairs and a method for the measurement of their diffusion 

.coefficients, A brief account of this is given in the section, REVIEW OF 

LITERATURE. 

To permit prediction of diffusion coefficients, two equations were 

selected, one based on classical kinetic theory and another based on modern 

kinetic theory. For the f irst , the Arnold equation was chosen, and for the 

second, that of Hirschfelder. An account of this is given in THEORY OF 

PREDICTION. 

The systems selected for study were argon - sulphur dioxide, argon-

hydrogen chloride, and sulphur dioxide - hydrogen chloride. The method chosen 

for the measurement of their diffusivities was by diffusion through a porous 

solid in.,a. flow «.pparatusv... An account of the design and construction of the 

apparatus is given in APPARATUS. 

In order to obtain a methematical expression for the calculation of' the 

diffusion coefficients of the selected systems from the measured data, i t was 

decided to integrate the general diffusion equation under the conditions of the 

experiment. This is given in the THEORY OF MEASUREMENT. 

For the purpose of the standardization of the apparatus i t was planned 

that the diffusion cel l be calibrated by making diffusion runs of a binary 

gaseous system whose diffusivities at various temperatures were fairly 

accurately known. The system selected for.-this purpose was nitrogen-carbon 

dioxide and the data to be used were those obtained by Walker and Westenburg .̂ 

Also, i t was planned that the temperature dependence of the calibration 

factor, i f any, be determined by repeating the calibration procedure at 

various temperatures ranging from room temperature to about 250°C. Further, 



i t was decided that the independence of the calibration factor of the 

particular binary system, be checked by repeating the calibration procedure 

with at least ohe different gas pair. The system selected for this purpose 

was the.nitrogen - hydrogen system, and the data: to be used were those 

obtained by Scott and CoxV An account of the calibration procedure is given 

in the section entitled PROCEDURE while the results obtained therefrom are 

given in RESULTS. 

Finally, the diffusion coefficients of the proposed systems obtained 

experimentally are presented in RESULTS. 
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Quite a few review a r t i c l e s on b i n a r y gaseous d i f f u s i o n are a v a i l a b l e 

i n the cu r r e n t l i t e r a t u r e . The one w r i t t e n by Westenburg5 i s f a i r l y recent 

and comprehensive. However, a good d e a l of work has been done a f t e r t h i s date 

by v a r i o u s workers i n c l u d i n g Walker and Westenburg themselves. For the 

purpose of the present i n v e s t i g a t i o n the o r i g i n a l works of i n t e r e s t were 

a l l reviewed again. A b i b l i o g r a p h y i s given i n APPENDIX A. 

From t h i s review, i t appeared t h a t Sulphur d i o x i d e and hydrogen c h l o r i d e 

would be a good choice f o r p o l a r gases, as both of them have' high d i p o l e 

moments, and as t h e i r molecular s t r u c t u r e s do not deviate very much from the 

i d e a l s p h e r i c a l shapes. For making a nonpolar - p o l a r combination w i t h these 

p o l a r gases, i t was thought t h a t an i n e r t gas would be the best s e l e c t i o n , as 

i t would conform to the i d e a l molecule assumed i n the o r d i n a r y k i n e t i c 

theory of gases. I t was found i n the p e r t i n e n t l i t e r a t u r e survey t h a t no 

work had yet been done on argon - sulphur d i o x i d e , argon - hydrogen c h l o r i d e , 

and Sulphur d i o x i d e . - hydrogen c h l o r i d e systems. Consequently, these systems 

were s e l e c t e d f o r the purpose of the present i n v e s t i g a t i o n . 

On the a v a i l a b l e methods f o r the measurement o f the b i n a r y gaseous 

d i f f u s i o n c o e f f i c i e n t s , a review has been made by P a u l and S r i v a s t a v a ^ . The 

so c a l l e d " P o i n t source technique" of Walker and Westenburg f o r the 

measurement of the d i f f u s i o n c o e f f i c i e n t s i n b i n a r y gaseous systems i s 

p a r t i c u l a r l y s u i t a b l e f o r h i g h temperature measurements w i t h a h i g h degree of 

p r e c i s i o n . However, the apparatus i s h i g h l y complicated, and d i f f i c u l t to 

d u p l i c a t e w i t h equal p r e c i s i o n f o r work w i t h c o r r o s i v e gases. D i f f u s i o n 

through a porous s o l i d as reported by Sc o t t and Cox^ appears to be a simple 

yet s u i t a b l e method f o r f a i r l y high temperature measurements. As f a r as the 

p r e c i s i o n i n t h i s method i s concerned, the authors have shown i n at l e a s t 

one case i . e . i n the case of n i t r o g e n - iydrogen system, t h a t the data 
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obtained by this method agree reasonably well with those obtained by Schafer 

and Moesta^ , Schafer, Gorte and Moesta®, Jackmann ,̂ Waidmann-'-̂ , and Boardman 

and Wild"^, as well as with those predicted by the Hirschfelder equation 

using the Lennard-Jones potential function. 

It was therefore decided that for the purpose of the present investigation 

the method of measuring diffusion through a porous solid in a flow system 

should be used. This method has the advantage over conventional types, 

like the Loschmidt Cell , in that i t avoids the difficulties normally 

associated with heating a gas to high temperatures, in particular convection 

effects. 
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THEORY OF PREDICTIONS 

Based on the early kinetic theory of gases, a number of equations were 
I 

formulated for the prediction of binary gaseous diffusion coefficients. A 
13 

cr i t i ca l review of this subject has been given by Reid and Sherwood . It 

can be concluded from this review that the results from the semi-empirical 

Arnold equation appear to be less erratic for non-ideal systems than those 

calculated from other expressions. This' equation is 

O.OO837 T 5 / 2 ( M + M )/M M F 
A B A B 

DAB = "7l/3""l/3\"2""""" " ( 1 } 

? \ + X j ( T + SAB ) 

where D̂ g is.the binary gaseous diffusion coefficient 

M ,M are the molecular weights of the respective 
A B 

components, 

T is the temperature, 

P is the pressure 

Vb are the molal volumes of the pure components 
A B 

at their normal boiling temperatures, 

Ŝ g is the Sutherland constant for the gas 

mixture estimated by 
S = F VS S , or 

AB A B 

= 1.1+7 F/T, T, in cases where S., Ŝ  
A B A B 

are not available, 

F an empirical factor varying with the ratio, 

V, ./-V, , as tabulated by Arnold. 
DB B A 

The modern version of the kinetic theory of gases has led to the 

development of the Hirschfelder^ equation which takes into account the forces 
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of attraction and repulsion between the molecules undergoing encounter. 

His equation for binary systems is 

T 3 / 2 ( ( M A + M g V a ^ M g ) * 

= 0 . 0 0 2 6 2 8 0 - — (.2 ) 

2 Q ( L , L ) * 
^ ^AB AB (T* ) 

AB 

where rf is the collision diameter or the distance 
UAB 

parameter of a potential function, 

AB(T^g) is the co l l i sion integral that accounts 

for the unlike molecular encounter; i t is 

a function of T^g in the cases of nonpolar-

nonpolar, and nonpolar - polar systems 

while i t is a function of T* and a second 
AB 

parameter Q , in the case of polar-polar systems. 
Ao 

T* = kT/ C AB 7 AB 

€ is the depth of the potential well, or the AB 

anergy„ parameter of a potential function. 

This equation (."2 ) is perfectly sound and adaptable to any binary system, 

i .e. i t can be applied equally well to nonpolar-nonpolar; nonpolar-polar and polar-

polar systems, i f a suitable potential function be available. A number of 

potential functions are, in fact, available in the literature, but only one of 

them has been used extensively to evaluate the collision integral and that 

is the Lennard-Jones function^, which is descriptive only of nonpolar -

nonpolar systems. 

This function considers only the short range repulsive force and the long 

range dispersion force which, therefore, covers only the encounter between two 

isolated ideal molecules i.e. molecules with spherical shapes, electrically 

neutral (i.e. having no charge or dipole or multipole moments) and which 



undergo inelastic collisions. The f irst force has been approximated by an 

inverse 12th power of the distance of separation, while the second has been 

found to be proportional to the inverse 6th power of this distance. This is 

expressed in the Lennard-Jones potential function as 

T7 V 1 2 /CTft \ 

%r - | [v l - ; r j (3 ) 

The collision integrals both for like and unlike molecular encounters, have 

been calculated using this potential function. The parameters and for 

pure components can be obtained from viscosity data, as this phenomenon 

depends on like molecular interactions. The pure component parameters are 

thea combined by empirical rules suggested by Hirschfelder, that is 

AB M CA tfi 

and , f - _iA..L .„.._:B. 
("4 ) 

'AB 

and used in the Lennard-Jones potential function to permit prediction of 

the behaviour of binary mixtures, and particularly the binary diffusion 

coefficient, which depends on only unlike molecular interactions. 

The diffusion coefficients calculated using this technique agree 

fairly well with experiment for nonpolar - nonpolar systems as might be 

expected. 

In the case of nonpolar - polar systems, in addition to the above mentioned 

two forces, a force of induction due to the interaction between the dipole 

moment of one molecule and the polarizability of the other, comes into effect. 

This force varies as the inverse 6th power of the distance of separation of 

the point of action of the dipole and that of the polarizability. For this 

purpose, therefore, the Stockmayer potential function rather than the Lennard-

Jones has been suggested for use. The Stockmayer potential function for 

nonpolar - polar systems takes the same form as the Lennard-Jones with an 
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additional term to account for the primary induction effect, i.e. 

(r) 

Icf) 
AB 
12 

icf \ 
AB 

6 -

\ T 1 
"7^ (5 ) 

This expression neglects terms describing interactions between multipole 

moments. It has been shown by Hlrschfelder that equation ( 5) can be 

written in the same mathematical form as the Lennard-Jones potential i f i t 

is assumed that the. induction interaction i s also from centre to centre 

i.e. the dipole i s assumed to be a point dipole situated at the centre of the 

polar molecule and similarly, the polar!zabllity situated at the centre of 

the nonpolar molecule. That.is, 

7,6 1 

(r) 
np-p Ll 

where 

and 

€ 
i 

-AB 

AB ÂB 
0(npMp 

L k ^AB Om 
I + 

. 1 
5* 

Unfortunately, except for water in systems with a nonpolar substance, 

this:potential function does not agree with the experimental results, giving 

values which are too high by up to 30$' 

In the cases of polar - polar systems, neglecting induction forces 

between polarizability of one molecule and dipole or multipole moments of the 

other, and taking into account only the interaction between two dipole moments, 

the Stockmayer potential function assumes the form: 
12 rf 6 1 

<#r) " 4 CAB 
p-p 

Iff r d icf*. 

\ 
MAM] B 

(X) 
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The last term i.e. the dipole-dipole interaction depends, apart from the 

distance of separation of the points of action of the dipoles, upon the 

orientations of the dipole moments of the molecules, i .e . i t is an angle 

dependent force. On the assumption of centre to centre interaction i.e. the 

dipoles being assumed to be situated at the centres of the respective 

molecules, Monchick and Mason have expressed the function in the form of 

Lennard-Jones potential function but with three terms and three parameters, 

i . e . 

<kr) - h e 
p-p 

They have also.calculated the collision integrals averaging over a l l 

orientations, and have applied their results to the viscosity .data of some 

polar gases. However, this approach has not yet been tested for diffusion, 

as self-diffusion data of polar gases are not available; Further, in order 

to apply this function to binary systems, some combining rules for £, } 

AB 
C AB> and 4-AB> a110- a r e necessary. 

The parameter (5 introduced by Monchick and Mason for a pure component 

can be related to those used in the Stockmayer potential function by combining 

equation (. 7 ) for a single component with equation ("8 ) to give 

k ecfo = 2U2 ( 9 ) 

Assuming that Monchick and Mason's approach is valid for binary systems, the 

relationship between the binary parameters is 

* Cffi <5AB = 2 M A M 3
 ( 1 0 ) 
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If Hirschfelder's. combining rules for ^ L a r e assumed to be s t i l l 
AB AB 

valid, then (-^g can be calculated from equation (io). However, no 

experimental data are available to test the validity of the combining rules.. 

If values of the parameter 0 are available for the pure components, i t can 

be.proven that v . , ^ can be satisfactorily obtained from either the geometric 

or the arithmetic mean of these pure component values. This proof is given 

in Appendix E. 

Both Hirschfelder's approach for nonpolar - polar systems, and Monchick 

and Mason's for polar - polar systems, suffer from limitations. 

In the case of nonpolar - polar systems, in addition to the interaction 

betweenvthe point dipole of the polar molecule and the point polarizability 

of the nonpolar molecule, there might be (l) force contributions due to 

interactions between the permanent point dipole of the polar molecule and 

quadrupole or multipole moments of the nonpolar molecule i f i t happens to 

have one, ( 2 ) contributions due to the point-action assumption,.that is, due 

to deviations (a) between the ideal point dipole and the real case for most 

polar'molecules in which the effect spreads over the molecule (b).between the 

ideal point polarizability and the one non-uniformly distributed within the 

nonpolar molecule, and (c) caused by.the non-coincidence of the centre of 

electric field with the centre of the polar molecule (in which case the 

distance of separation of the polar molecule from the nonpolar.one at the 

point at which the potential function reduces to zero, i .e . as i t appears in 

the Lennard-Jones potential, is not the same as the distance for induction 

interaction,) and ( 3 ) contributions due to chemical force (i.e. of the type 

of hydrogen bonding, or whatever causes association or cluster formation 

between molecules). 

The f irst one represents angle dependent interactions, proportional to 

the inverse 4 th and 5th powers of the distance of separation of the centres 

of electric fields in the two molecules, and their total effect may not be a 
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negligible quantity in a l l cases. However, there is no way, at least at 

this stage, to estimate this contribution to the potential function, because, 

f irst of a l l , the quadrupoles and higher multipole moments are not available 

and secondly, the collision integrals for this angle dependent function have 

not yet been evaluated. 

It does not seem feasible at this stage to estimate by theoretical means 

the contributions mentioned under ( 2 ) . Attempts have been made to calculate 

their effects on the Stockmayer potential parameters C and (A_ in the 
AD AD 

cases of organic polar molecules, interacting with nonpolar molecules by 

Blanks and Prausnitz , using the concept of homomorphs. Obviously, this 

approach.is untenable in the cases of inorganic molecules as there exists no 

homomorph for them. 

Finally, the estimation of the contribution due to chemical force, 

mentioned in ( 3 ) > is beyond the present scope of the kinetic theory of gases 

and no clue is available as yet as to how i t can be evaluated theoretically. 

In the cases of polar - polar systems, apart from the point dipole - point 

dipole interaction which has been taken care of in the Monchick and Mason 

potential, there might be (l) contribution due to induction interaction 

between the point dipole of one and the ideal polarizability of the other, 

( 2 ) contribution due to interaction.between point dipole of one and 

quadrupole or higher moments of the other, ( 3 ) contributions due to deviations 

from ideal point dipole, central dipole, and from ideal polarizability, and 

(h) contribution due to chemical forces as mentioned in the case of nonpolar -

polar systems. 

The f irst and the second contributions are complicated by the factors 

discussed in the case of nonpolar - polar systems, whereas the third and the 

fourth contributions suffer from the same disadvantages of evaluation as 

mentioned above. 



Ih. 

APPARATUS 

The principles on which the apparatus was designed Save been explained by-

Scott and Cox̂ ". They have also given a sketch of the apparatus. 

The primary objective was to attain counter current ordinary diffusion 

taking place through the pores of a properly selected solid, and then to 

analyse the outgoing streams in order to calculate the diffusion coefficients 

of the systems under investigation. 

The solid selected for the purpose was a plug of #yrex fritted glass 

cylindrical in shape, approximately 1 cm. in length and 1 cm. diameter, and 

having a mean pore diameter of h to 5 microns (Corning "fine" grade). The 

radius, therefore, was at least ten fold greater than the mean free path of 

most gases and guaranteed predominantly ordinary diffusion. This plug was 

fused in the middle of a pyrex glass tube 20 cms. in length and 1.25 cms. in 

diameter. On each side of the porous solid the glass tube was provided with 

an inlet and an outlet for the gas streams. The two sides of the porous solid 

were also connected to a draft gauge in order to detect any inbalance of 

pressure. A sketch of this diffusion cel l is given in Figure 1.. 

For the purpose of metering the inlet gases, two flowmeters - one Matheson 

rotameter-type and.the other a capillary type - were inserted, one on each 

stream. The capillary flowmeter was constructed with three parallel capillary 

tubes to give a wide range of flow rates of gases. And 3 f o t a M e t e r fcub«s were 

For the analyses of the outgoing streams of gases, a number of methods were 

tried to suit the specific systems. For nitrogen - carbon, dioxide, nitrogen -

hydrogen and argon - sulphur dioxide systems, thermal conductivity cells were 

used to analyse both the streams. For the argon - sulphur dioxide system, in 

also '.o .... a combination of thermal conductivity and chemical analysis was used, 

the former for analysis of argon in a stream of sulphur dioxide, and the latter 

for analysis of sulphur dioxide in a stream of argon. The combination method 
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was also used.for the argon - hydrogen chloride system, whereas methods of 

chemical analysis were used for the sulphur dioxide - hydrogen chloride system. 

The thermal conductivity cells used for these purposes were G-ow Mac Model WIS 

Diffusion Type. The T . C Cells were thermostated in order to eliminate the 

effect of temperature variation during the day, or from day to day. 

The gases employed were obtained in cylinders, and after being dried over 

anhydrous calcium sulphate, were used without further purification, except for 

hydrogen which was passed through a De-Oxo Converter prior to drying. The 

specifications for each gas are given below- as guaranteed by the suppliers: 

Nitrogen - 99-99$ purity, Canadian Liquid Air. 

Hydrogen - 99.94$ " Canadian Liquid Air 

Carbon dioxide - 99-5$ purity, Liquid Carbonic Co. 

Argon - 99-99$ purity, Linde Co. 

Sulphur dioxide - 99-92$ Canadian Industries Ltd. 

Hydrogen chloride - 99-0$ purity, Matheson Co.Inc. 

The temperature variation in the forced circulation hot air oven in which 

the diffusion cel l was placed was + 1°C at 250°C 

For the inert gases, copper tubing was used for a l l lines except in the 

diffusion cel l itself. For corrosive gases, all-glass equipment was employed 

with the exception of brass throttling valves and flow controller, and a few 

rubber sleeves. 

Diffusion ce l l temperatures were measured by means of an iron-constantan 

thermocouple bead in contact with the outer glass surface of the diffusion ce l l . 

A sketch of the lay-out of the apparatus is given, in Figure 2 and the 

modifications made in using the combination method for analyses is shown in 

Figure 3-
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Figure 2 APPARATUS FOR DIFFUSION EXPERIMENT 
a. Driers c. Matheson Flowmeters e. Diffusion cel l 
b. Filters, d. Capillary Flowmeters f. Draft Gauge 

m. Manometers 
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C O M B I N E D C H E M I C A L - T - C • C E L L U N I T O F A N A L Y S I S 

Figure 3 COMBINED CHEMICAL-T.C.CELL UNIT OF, ANALYSIS 
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THEORY OF MEASUREMENT 

A. Counter diffusion in a Flow System 

Under the conditions of the experiment, a pure gas, A, is flowing through 

one compartment of the diffusion ce l l , while another pure gas, B , is flowing 

through the other, thus allowing counter current ordinary diffusion to take 

place through the pores of the glass plug separating the two compartments. 

Under these conditions of steady continuous flow of gases with steady states 

of temperature, pressure, and concentration at any point in the apparatus, the 

ordinary diffusion equation is given T o r lixed coordinates.; and perfect gases as 

d C A 

% = - D A B S - — + ( N A - % ) r 
dz 

where N^, Eg are the total transfer of gases, A , and B , into streams 

of B and A , respectively, woies/sec 

D̂ g is the diffusion coefficient of gas, A into gas, B , cm'"/sec. 

S is the area for diffusion, ctrr 

. z is the length of the diffusion path, cm 

C^ is the concentration of gas, A , in the hulk of gas, B , ••oles/em~> 

is the partial pressure of gas, A , in the bulk of gas, B , ; atm. 

and P is the total pressure, StflK 

On integration i t gives the Sherwood and, Pigford equation: 

NB 

. . . 1 - (1 - -?) y A £ 

A B % 2 

N A = ln : (12) 
RTz(l - % 1 - (1 _ _%) (1 - y„ ) 

N A N A 1 



where y ^ represents the mole fraction of A in 

compartment- ; 2 i.e.. in the outgoing stream 

of gas, B, 

and y,, represents the mole fraction of B in the 
1 

outgoing stream of gas, A. 

The ratio, Ng/N^, can he calculated i f the total pressure is constant 

from the relationship with the. square-root of the inverse ratio of their 

molecular weights as shown "by Scott and Dullien (12), i .e. 

!i '.-:v!r ••• as) 
where M̂> Mg are the molecular weights of A and B respectively. However, i f 

an experimental measurement of y ^ and y-ĝ  is made, then i t becomes possible 

to calculate the exact value of N-g/N^ simply by means of a material balance 

around the diffusion cel l . Equation (12) is independent of variations in total 

pressure because the product D P does not vary with pressure. Therefore, an 
AB 

experimental determination.of the.ratio Ng/N^ means that the value of the 

diffusion coefficient calculated from equation (12) is independent of experimental 

errors in maintaining constant pressure across the. diffusion ce l l . 

B. Material Balance around the Diffusion Cell 

Referring to Figure 1, let 

A^ be the flowrate of A in ccs/min. entering.compartment 1, 

Bg be the flowrate of B in ccs/min. entering compartment 2, 

A' be the flowrate of stream rich in A leaving the ce l l , 

B^ be the flowrate of stream rich in- B.leaving the ce l l , 

y^be the mole fraction of A in the stream B£, and 
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y be the mole fraction of B in the stream A-! 
1 

Then by an over a l l material balance, assuming constant temperature and 

pressure, 

*1 - *1 = B 2 - B ' (14) 

by the balance of component A , 

A i -
 Aid - V = B 2 ^ 

and by the balance of component b, 

B 2 _ B'( l - . y A 2 ) = A- y B i ( 1 6 ) 

v A = B ; y , 

Therefore the total volume of component A entering into compartment 2 is 

3 2 % 

—L . 1_1 ( 1 7 ) 

1 _ y ^ 2 " y B l 

and the total volume of component B entering into compartment 1 is 

V. 
B 

A l y

B l (Ai + B 2 ) y A 2 y B i 

i - y A - y-o 

A 2 B]_ 

Since these two gases are under identical conditions of .temperature and 

pressure within the diffusion ce l l , V g / V A wi l l be equal to N g / N A assuming that 

the gases behave ideally. However, and V g as expressed by equations 0-7) and 

0.8), are under the conditions of room temperature and pressure rather than those 

at which the diffusion takes place. This does not alter the value-of the ratio 

of N g / N A , nevertheless i t .changes the absolute values of both N A and N g . 

Thus, ,r T> . 
' V . P p V ' P 

A R A / \ 
N A = R T 7 = " F T ^ 
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where i s the new value of V A measured at the conditions of temperature, T, 

and pressure, P, at which the d i f f u s i o n actually,takes place. 

Therefore, from equation (jo.) and equation (12) 

NART A R 
TR 

^ - V V 1 ( l - V ^ J d ^ ) 

On substitution of equations (7) and (8) and on subsequent s i m p l i f i c a t i o n , 

.this equation gives the following: 

D » -fi ' I 
' l - y . - V x , 

In (20) 
y A " yB 

A 2 *1 

where jQ = z/S 

A l y
B l 

i . e . a function of the geometry of the d i f f u s i o n c e l l . 

Therefore, the d i f f u s i o n c e l l factor, J3, can be determined by making a 

dif f u s i o n study of a gas system whose di f f u s i o n c o e f f i c i e n t s are known f a i r l y 

accurately, and cal c u l a t i n g from equation (20) using observed values of y ^ 

and y . 
B l 
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PROCEDURE 

The experimental procedure consisted of four phases: 

(a) calibration of flowmeters for the gases to be used, 

(b) calibration of equipment for the analysis of the outgoing 

gases from the diffusion ce l l , 

(c) calibration of the diffusion ce l l , 

(d) diffusion measurements of the selected systems. 

CALIBRATION OF FLOWMETERS: 

The.flowmeters, both Matheson rotameter and capillary types, were calibrated 

for insoluble gases i .e. nitrogen, carbon dioxide, hydrogen, and argon - against 

a wet test meter for large flow rates and against soap bubble flowmeters for 

small flow-rates, i . e . , for flow rates less than about 200ccs/min.. For 

hydrogen chloride and sulphur dioxide, the flowmeters were calibrated against 

soap bubble flowmeters for both high and low flow rates. For this purpose, an 

extra large soap bubble flowmeter with a capacity of 250cc measured at 20°C was 

constructed. 

The calibrations were expressed in terms of fluid properties and the 

flowmeter characteristics, so that any effect due to changes of temperature 

and pressure on the flow rates could easily be taken into account. 

The derivation of the groups for calibration is given in APPENDIX B. 

CALIBRATION OF THERMAL CONDUCTIVITY CELLS: 

One of the thermal conductivity cells was calibrated for small percentages"of gas, 

B, in a mixture with gas, A, while the other for small percentages of gas, A, 

in a mixture with gas, B. 

For the f irst , 200 cc/min. of gas A was led through the reference side of 

the thermal conductivity ce l l , and 100 cc/min. of the same gas led through the 

sample side, in order to set the zero in the potentiometer connected to the 
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circuit. Then 100 cc/min. of a known mixture of a small percentage of gas B 

in A was led through the sample side of the same thermal conductivity ce l l 

instead of the lOOcc/min. of pure gas used.for setting the zero. The 

corresponding millivolt changes were noted with the potentiometer, and plotted 

against percentages of B. 

The second thermal conductivity cel l was calibrated also using the same 

technique,, but interchanging the gases. 

CALIBRATION OF-DIFFUSION CELL:' 

The diffusion cel l was calibrated by making diffusion runs through the 

apparatus using the system nitrogen - carbon dioxide. Nitrogen metered in a 

in a Matheson rotameter entered one compartment of the diffusion ce l l at a 

rate of 100 cc/min. while carbon dioxide metered.in a capillary flowmeter 

entered.the other at about the same rate. Both the gases and the: diffusion 

ce l l were maintained at a constant temperature by placing the apparatus inside 

an accurately temperature-controlled heated oven. The flow of the gases was 

so adjusted that the pressure difference between the two compartments of the 

diffusion ce l l was practically zero, with fluctuations of less than 2/100th 

of an inch of the draft gauge o i l (specie gravity. 1.-0). The two streams leaving 

the diffusion cel l were analysed by the two thermal conductivity cells previously 

calibrated for the. purpose. These data gave an effective diffusion coefficient 

of the system at the particular temperature. This effective diffusion 

coefficient, together with the known true diffusion coefficent of the system 

at the same temperature, enabled the calculation of the characteristic 

diffusion ce l l calibration factor, JJ , which is the ratio of the true 

diffusivity to the effective diffusivity. 

The calibration procedure was carried out at (l) room temperature, (2) 

70°C, (3) 120°C, (4) 200°C, and (5) 250°C The effective diffusion coefficients 

obtained are plotted against temperature in Figure k- The calculated 
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characteristic factor, j3, of the diffusion cel l are also plotted against 

temperature as shown in Figure 5-

The procedure was repeated at room temperature using the nitrogen - hydrogen 

system as well, 'in order to check the constancy of the calibration factor' with 

respect to different systems. This result at room temperature is also shown in 

Figure 5-

MEASUREMENT OF DIFFUSION COEFFICIENTS OF THE SELECTED SYSTEMS: 

Argon - Sulphur dioxide system: The same technique was employed for the 

diffusion runs as that used for the diffusion ce l l calibration, as well as 

the same method of analysis using.the thermal conductivity cells for the 

diffused .streams. .The measurements were'made at 5 different temperatures, 

room temperature, 7 0 ° , 120°, 200°, and 250°C. The diffusion coefficients were 

calculated using the. known values of the diffusion cel l calibration factors. 

For the purpose of checking the results, the diffusion rates were measured 

once again using this time the. chemical method of analysis for sulphur dioxide 

in the argon stream and a combined chemical and T . C cel l method for argon in 

the sulphur dioxide stream. The chemical analysis for sulphur dioxide consisted 

of taki.lg a known volume of the gas mixture, dissolving i t in 1/100 Normal 

iodine standard.solution,'and obtaining the amount of sulphur dioxide by;back 

titration with i/100 Normal sodium thiosulphate standard solution. Combined 

with a knowledge of total volume of sample, the concentration of sulphur dioxide 

was-calculated. The combined chemical and T . C cel l method consisted of 

absorbing the, bulk of the sulphur dioxide by passing i t over a 10$ solution of 

sodium hydroxide contained in a 250 cc flask agitated by a magnetic stirrer. 

In,the. flask, the. small residue, principally argon, was.diluted by nitrogen 

flowing at the rate of 50 cc/min. The mixture of argon and nitrogen was led 

through a-tower containing a - 50-50 .mixture of Ascarite and Drierite, and then 

analysed in a T . C cel l previously, calibrated for this purpose at a flow, rate 
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of 5 0 cc/min. of.both reference, and sample gases. 

Argon - Hydrogen chloride- system: Using .the same technique as before for 

diffusion runs, but only the chemical and combined chemical - T.C. ce l l method 

of analysis, the system, argon - hydrogen chloride, was studied also at the 

same 5 temperatures as argon - sulphur dioxide. In this.case, the chemical 

method of analysis consisted of dissolving the hydrogen chloride contained in 

a known volume of the argon-rich gas leaving the diffusion ce l l in 5 0 cc of 

disti l led water, and estimating the chloride ion by the Mohr method using 

1/100 Normal silver nitrate standard solution. The combined chemical - T.C. 

ce l l method was exactly the same as before/ 

Sulphur dioxide - Hydrogen chloride, system: This system was studied by using 

chemical analysis for both streams leaving the diffusion ce l l . For analysis of 

sulphur dioxide in the HCl-rich stream, a known volume of the gas sample was 

dissolved in a known amount of l/lOO Normal:7 iodine standard solution, and back 

titrated with l/lOO Normal sodium thiosulphate standard solution. For the 

analysis of. hydrogen chloride in the S02-rich stream, the known volume of the 

gas...sample was dissolved in 5 0 cc of disti l led water, and the sulphur dioxide 

was boiled off for half an .'hour, adding disti l led water slowly in order to 

maintain the same constant volume of 5 0 ' cc.. After a l l sulphur dioxide had 

been expelled, the solution was cooled and titrated against l/lOO Normal silver 

nitrate solution. This technique, prior to its use, was tested with a known 

amount of hydrogen chloride. Mohr's method was followed in the silver nitrate 

titration and a blank test was always made.. . 

The diffusion rates were' measured for this system at the same 5 temperat

ures used for other systems.-
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RESULTS 

NITROGEN - CARBON DIOXIDE SYSTEM. 

•From the measured flow rates and concentrations of the inlet and outlet 

streams, the effective diffusion coefficients, Dg, for this system were 

calculated using equation (20), and are given in column 3 of Table 1. 

Column 1 represents the temperatures, expressed in °K, at which the 

diffusion studies were made, while column 2 gives the ratio of the volume 

of carbon dioxide to the. volume of nitrogen .diffused at the corresponding 

temperatures. 

Figure 4 represents a plot of Log D^ vs Log T as well as Log Dp vs Log T. 

Each point on the plot of Log Dg vs .Log T represents an average of at least 

two runs. Individual runs differed from one another by not more than 2.4$. 

The best curve obtained from these data by the method of least squares is a 

straight line with a slope.1.624. The standard deviation is 0.89$ and the 

maximum deviation is 3*02$>. 
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TABLE 1 

EFFECTIVE DIFFUSION COEFFICIENTS 

OF 

NITROGEN - CARBON DIOXIDE SYSTEM 

Temperatures Ratio, V /V W ~ • Effective diffusion 
° " Coefficients, cnrysec. 

°K °E-

296.5 O.5997 0.0090 

0.7000 

301.0 0.4304 0.0092 

343.3 0.U354 0.0110 
0.5995 

393.O 0.4345 0.0142 
O.5692 

471.6 O.5907 O.OI83 
O.6707 

525.0 O.5828 0.0230 
0.6227 

(l) .Constant pressure value VQ/V^ = O.789 
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Figure h - COMPARISON OF THE EFFECTIVE DIFFUSIVITIES WITH THE 
TRUE DIFFUSIVITIES OF N 2 - C 0 2 AT VARIOUS TEMPERATURES 



NITROGEN - HYDROGEN SYSTEM 

30. 

The results obtained from the; study of this system calculated as in 

nitrogen - carbon dioxide system, are given in Table 2 where the columns have 

the same significance as those of Table 1. In this case, the value given 

represents an average of two runs differing by 0.75$-

TABLE 2 

EFFECTIVE DIFFUSION COEFFICIENT 
OF 

NITROGEN - HYDROGEN SYSTEM 

Temperature Ratio, V N / V H ^ Effective diffusion 
Coefficient, cm^/sec. 

°K . D E 

298.2 1.95 0.0412 
1.91 

(l) Constant pressure values, % /VJJ , = O.267 
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D I F F U S I O N CELL CALIBRATION FACTORS 

The diffusion ce i l calibration factor, J3 , calculated for the nitrogen -

carbon.dioxide system using the value of true diffusivity obtained from an 

equation representing the experimental data observed.by Walker and Westenburg' 

within 1.2$, is expressed as a function of temperature in Table 3> and is 

plotted.in Figure 5- The..latter also shows J3 calculated- from the nitrogen -

hydrogen system results at room temperature, and identified-by a cross 

within a circle. . 



TABLE 3 

•DIFFUSION CELL CALIBRATION FACTORS 

Temperatures Diffusion cel l calibration 
factors 

fi 

.296.6 19.1506 

343-3 19-7644 

397.0 20.3077 

471.O 20.8707 

.522.0 21.1596 
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Figure 5 THE VARIATION OF THE DIFFUSION CELL CALIBRATION 
FACTOR WITH TEMPERATURE 
C i r c l e - n i t r o g e n - c a r b o n d i o x i d e system 
Crossed c i r c l e - n i t r o g e n - hydrogen system 
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ARGON - SULPHUR DIOXIDE SYSTEM 

The results obtained from the study of the argon - sulphur dioxide 

system as calculated using equation ('20), and the diffusion cel l calibration 

factor, Jj> , from Figure 5, are given in Table k, and shown in Figure 6. Each 

point again represents an average of at least two runs differing by a maximum 

of 5-6$> (only in one case). The best curve drawn through these points 

by the method of least squares is a straight line with a slope, I.9881 The 

standard deviation is •1.01$ and the maximum deviation is 5-362$. 
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TABLE 4 

DIFFUSION COEFFICIENTS 
OF 

ARGON - SULPHUR DIOXIDE SYSTEM 

Temperatures Ratio 
°K V V S ( 1 ) 

Diffusion coefficients, cm /sec. 
Experimental Arnold Hirschfelder 

SAveJ' (Ean .l." ) (polar-nonpolar) 

522.0 

3^3-0 

298.8 

296.6 

29^.0 

345.0 

397-0 

433-9 

471.0 

521.5 

1.004 
0.919 
1.240 
1.226 

1.30U 
1.093 
I.283 
l . l 6 l 

6.019 
4.888 

6.338 
4.650 

6,468 
4.385 

3-365 
3-357 
2.956 

4.518 
4.041 

8.841 
6-579 

O.2556 * O.3445 O.3176 

0.1120 * O.I568 0.1461 

O.O807 * 0.1194 0.1122 

0.0828 * 

O.O855 

O.IO87 

0.1482 

O.I734 

0.2089 

0.2515 

0.1192 

0.1162 

0.1111 

0.1086 

O.I585 0.1487 

0.2072 0.1925 

0.2449 0.2270 

0.2852 0.2631 

O.3439 O.317O 

* Indicates that the results were obtained by the combined chemical-T.C cel l 

method of analysis, 

(l) Constant pressure value V /V = 1.268 (Eqn. 13), 



Log T, °K 

Figure 6 THE DEPENDENCE OF DIFFUSION COEFFICIENTS OF 
A - S0 2 SYSTEM UPON TEMPERATURE 

C i r c l e - A n a l y s i s by T . C . c e l l a l o n e 
Crossed c i r c l e - Combined C h e m i c a l - T . C . c e l l 

method. 
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ARGON - HYDROGEN CHLORIDE SYSTEM 

The results obtained from this system, following the same; procedure of 

calculation as for argon - sulphur dioxide, are presented in Table 5, and 

shown in Figure 7- Each point in this case is an average of at least two 

runs differing by not more than 2-7$. The best curve drawn through these 

points by the method of least squares is a straight line with a slope 2.k2k. 

The standard deviation is 1.265$ and the maximum deviation.is k.713$-



TABLE 5 

DIFFUSION COEFFICIENTS 

OF 
ARGON - HYDROGEN CHLORIDE SYSTEM 

Temperatures Ratio Diffusion coefficients, cm^/sec. 
V H / V ^ ( l ) Experimental Arnold Hirschfelder 

°K •. . v , (Eq.l.) (polar-nonpolar) 
Ave. • 

297-0 1-057 O.0976 O.1589 O.1551 
I .098 

343.8 I .574 O.1506 0.2106 O.2053 
1.481 

393.0 1.654 0.2013 0.2711 0.2640 
1.690 

475-0 1.710 O.3055 O.3851 0.3733 
1.589 

523.0 1.815 0.3998 0.4588 0.4454 
2.016 

(l) . Constant pressure value, V J J / V ^ = 1.046 ( l i q u a t i o n 13) 
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SULPHUR DIOXIDE - HYDROGEN CHLORIDE SYSTEM 

The results from this system are given ,in Table 6 and shown in Figure 8. 

Each point represents an average of at least two runs differing hy not more 

than 4.25$- The best curve drawn through these points by the method of least 

squares is a straight line with a slope, 2.22. The standard deviation.is 

0.707$ and the maximum deviation is 4.456$. 
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TABLE 6 

DIFFUSION COEFFICIENTS 

OF 
SULPHUR DIOXIDE - HYDROGEN CHLORIDE SYSTEM 

Temperatures Ratio Diffusion coefficients, cm /̂sec 
o. K H ' * S V^/V (l) Experimental Arnold Mason etc. 

A v e . 
(Eq.ll) (polar-polar) 

296.5 1.822 O.O867 0.0882 0.0910 
1-396 

3U3.0 1.032 0.1240 * 0-1188 0.1225 
1.021 

393.0 1.678 0.1641 0.1561 0.1603 
. 1 . 4 7 2 

472-5 1.620 0.2490 0.2242. 0.2301 
1-340 

523.0 1.660 0,2965 * 0.2727 0.2793 
I .47O 

525.2 1-552 O.325O 0.2750 O.2815 
1.518 

* Indicates that the results were obtained by analyzing HCl in S02-rich 

stream by solution of a gas sample, followed by evaporation of a l l the 

SOg before titration with AgNÔ  standard solution. In a l l other cases 

the S02 was oxidized by sodium peroxide,, :• .. . <". 

(l) Constajat pressure;ratip VH/Vg=.I.325 (Eqn. 13). 

•(•nl.) •,ClQn.s±aa±~psa&s«.s@—3 
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In summarizing the whole investigation, i t may be mentioned that one major 

disadvantage of this method is that i t requires large amounts of gases. One way 

of economizing the gas requirement would be to let one stream of gas act at 

first as reference in the T . C ce l l , and later as inlet to the diffusion cel l . 

The difficulty with this technique is that the T.C. ce l l reference side would 

always remain under pressure, which increases with increase of the temperature 

of the diffusion ce l l , whereas the sample side of the T.C. cel l would always 

remain under atmospheric conditions. Whether this increasing pressure on the 

reference side of the T.C. ce l l would alter the calibration made under atmospheric 

conditions would need to be checked. On investigation, i t was found that the 

T.C. ce l l calibration was indeed altered significantly, and that this alteration 

was not linear. Therefore, this method of gas economy could not be readily 

applied, and no other way to achieve gas economy appeared to be feasible. The 

flow measuring devices could have been operated under a constant positive pressure 
' k 

by using a suitable throttling valve, as was done by Cox , but the sensitivity 

of the thermal conductivity cel l to slight changes in absolute pressure made this 

technique a difficult one in practice. 

The increase in the diffusion ce l l calibration factors with temperature 

cannot be explained at the present time. Considerations of thermal expansion 

would lead one to expect a slight (less than one percent) decrease in the value 

of the calibration factor. •On these grounds, Cox used the value measured at room 

temperature as a constant applying at a l l temperatures, at least up to 300°C 

Further investigation of the flow and diffusive behaviour of porous solids as a 

function of temperature seems to be advisable in light of the results obtained in 

this work. 
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plug increasedi 

An estimation of probable error involved in this technique showed that in 

a typical diffusion run for the Ng-COg system the maximum possible error was 

+_ 1 4.13$. However, a large contribution to this error was due to the subtraction 

of logarithmic terms required in equation ( 20), amounting to + 7 . 0 9 3 $ . A similar 

examination of Ng-HVj system showed the maximum possible error to be + 8.72$ 

out of which + 3.28$-was the-contribution due to the logarithmic terms. It 

was observed that the contribution to the error due to these terms depended 

on their magnitude. As long as this logarithmic term was away from unity -

either greater or less than unity - the magnitude of:error was reduced. Fortunately 

this source of error can be controlled. Depending on the molecular weights of 

the'gases, MA'being greater than Mg, yg^ is greater than y'^ under equal 

pressure conditions, and vice-versa. Therefore,- by adjusting the flow rates 

A^ and Bg properly, the logarithm of the ratio in equation (20) can be main

tained at values either sufficiently greater than unity or sufficiently less 

than unity, so that the maximum possible error is minimized. 

The results obtained from the study of the argon - sulphur dioxide system 

showed that the slope of the line obtained by a log-log plot of diffusion 

coefficients vs. temperature, was somewhat greater than that predicted by the 

use of the Stockmayer potential function and Hirschfelder's technique for 

getting the parameters. However, the magnitude pf the diffusion coefficient 

was about 25'3$ less at room temperature and 20.0$ less at 250°C than the 

Hirschfelder1s prediction and 29-8$ less at room temperature and 26.3$ less at 

250©C than the prediction by Arnold';-, equation. An attempt to force the 

experimental data to conform to the Lennard-Jones potential function gave the 

values of the parameters, obtained by a graphical superposition method,(see 

Appendix D )as follows: 

^A-SOg = 363.07°k and , A- S 02 = 3-809 & 
k 
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These values now correspond to the cT and CT defined by equation (6), and can 

be compared t o r e s u l t s c a l c u l a t e d from pure component values as o u t l i n e d by 

H i r s c h f e l d e r et al.-'- On t h i s b a s i s , the energy parameter appeared to be c l o s e r 

to t h a t o f SO2 (using the pure component values from v i s c o s i t y data l i s t e d by 
1. 

H i r s c h f e l d e r et a l ; than of argon, and to be much grea t e r than the c a l c u l a t e d 

value. The c o l l i s i o n diameter found here, 3.809, was a l s o g r e a t e r than the 

c a l c u l a t e d value. 

The r e s u l t s of the argon-hydrogen c h l o r i d e system showed a somewhat s i m i l a r 

t r e n d t o those of the a r g o n - s u l f u r d i o x i d e system, i n th a t the magnitudes of the 

d i f f u s i o n c o e f f i c i e n t s were about 29-2$ l e s s at room temperature, and 12.1$ 

l e s s at about 250°C, than those p r e d i c t e d by equation (2), and 30-9$ l e s s at room 

temperature, and 14.7$ l e s s at 250°C than .the p r e d i c t i o n from the Arnold equation. 

The slope of the l i n e from the l o g - l o g p l o t of d i f f u s i o n c o e f f i c i e n t vs. temperature 

was much higher than any of the p r e d i c t e d values. This system c o u l d not be 

represented by a p o t e n t i a l f u n c t i o n of the form of equation (6), inasmuch as 

c o l l i s i o n i n t e g r a l s f o r the small values of T* are not a v a i l a b l e i n the l i t e r a t u r e . 

Monchick and Mason^ have given values of the parameters € and o~ f o r both 

HCl and SOg , c a l c u l a t e d f o r the pure components from v i s c o s i t y data, and 

appl y i n g the c o l l i s i o n i n t e g r a l s f o r t h e i r p o t e n t i a l model. These pure component 

parameters were combined u s i n g the customary combining r u l e s t o give b i n a r y 

parameters f o r use i n the p r e d i c t i o n of d i f f u s i o n c o e f f i c i e n t s from equation (2), 

u s i n g Monchick and Mason's i n t e g r a l s . The r e s u l t s f o r the SOg-HCl system 

showed th a t the magnitudes o f the d i f f u s i o n c o e f f i c i e n t s a t room temperature 

and at 250°C were 3.3$ l e s s and 11.1$ g r e a t e r , r e s p e c t i v e l y , than the p r e d i c t i o n 

by the Monchick and Mason model, and 0.3$ l e s s and 13.8$ more, than the 

p r e d i c t i o n by the A r n o l d equation. 

For the case o f nonpolar-polar systems, q u a l i t a t i v e reasons f o r t h e i r observed 

behaviour may be put forward. The p o s s i b l e f o r c e s of i n t e r a c t i o n are ( l ) short 

range r e p u l s i v e f o r c e s (2) long range d i s p e r s i o n f o r c e s (3) d i p o l e f o r c e s 
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(4) non-ideal and non-central dipole contribution 

( 5 ) chemical force contribution. 

The f irst two have been taken care of in the Lennard-Jones potential 

function. The third one has been introduced into Stockmeyer potential, 

whereas the fourth and fifth are left unaccounted for. In the case of A-SOg, 

an examination of the molecular model of SOg shows that its dipole-point is 

neither a point dipole nor is i t situated on the centre of the mass. Whether 

or not SO2 has.the 5th contribution is not known with certainty. However, the 

effect of a l l these forces that are not accounted for in the Stockmeyer 

potential, on the A-SOg system appears, from experimental evidence, to be such 

as to increase the energy parameter ^2.2 c o n s i d e r a b l y while decreasing the 

collision diameter parameter, ^ g ' 

In the case of A-HC1, apart from the above mentioned force contribution, 

there might be a contribution due to the specific nature of the HCI molecule. 

Experimental dipole moment determinations have shown that its molecular model 

is somewhere in-between a neutral form with the H-atom attached to the Cl-atom 

by a Co-valent bond, and a molecular form having the negative charge distributed 

within, a d*the positive-charge due to the.separation of a Hrnucleus after the 

H-atom has-given o f f '.lts<: electron. to^'the .Cl-atom, -floating o n t h e surface of the 

Cl-atom. These charges of the HCl-molecule while interacting with the Argon 

molecule may give rise to force contributions proportional to the inverse of 

the 1st, 2nd and 3 r d power of the distance of separation of electric fields. 

This contribution is in no way a negligible quantity. 

. - -Finally,, in the case;• dt'the'SOg-HCT'System;1 the possible--forces, apart from 

the Lennard-Jones potential forces, are: 

(1) point dipole - point dipole interaction 

(2) point dipole - induction interaction 

(3) point dipole - multipole interaction 
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(4) c o n t r i b u t i o n from non p o i n t d i p o l e , n o ncentral d i p o l e , non i d e a l 

p o l a r i z a b i l i t y e t c . 

(5) chemical f o r c e s c o n t r i b u t i o n 

(6) c o n t r i b u t i o n a r i s i n g from the s p e c i a l molecular model of HCl. 

Monchick and Mason's p o t e n t i a l f u n c t i o n only takes care of contributions -.due 

to ( l ) . A l l the other c o n t r i b u t i o n s are unaccounted f o r . i n t h e i r p o t e n t i a l . 

However, the p r e d i c t i o n of d i f f u s i o n c o e f f i c i e n t s by the Monchick and 

Mason p o t e n t i a l u s i n g assumed combining r u l e s f o r the parameters, are w i t h i n . 

11$ of the experimental data w i t h i n the range of temperature up t o 250°C 

Therefore; t h i s p o t e n t i a l f u n c t i o n as i n t e g r a t e d by them .represents the best 

p r e s e n t l y a v a i l a b l e means of p r e d i c t i n g d i f f u s i o n c o e f f i c i e n t s i n p o l a r - p o l a r 

systems. 

c 
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CONCLUSIONS AND RECOMMENDATIONS: 

In conc lus ion i t may be mentioned that ( l ) Monchick and Mason (12-6-3) 
p o t e n t i a l func t ion appears to be promis ing f o r the p r e d i c t i o n of d i f f u s i o n 

c o e f f i c i e n t s of b inary p o l a r systems, although i t seems to have some 

t h e o r e t i c a l shortcomings as w e l l ; (2) H i r s c h f e l d e r ' s approach with the 

Stockmayer p o t e n t i a l func t ion does not seem to descr ibe adequately the i n t e r 

ac t ion between nonpolar and p o l a r molecules as evident from the experimental 

measurements of d i f f u s i o n c o e f f i c i e n t s of such systems; and (3) r e s u l t s 

presented here , and by o thers , i n d i c a t e that no s u i t a b l e p o t e n t i a l func t ion 

e x i s t s f o r nonpolar - p o l a r systems. Apparent ly , the dynamics of c o l l i s i o n s 

between nonpolar and p o l a r molecules are not yet adequately understood. 

For the purpose of q u a l i t a t i v e l y exp la in ing the above r e s u l t s , i t i s 

recommended that (a) s i m i l a r experiments be c a r r i e d out with the other members 

of the fami l y of the halogen ac ids i n combination with argon or any other i n e r t 

gas. 

I f the reason f o r t h i s p e c u l i a r behaviour l i e s i n the chemical fo rce 

c o n t r i b u t i o n , then the above experiments would show some t rend i n the r e s u l t s . 

I f , however, the reason l i e s i n the noncentra l p l a c i n g of the d ipo le moments 

and not i n the chemical fo rce c o n t r i b u t i o n , the r e s u l t s of the above experiments 

should agree with those of the A - -HCl system. 

For the purpose of f u r t h e r t e s t i n g H i r sch f e l d e r s approach us ing the 

Stockmayer p o t e n t i a l f o r nonpolar - p o l a r systems, i t may be fu r the r recommended 

tha t , (b) s i m i l a r experiments be performed with p o l a r molecules so chosen that 

t h e i r d ipo le moments are bur ied w i th in and not on the surface of the molecules , 

f o r example, with HgS. 

Further work on the behaviour of d i f f u s i o n a l and f low processes i n porous 

s o l i d s as funct ions of temperature are i n d i c a t e d by the apparent ly anomalous 

r e s u l t s obtained here f o r the c a l i b r a t i o n f a c t o r . 
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TABLE OF NOMENCLATURE!̂  

are the total transfer of gases, A, and B, into 
streams of B and A, respectively, 

is the diffusion coefficient of gas, A, .into gas,B, 

is the area for diffusion, 

is the length of the diffusion path, 

is the concentration of gas, A, in the stream rich 
in gas, B, 

is the partial pressure of gas, A , . in the stream 
rich . in gas, B, 

total pressure 

are the molecular weights of gases A and B respectively, 

is the mole fraction of A in the stream rich in B, 

is the mole fraction of B in the stream rich in A, 

are the flow rates of A and B entering diffusion ce l l , 

are the. flow rates of streams rich.in A and rich in B, 
respectively, leaving the diffusion ce l l , 

are respectively the volumes of A and B going into the 
streams rich in B and rich in A, 

is the universal gas constant, 

is the room temperature, 

is the atmospheric pressure, 

is the temperature at which the diffusion study was made, 

is 1 atmosphere, 

are the values of V and V respectively at T and P, 

is the.diffusion ce l l calibration factor, 

are the molal volumes of A and B at their normal boiling 
points, 
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'SAB'" is the'Sutherland Constant for the gas mixture, estimated hy 

SAB " F VSA % 

or •= 1.1*7 F /T, T, 

/ A B 

SA> ST, are the Sutherland constants for A and B, respectively, A B 
m m . 

b^ are the respective- normal boiling temperatures, 

F is an empirical factor that depends on the ratio of 
V K . / V K as tabulated by. Arnold. 

B/ A 

Q ^ g is the collision diameter, or the distance parameter of 
the Lennard-Jones potential parameter, 

f 
is the depth of the potential well, or the energy parameter 
of the Lennard-Jones potential parameters, 

("/̂ "'̂  is the collision integral for unlike molecular encounter, 
AB 

- T* kT/ f 
AB *~ AB 

is the Monchick and Mason potential parameter for dipole-
dipole interaction, 

^•oil,^gas are densities of manometer o i l and the gas respectively, 

^gas viscosity.of gas, 

-U ĵ-Ug dipole moments of A and B, 

Ŵ̂B quadrupole moments of A and B. 
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APPENDIX A 

Temperature Dependence of Binary Diffusion Coefficients 

BIBLIOGRAPHIC REVIEW OF PERTINENT LITERATURE 

Systems studied Temperature Range of 
diffusion study in 

(°K) 

Reference 

Non polar - Non polar 

He A 233-0 to 363-0 Schafer and others^) 

He A 300 1100 (14) 
Walker and Westenburg 

Ne A : 90 437 (15 ) 
Schafer and othersv 

Ne A ; 273 318 Srivastava and Srivastava^^ 

Ne Kr ' '' ••" •273 ' .318 (l8) 
Srivastava and Srivastava^ 

Kr A 90 437 . Schafer and others 

Kr A 273 318 Srivastava and Srivastava^^ 

Xe A 194.7 378.0 Amdur and Schatzki^"^ 

He N2 300 1100 (14) 
Walker and Westenburg^ 

A N, 233 363 (l) 
Schafer and othersv' 

Ne H2 253 ' 341 • Paul and Srivastava^ ^ 

•A H2 •' . 253 341 ..Paul and Srivastava^) 

Xe H 2 253 341 Paul and Srivastava(^) 

H 2 N 2 252 308 (7) 
Schafer and others 

H2 °2 300 110.0 . (20) 
Walker and Westenburg 

H 2 c o 2 252 308 Schafer and others 

N 2 c o 2 252 308 (7) 
Schafer and others v 1 ' 

N, C0 2 
300 1100 Walker and Westenburĝ "'"̂ ^ 

°2 : C 0 2 ; 300 .. 1100 -Walker and Westenburg^ 2<~^ 

°2 CH, .' 4 300 1100 Walker and Westeriburg^2^) 
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Systems studied Temperature Range of Reference 
diffusion study in 

Non polar - Polar 

He H20 307.1 to 352.4 Schwertz and Brow 

°2 • CO- 300 1100 Walker and Westenburg' 

H 2 H20 307.I 352.4 . (17) 
Schwertz and Brow 

N 2 H20 307.1 352.4 Schwertz and Brow^"^ 

Air H2° 298.9 332-0 Gill i land^ 1 9 ^ 

°2 H20 307-9 •352.2 Schwertz and Brow -̂̂ ) 

H2 ^ • CH3OH 273 322.6 COT ) 
Landolt-Bernsteinvc ; j-/ 

Air CĤ OH 273 322.6 : 
tt i t 

H2 ; CgĤ OH 273 . 339-9 tt n 

Air CgĤ OH •298.9 332-0 (19) 
Gilliland-V y i 

Air • Isopropyl " » t t 

alcohol 
Air Sec-Butyl " tt tt 

• alcohol 
Air n-Butyl - t i t i t t 

alcohol 
Air 'Sec-amy 1 11 11 tt 

alcohol . 
Air Ethyl 11 tt 

acetate 
Air Toluene i t i t » 

Air Aniline n i t II 

Air Chlorobenzene i t II 

co 2 H20 . •3O7 • 352.2 (17) 
Schwertz and Broŵ  

C H 4 . H20 . 307-5 352.1 « tt 

C 2 H U "H2° 307-6 352.4 t> t t 

co 2 CĤ OH 273 322 C21) 
Landolt-BernsteinVi ' 

co 2 CgĤ OH 273 339-9 

Polar - Polar 
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APPENDIX B 

THE DERIVATION OF THE GROUPS 
FOR 

THE CALIBRATION OF FLOWMETERS 

A. CAPILLARY FLOWMETERS: 

In this case, pressure drop due to friction is equal to the hydrostatic 

pressure head of the o i l in the manometer, i .e . 

A P = R < d ol l " d gas ) g (a) 

2 f u 2 d _ L ^ut = gas (b) 
Sc D 

or f = rofooll - dgas)g ( c) 
2 F dgas L 

but = f (^gas) 
f̂ gas 

Equating (c) and (d), 

(d) 

R(d . , - d )d _, n o i l gas' gas = k ( Q d g a s f 

M ^gas gas 

Therefore, a plot of the group on left hand side vs the group on the right 

hand side would give a smooth curve. 
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B. ROTAMETER TYPE FLOWMETER: 

In this case, the drag coefficient is equated to a function of Reynold's 

number, 0 

C d A V d 

gas 
Drag force, F = 77~Z . . . . . . (1) 

. c &c 

where C = drag coefficient 

A = area of the solid (cross sectional area of the float) 

V = relative velocity between the fluid and the float. 

From a force balance on the float, . 

F = V f ( W s > g ... ... ( 2 ) 

e>c 

From (l) and (2) 
2v f (d f -d )g 

C = d A V2 gas 

2 
Now A = TT f a n d V = JL 

where Q = volumetric flow rate 

SQ = area of gas flow, constant for constant reading of the rotameter 
but varies with different reading. 

D f = diameter of the float. 

Therefore 2vJd -d ){ 
C _ _ 

V s ^ f s . 

o 

8 v (d -d )g S 2 

f v f gas ; a o 
VTd D 2 Q 2 

gas f• j 

= f( ^ W / i g a e ) = f ' ( D f Q V s) 

ô y^gas 



Since this function is known to be a logarithmic function, 

5 3 b . 

2 v„(d_-d )g S /D Q d v n f̂  f gas / & o = z ( f gas ) 

dgas D f So 

where z and m are constants-. 
, L Q d .2 

Multiplying both sides by \ ± gas) and simplifying 
s 0-/i gas 

v f ( d f d g a s ) dgas = . k ( P f Q d g & s ) m + 2 

2 S Agas / / . o/ yM- gas 

At a particular reading, R, in the particular rotameter D^y S q is constant. 

Therefore, at constant R, (the reading in the rotameter), 

( d -d ) d Q d 
f- S£s l s a f u n c t i o n of ( § « ) . 

2 Sas 
/^gas 

Also ( ^ dgas ) is a function of R when d g a s a n d / / ^ a g are constants. 

gas 
( d^ -d ) d 

But when d and ll are constant, i gas gas i s a constant, gas ~ gas " 

/^gas 

Q d „ Q O R ( d_ -d ) d 
Therefore, gas m u s t be a function of f gas gas 

M gas 2 

gas 

when both R and ^ d f ~dgas^ d gas vary. 
2 
gas 

Consequently a plot of ^ dgas vs R ^df"dgas^ dgas 
gas 2 

gas 

should give a smooth curve that would account for the variations of Q with 

thqse of d g a s and R. 
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APPENDIX C 

SAMPLE CALCULATION 

System : S02 - HCI 

Run 1 Run 2 

Flowmeter readings: 
Capillary flowmeter-2 

(HCl) 27-2 27 .2 

Matheson rotameter, 203 
(so 2) 9-0 9-2 

Gas sample bulb numbers: 
HCl-rich stream VIII III 

II IV 

SCvj-rich stream VII V 
I VI 

Titration for SC>2: 

25cc of iodine standard solution = 24.05 cc of N/lOO sodium thiosulphate 
solution 

For sample No. VIII, thiosulphate required was 19-70 cc - o,- -. 
II, •" 19-15 cc 1 

III, " " 19-25 cc 
IV, " " 19-40 cc K u n • 

Titration of HCI : 

For blank test, the AgNO-̂  standard solution required was 1-5 cc of N/lOO 

For sample No.VII, " " " 5.3O cc 
I, " " 5.15 cc ^ 1 

V, " " " 5.3O cc 
VI, " " " 5.-30 cc Run 2 

Calculation of equivalent gas volume: 

Example bulb VIII, volume of SOg. 
Bulb volume = 233-80 cc. 
Density of S02 = 2.675 x 10"3 g/cc at 23.3°C (room temperature) and 754.1 mm 

Hg. (barometric pressure), 
(standard density taken from Handbook of Chemistry and Physics) 
Iodine required for S02 = 24.05 - 19-70 = 4-35 cc 
Equivalent volume of S02 = 4-35 (64.07)/ 2 ( l 0 0 0 ) ( l 0 0 ) ( 2 . 6 7 5 jc 1 0 " 3 ) 

= 0.521 cc. 
Concentration of SO by volume = 0-521 x IOO/233.8 = 0.2225$ SOg 
Concentrations by Volume: Run 1 Run 2 

SOg in HCI rich stream 0.2225$ 0.2475$ 
0 . 2 4 6 $ 0.2395$ 

HCI in SO rich stream 0 . 3 8 l $ O.368 $ 
O.369 $ O.377 $ 
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Experimental Data: 

.System. 

. Room temperature, T r , 

SOg - HCI 

296.6°K 

Atmospheric pressure, P r , = 754.1 mm.Hg. 

Diffusion, temperature, T, = 393.0°K. 

Pressure, P, = 76O .O mm. Hg. 

Diffusion.cell calibration factor ,^ , = 20.28 

Flow rate of HCI, H^, 

Flow rate of SOg, Q , 

Mole fractions of HCI 
in SOg-rich stream, JHg, 

Mole fractions of SOg 
in HCl-rich stream, yfaj]_, 

Run 1 

122.2, cc/min. 

119.5 cc/min. 

0.00375 

0.00234 

Run 2 

122-2 cc/min. 

123.5 cc/min. 

O .OO372 

0.00244 

Calculation of terms in Equation (.20) 

• 1. 

2. 

3-

4. 

5-

s 2 y H 2 

S2 yH2 - H i y 9 i 

1 - nk - % 
s 2 y J 2 - . H i ^ i  
1 - y'H2 - yfei 

s 2y H 2-H 1ys 1 x T X P T 
1 - yHg- T r P. 

*' s
2yH 2- H ys x 3 

0.44813 

0.28595 

0.16218 

0.99391 

0.16317 

y H 2 " y S x 

393-0 x 745-1 
296.6 76O.O 

0.21452 

0.45942 

0.29817 

O.16125 

O.99384 

0.16224 

0.21330 
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Run 1 Run 2 

S 2 y V V S l v T v Pr x Q 
1 " V H 2 " Tr P 

= s1yHP'-Hi:.ys1 T p r 

x Tr x p" x 20.28 4-35047 4.32572 
1 - V H 2 - ys± 

S
2

Y H 2 I.56716 1.54079 
H l y S l 

• H l y S l 

Substituting in equation (lO), 

In S2 y H2 0.44926 0.43229 

= term 7..-, . Gto2, ; :. 
term 9- ' / m ± n ' 

• = term 7 _ ^ cm2/sec. 4.350Jf7':; 4.32572- • 
60 x term-9 '. :. • 60 x 0.44926 • 60 x 0.43229 

^ ' '"=' 0.16139 = 0.16676 

Average \ _ S Q ^ , = Q.l6Ul c m 2/:sec. 

Prediction of DjjQj.go by Monchick and Mason method: 

2 
Data given by Monchick and Mason :-

Dipole moment of SOg, u g 0 ^ , = I.63 debye = I.63 x 10 _ 1^( stat-

i ft 
Dipole moment of HCl, « H C 1 = 1-08 debye = 1.08xl0" x " 
€ 

S^2 = 347°K; 0g 0 = 4.04 A : 6S 0 = 0 . 4 2 

k ' ' "w2 —2 

^HCl = 328°K; (THC I = 3-36 A ; ^HCl = O.34 
k 



56. 

Calculation of terms in Hirschfelder equation (g ) 

Assuming the combining rules of Hirschfelder, 

€ ' H G 1 - S 0 2 =-\/£i*Cl x

C S O g = V^sTl^ = 337-3°K 

k 

^HC1-S02 = &EC1 :=+°S0 2 = . 3 .36 + k.Ok = 3.70 A 
2 

Using equation (10) 

^ H C 1 - S 0 2 = 2 - j ^ c i j a s O g . = 2 x 1 .08 x IO" 1 8

 x 1 .63 x IO" 1 8 

^HCi-so 2(rHCl-so 2
3 M 3 3 7 . 3 x l . 3 8 0 3 x l O - l 6 ) ( 3 . 7 0 x l G - 8 ) 3 

= 0 . 3 7 4 

^Cl-SOg = _ k T _ _ _ = 3 9 3 . 0 = 1 .165 

e H C l -S0 2 337-3 

From tables of collision integrals given by Morichick:.\and Mason, 

corresponding to 0 = O.375 and T* = L I 6 5 , 

- 1.368 
HCl-S0o 

Substituting in equation (2 ) 

o o o o 3 / 2 36.47+64.O6  
DHC1-S02 = 0 .0026280 ^ 2x36.47x64.06 

1 x ( 3 . 7 0 ) 2 x I . 368 

O.1603 ™ 2 / s e c . 
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APPENDIX D 

GRAPHICAL SUPERPOSITION METHOD 

FOR 
THE CALCULATION OF POTENTIAL PARAMETERS 

(This method has heen adopted from Mason and Monchick's technique for getting 

parameters of pure polar gases from viscosity data, on the assumption that (J is 

independent of C .) 

Writing the Hirschfelder equation.for the binary gaseous diffusion coefficient 

in the form: 

2M1M2 

0.0026280 

012* n ^ l , l ) * ( T *) 
•> c lg 1 0 12 

the left hand side represents the experimental quantities while the right hand 

side, the theoretical quantities. Taking logarithms on both sides, 

i°s 0 / 0 ^ " — = — r . = log 0.0026280 - 2 log rf12 + log 
T 3 / 2 Mn+: M-j+Mg 

2M1M2 

12 (T-*) ! ...(1) 

Again, <]?;. * 
12 kT 

e-12 
and taking logarithms on both sides 

Log T 1 2 * = Log T - Log 12 

or Log T = Log T 1 2 * + Loe 12 

D P 
Therefore a plot of Log 12 vs Log T 

T 3/2 Mi+M2 t 
2M1M2 

.should be superposable on a plot of Log n ( l , l ) * I 
U l 2 (T 

-1 

(2) 

vs Log T 1 2 ^ 

J 
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The translation of the experimental plot along the temperature axis over the 

theoretical plot until a good f i t of the curves is obtained gives Log —f=-

Similarly translation along the ordinat gives Log 0..0026280 - 2 log C'^> from 

which ff12 can be calculated. 
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COMBINING RULE OF 5mK FOR BINARY SYSTEMS 

'<5AB' 
\ 'I 

The theoretical expression, given by equation (10), for 
3 

max 

or 5 AB 

= 2 u A ^ B 

= ^A M B 

For pure components, 5. 

2 FAB 

6 B 

2 ^A ^ 3 

2 ^ B CT B
3 

Assuming H i r s c h f e l d e r ' s combining r u l e s f o r C and O ' , 

e, "AB 

AB 

- n r . 

Substituting equations (4) and (5) in equation (l) 

6 AB 
2"V6A eB 

/ ( T A < 7 B . .3 

2 j 
- A 2 -"B 

/ 

^A . 

2(TRT 

2 f A (/A 3 

.UB 
-UA 

A - A J / £ B ( ' I + C B \3 

e r 2(1; 
»A 
/i+ O B \ 

2 2 (9A 
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Similarly, (. 6 
M A 

( 7 ) 

Arithmetic average 
,\ X X Assuming that ĵ̂ g be an arithmatic average of l . ^ and U^, the necessary 

conditions can be derived as follows: 

From equations ( 6 ) and ( 7 ) , by adding 

2 6 AB 6A 

MB 
U A 

B ; i+C/B \ 3 
+ 6B MB 

_ A / ± + "A • 3 
\T B i 2 ^ j 

s ^B [z_A 1 + __A 
° A W A V tB T 2CB '*"'B WB V t A 2C4 

;B J A ; i +JM 3 + 

(fA ,fB 1 2(TA 

O A 3 76 A -"B 

* A VP. 

:;A . 3 

i 2 ' 2;;;'B 

/ O A + v'5B\3 

, T . .. x '6A + DB\ 
Now assuming that y^g •=• 5 - r 

or 2 0, 6„ = fi 'AB 
A: 

A" + ' ^B 

+ <5 B 

(7B3 .^j ^A 
»B 76A 

/ ?A + ^ 3 
1 V ~ 

(8) 

Therefore, 

or 

and 

' A 3 JZA M B 

•• y t B M A 

OA L/B 

UA-" l?_A «B 
^A 

J B 3 7C~B XIA 

MB 7cA 

K B 3 */ ̂ B 

s i s M B 

M A 

A 

IA + O ^ 3 

/ C A + O B \ 3 

1 

CJA + C$ 

( 9 ) 

( 1 0 ) 

In-order that both equations ( 9 ) and (lO) are simultaneously satisfied 
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_ O B 3 V/€B 
" A 

Gv _ O B 3 6*B 
" A 2 

1 , e * £7 = - f ^ i - or 
O A <5B 

this is not l i k e l y •:- to have equal 

s 
B 

I or ainerent poxar gases. 

Therefore the arithmatic average for pure component 6S cannot he used 

for 5AB of the mixture. 

Geometric average:-

Assuming that 6^3 be a geometric average of 6̂  and 6g the necessary 

condition can be derived as follows: 

From equations (6) and (7), by multiplying 

W B ju» 

A AB x 5AB = 6i / 
1, 

t A 
1 

3 x 6 B ^B 
LA (± (JB\3 

5A & QA 3 QB 3  

'CA <1B \6 

I 2 / 
Now assuming that 

or 

J A B =~\/5A 6B 
6A 5B 5AB 2 

(QA CTB] 3 

f OA + QB\ 6  6 a 6 B = 6A 6B • 

The necessary condition, therefore, is that 

IQA QB] 3 

0 A + O B ' 
= 1 or \UA OB OA + OB . . . ( H ) 
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i .e . the geometric average of ( ' A at (,g be equal to their arithmatic 

average. This is possible only when CA~ C^B • 

Although the exact equivalence of (T̂  and(^g is not l i k e l y , i n 

reality values of Cf do not differ very much. Therefore, i f the values 

are pretty close to each other, a geometric average would be a close 

approximation. 
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APPENDIX F 
METHODS OF ANALYSIS 

yspwm -. l . COMBINED CHEMICAL - T.C.CELI ANALYSIS: 
(a) ChecMmJ&e^^ 

This analysis was carried put i n the set of apparatus shown i n 
Figure 3. 50ce/iain. of nitrogen gas was led through the apparatus, entering 

into the flask containing 10$ solution of NaOH, passing over th© surface 
and then through the v e r t i c a l column containing a 50-50 mixture of Ascarit© 

and DrioritGp and f i n a l l y flowing through the sample side of the T.C.cell. 

Another stream of 50ec/raln. of nitrogen gas was flowing at the same time 

through the reference side of the same T.C.cell. When steady state conditions 

were reached, the el e c t r i c a l c i r c u i t of the T.C.cell was adjusted to give 

no deflection i n the galvanometer. After thus setting the zero of the T.C. 

c e l l , lOOcc/ndn. of SOg gas was introduced through another opening into 

the same flask through which nitrogen was flowing. Most of the S0 2 was 
dissolved i n the NaOH solution and the remainder, i f any, was swept away 

by the nitrogen stream into the column of Ascarite and Drierite where i t 

was completely removed, together with any water vapour, before i t entered 
the T.C.cell. The electrical c i r c u i t showed no deflection i n the galvanometer, 
indicating that S0 2 was completely absorbed i n the apparatus, and that 
impurities i n the S0 2 stream did not affect the T.C.cell. 

The procedure was repeated three times using SOg and three times 
using HCl gas, and the result was confirmed i n a l l cases. 

(b) Analysis of the stream out of the diffusion cell? 

After setting the aero of the T.C.cell as described above, the T.C. 

c e l l was calibrated for analysing argon i n a stream of nitrogen by making 

known mixtures of argon i n nitrogen. Known mixtures were made by taking 

about lQOOcc/min. of nitrogen and from 5 to 20cc/ndn. of argon. 50cc/min. 

of this mixture entered the sample side of the T.C.cell, after flowing tln^u^k 

the apparatus of Figure 3, and the corresponding m i l l i v o l t changes were 
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noted i n the f^otentiometer. 

After the calibration was done, the stream of gas which came out of the 

diffusion cell j and which was to be analysed was introduced into the flask 

through the same opening which was previously used for letting iri SQ2 or 

HCI gas; ' • ' ."' 

Tfa© corresponding millivolt change was noted and converted into con

centration units using the calibration chart. 

METHOD -2. ABALYSIS OF S0„ IH ARGO&-RICH STREAM; 

(a) Checking the accuracy of the methods 

A gas bulb of about 250cc. capacity and provided with stopcocks at 

each end, was f i l l e d with a known mixture of S02 in argon, and hold in a 

slanting position with one end of the bulb dipped in 25cc of KAOO Iodine 

standard solution diluted upto lOOcc, while the other end connected to a 

water reservoir by means pf a rubber tube. The SOg was dissolved i n water 

by letting i t flow from the reservoir through the upper stopcock of the 

gas bulb a l i t t l e at a time and shaking well. The solution of S© 2 i n water 

was then allowed to flow down into the standard iodine solution by opening 

the lower stopcock, while keeping the lower end of the bulb dipped in 

iodine solution. This was repeated three times. The solution was then 

analysed for excess of iodine using N/lOO Sodium thiosulphate solution and 

starch indicator. 

The process was repeated three times and the results checked well. 
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(b) Analysis of the sample streams 

Exactly the same technique was used as described above exeept that 

the gas bulbsL now, contained sample.ga^s.tather than a known mixture. Duplicate 

gas samples' wera'obtained'in each'.run by'allowing' the'outiei''"stream1 from 

the diffusion c e l l to flow continuously through two sample bulbs in series. 

immm4* AMLYSIS.OP HSit.i^^ , „,,.•.;.'.. 

• (a) Checking the accuracy of the method* • 

. A gas, bulb,^ about "2§pcc. .capacity,, provided, with, stopMck0;.at 
. eaih ©ndp was. .filled with a known, -mixture of HCl in A and dissolved i n water 

using the fame technique as described i n the analysis of SOg in argon-rich 
streams. 

The solution^ of HCl gas In "water was then netralised by using ' 

MaHGÔ  and the pH was adjusted by HKÔ  and' SaHdô  to a y&late 'b#Weii1' 'i' and 

8. It was /then titrated against N/100 AgHS)̂  solution using potassium' - -

, c^Smsle'tedioator as indicator, i.e. using the Mohr's method for chloride 

estimation as given by Kolthoff and Sandell, "Quantitative Inorganic Analysis" 

McMillan and Go.(1^36). , 

A blank test'was siimiLtaneously performed on the aaro volume of 

distilled .water by adjusting the pH lo the same value and titrating with 

the same AgKÔ  solution following the same technique. 

The reading of the blank titration was subtracted from that of 

the sample titration, and the result was found to agree with, the known n&x-

• ture* 

:.,Thif. cheek tsas .also repeated three times,. 

(b) Analysis of the sampl.e stream? 

The. same^technique,as. described, above was ..followed,.with,th© same 

gas, duplicate; samples' again being obtained for each .run. 
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mmB;&t-...AHAI58IS. OF HC1-.IM SO^RICH STREAMt 
(a) Checking the accuracy of the method a 

( l ) A. gag bulb s as described above* o f known capacity was f i l l e d with 
SOg gas' taken- ffos'th©' cylinder. The gas was then dissolved i a an eseess 
d'f^approMmatel^ IMaOH so lu t ion 1 (about 2^ce). 5 ̂ Gr&t'ifAidQ SCI so lu t i on 

w&a then added and the solution was oxidised by sodium p©swdde9 adding 
a l i t t l e at a -ifa©.. and *sti?3$&ig ̂ gorpus3|r' while fc©-©pi*ig 'the solution 
s u f f i c i e n t l y w a r n /until about. '&g£e$ the. r^uired, aasjuht of • 
added.' A spot test' on a white surface with a' drop o f iodine solution aM' 
the osidiaod solution was mad& & ensure the comgxLetion o f oxidation* 

;;,The. solution was: then neutraliaed and brought to a pH between.. 
? and 8S and titrated using K/100 AgNÔ  solution with the Sfohj* method as 

described above. A sSj^taneous^blank test, was made on th# same, volpae .of 
:< ' • •.••!••••'•=.•••. . . v . , . , , , . - \ : 

The check was repeated three timeso 
(2) Alternatively r the SOg gas sample taken i n a gas bulb was 

dissolved In 50 ce of water by dipping one end o f the gas bulb into the 
liquid and opening the lotser stopcock. 5cc o f H/lOO.Ml standard solution 
was.-added and th^spiufclon ..wasffeb.iled' adding water gradual^, i© ̂  keep 
the v'olume efnsrbaafc until a l l S©2 teas removed. The s ^ .spot test^ .as 
described aboves was esployed to ensure that no S0 2 was l e f t . The solution 
was neutralised and titrated as described i n ( l ) above. 

(b) Analvsla -®f the:sarnie 
- f he aame t^hMque -.was esjgftoyed: aa. that used i n cheeking the-: msthod 

esssept that the .small amount o f p i was present in .the gas. sample', . 
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MBgHDP * ,5. ANALYSIS OP SO^ IN KC1~RICH STREAMS 

Except for .the technique, of dissolving the gas, this method i s 
.exactly the. same as described -la. Ifeth$d-*2. 

ta this, case the' lower,.end of the gas bulb.;̂ ^,.dipped' .ip a 25ec 
o| H/100 lodinfc solution diluted .t© 3Q0cc, and'. the, lower st»p~cock; was-
opened. A l l the liquid sucked i n and f i l l e d the bulb. After shaking 
several times, the solution was drained off and the bulb washed three 
times with distilled water. • 

. • The, total' solu^bn-was 'thm titrated agaias't: M/100; Sodium thiosulphate 
solution as described' i o methdd*2o 



63-
APPENDIX F 

METHODS OF ANALYSIS 

METHOD 1. COMBINED CHEMICAL - T.C. CELL ANALYSIS: 

(a) Checking the ac-auracy: of..the method; 

This analysis was carried out in the set of apparatus shown in Figure 3. 

50cc/min. of nitrogen gas was led through the apparatus, entering into the 

flask containing 10$ solution of NaOH, passing over the surface and then through 

the vertical column containing a 5O-5O mixture of Ascarite and Drierite, and' 

finally flowing through the sample side of the T . C cel l . Another stream of 

50cc/min. of nitrogen gas was flowing at the same time through the reference 

side of the same T . C cel l . When steady state conditions were reached, the 

electrical circuit of the T . C cel l was adjusted to give no deflection in the 

galvanometer. After thus setting the zero of the T.C. ce l l , lOOcc/min. of SO2 

gas was introduced through another opening into the same flask through1 which 

nitrogen was flowing. Most of the SO2 was dissolved in the NaOH solution and 

the remainder, i f any, was swept away by the nitorgen stream into the column of 

Ascarite and Drierite where i t was completely removed, together with any water 

vapour, before i t entered the T.C. cel l . The electrical circuit showed no 

deflection in the galvanometer, indicating that S0 2 was completely absorbed in 

the apparatus, and that impurities in the SO2 stream did not'affect the T . C cel l . 

The procedure was repeated three times using SO2 and three times using 

HCl gas, and the result was confirmed in a l l cases. 

(b) Analysis of the stream out of the diffusion ce l l ; 

After setting the zero of the T . C cel l as described above, the T.C. cel l 

was calibrated for analysing argon in a stream of nitrogen by making known 

mixtures of argon in nitrogen. Known mixtures were made by taking about lOOOcc/ 

min. of nitorgen and from 5 to 20cc/min. of argon. 50cc/min. of this mixture 

entered the sample side of the T . C ce l l , after flowing through the apparatus 

of Figure 3, and the corresponding millivolt changes were noted in the 
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potentiometer. 

After the calibration was done, the stream of gas which came out of the 

diffusion Jjell, and which was to be analysed was introduced into the flask 

through the same opening which was previously used for letting in SO2 or 

HCl gas. 

The corresponding millivolt change was noted and converted into concen

tration units using the calibration chart. 

METHOD 2. ANALYSIS OF S02 IN ARGON-RICH STREAM: 

(a) Checking the accuracy of the method: 

A gas bulb of about 250cc. capacity and provided with stopcocks at 

each end, was f i l l ed with a known mixture of S0 2 in argon, and held in a 

slanting position with one end of the bulb dipped in 25cc. of N/lOO Iodine 

standard solution diluted up to lOOcc, while the other end connected to a 

water reservoir by means of a rubber tube. The S 0 2 was dissolved in water 

by letting i t flow from the reservoir through the upper stopcock of the gas 

bulb a l i t t l e at a time and shaking well. The solution of S0 2 in water 

was then allowed to flow down into the standard iodine solution by opening 

the lower stopcock, while keeping the lower end of the bulb dipped in 

iodine solution. This was repeated three times. The solution was then 

analysed for excess of iodine using N/lOO Sodium thiosulphate solution and 

starch indicator. 

The process was repeated three times and the results checked well. 

(b) Analysis of the sample stream: 

Exactly the same technique was used as described above except that the 

gas bulbs now contained sample gas rather than a known mixture. Duplicate 

gas samples were obtained in each run by allowing the outlet stream from 

the diffusion cel l to flow continuously through two sample bulbs in series. 



6,5. 
METHOD j, ANALYSIS OF HCl IN ARGON-RICH STREAM: 

(a) Checking the accuracy of the method: 

A gas bulb of about 250 c c capacity, provided with stopcocks at each 

end, was f i l led with a known mixture of HCl in A and dissolved in water using 

the same technique as described in the analysis of SO2 in argon-rich streams. 

The solution of HCl gas in water was then neutralized by using NaHCÔ  

and the pH was adjusted by HNO3 and NaHCÔ  to a value between 7 and 8. It 

was then titrated against N/lOO AgNÔ  solution using potassium chromate as 

indicator, i .e . using the Mohr's method for chloride estimation as given by 

Kolthoff and Sandell, "Quantitative Inorganic Analysis" McMillan and Co.(l936). 

A blank test was simultaneously performed on the same volume of disti l led 

water by adjusting the pH to the same value and titrating with the same AgNÔ  

solution following the same technique. 

The reading of the blank titration was subtracted from that of the sample 

titration, and the result was found to agree with the known mixture. 

This check was also repeated three times. 

(b) Analysis of the sample stream: 

The same technique as described above was followed with the same gas, 

duplicate samples again being obtained for each run. 

METHOD %. ANALYSIS OF HCl IN SO -RICH STREAM: 

(a) Checking the accuracy of the method: 

(l) A gas bulb, as described above, of known capacity was f i l led with 

SOg gas taken from the cylinder. The gas was then dissolved in an excess of 

approximately lN-NaOH solution (about 200cc) 5cc. of N. 100 HCl solution was 

then added and the solution was oxidized by sodium peroxide, adding a l i t t l e 

as a time and stirring vigorously while keeping the solution sufficiently 

warm, until about twice the required amount of NagOg was added. A spot test 

on a white surface with a drop of iodine solution and the oxidized solution 
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was made to ensure the completion of oxidation. 

The solution was then neutralized and brought to a pH between 7 and 8 , 

and titrated using N/lOO AgNÔ  solution with the Mohr method as described 

above. A simultaneous blank test was made on the same volume of water. 

The check was repeated three times. 

(2) Alternatively, the SO2 gas sample taken in a gas bulb was dissolved 

in 50cc. of water by dipping one end of the gas bulb into the liquid and 

opening the lower stopcock. 5cc. of N/lOO.HCl standard solution was added 

and the solution was boiled off, adding water gradually to keep the volume 

constant until a l l SOg was removed. The same spot test, as described above, 

was employed to ensure that no SOg was left. The solution was neutralized 

and titrated as described in (l) above, 

(b) Analysis of the.sample gas: 

The same technique was employed as that used in checking the method 

except that the small amount of HCl was present in the gas sample. 

METHOD 5. ANALYSIS OF SOg IN HCl-RICH STREAM: 

Except for the technique of dissolving the gas, this method is exactly 

the same as described in Method 2. 

In this case the lower end of.the gas bulb was dipped in a 25cc. of N/lOO 

Iodine solution diluted to 300cc. and the lower stop-cock was opened. A l l 

the liquid sucked in and f i l led the bulb. After shaking several times, the 

solution was drained off and the bulb washed three times with disti l led water. 

The total solution was then titrated against N/lOO Sodium thiosulphate 

solution as described in Method 2. 


