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Abstract-Binary diffusion coefficients of gases having one polar constituent have been measured in the 
temperature range 275 to 318°K using the two-bulb technique of Ney and Armistead. The systems investi- 
gated were Kr-CH,CI, and Kr-C,H&I. Radioactive s5Kr was used as a tracer and a scintillation counter 
was employed to determine its concentration at different times. The mass correction was applied to get 
the normal diffusion coefficients for both the systems. 

The experimental D,, values have been employed to get the unlike interaction parameters on the 
Lennard-Jones (12 : 6) potential and compared with those obtained by using the combination rules for a 
polar-nonpolar system and the force constants of the polar gas from viscosity as well as from second virial 

data. The off-centre model of Blanks and Prausnitz is discussed in detail 

NO~N~AT~ 

cross section area [cm” ] ; 
second viria1 coefficient [cm3 mol- ‘1; 
concentration of reference gas ; 
diffusion coefficient [cm” s- “1; 
ionization potential [eV] ; 
Boltzmann constant [erg “C- “1; 
correction term in equation (9) due 
the off-centre nature of dipole ; 
effective diffusion path [cm] ; 
number of counts; 
pressure [cm Hg] ; 
intermolecular distance ; 
time [s] ; 
temperature [“K] ; 
volume [cm31 ; 
critical volume of polar molecule 
[cm3 mol- ‘1. 

II: 
viscosity coefficient [g _ cm- ’ . s- f 1; 
thermal conductivity coefficient 
[caf.cm-‘.s-‘.degC-‘1; 

pj, dipole moment [D] ; 

Pl2, reduced mass ; 
r, correction term in equations (3) and 

(4) given by equation (5); 
7, relaxation time [s] ; 

444 intermolecular potential energy [erg]. 

Subscripts 
LZ species of molecules ; 

6 nonpolar moiecule; 
ii, nonpolar-nonpolar interaction ; 

v, nonpolar-polar interaction ; 

j, polar molecule ; 

ii, polar-polar interaction ; 
jj(np), nonpolar interaction of polar 

molecule. 

Superscripts 
* , quantity reduced by means of simplest 
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Greek symbols 
a, polarizability [cm31 ; 
f, fl, molecular force parameters ; 
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t, 

combination of molecular parameters 
rs and 6; 
quantity reduced by means of com- 
bination of cr and E which utilize 
rigid sphere value. 

INTRODUCTION 

THE POTENTIAL function which describes the 
intermolecular forces between a polar and a 
nonpolar but polarizable molecule is commonly 
written as the sum of three parts; the first con- 
sider the forces of repulsion which vary as the 
inverse twelfth power of the distance between 
molecular centres, the second considers dis- 
persion forces due to the polarizability of both 
molecules and the third considers the forces of 
induction which result from the dipole induced 
in the nonpolar molecule by the polar molecule. 
The last two parts of the potential function vary 
as inverse sixth power of the intermolecular 
distance. It is thus possible to write the potential 
between a nonpolar molecule i and a polar 
molecule j on Lennard-Jones (12: 6) form 

Ytr) = %j 
[f$ _ (+)j (1) 

where cij is the depth of the potential and oij 
is the value of I for which cp(r) = 0. These force 
parameters can be derived from a knowledge of 
the binary diffusion coefficients or vice versa. 

According to Chapman-Enskog theory [I ] 
the general expression for the diffusion coefficient 
D 1 2 of a binary gas mixture in the first approxi- 
mation is given by 

In this expression p, T and p denote pressure, 
temperature and reduced mass respectively ; 
k is the Boltzmann constant, the subscripts 1 and 
2 refer to molecules of species 1 and 2. The 
intermolecular potential model enters equation 
(2) through c12 and QcllH with TTz = kT/ 

612. i22'")t is the diffusion collision integral 
reduced in the usual way [l]. As the right-hand 

side of equation (2) depends only on the proper- 
ties of unlike interactions, the first Chapman- 
Enskog approximation of D12 is very suitable 
for getting information on crl Z and c1 2. 

The forces between a pair of unlike molecules 
could also be estimated from those between the 
corresponding pair of like molecules by using 
the proper combination rules. The most 
commonly used semiemperical combining rules 
for a pair of unlike molecules are due to Blanks 
and Prausnitz [2]. 

oij = sp [l + cij]-* (3) 

Cij = (~ii~jj)f [l + <ij]" 

in which 

;ij=* @) 

where Gii, ~ii are the Lennard-Jones potential 
parameters for nonpolar molecules, gjl, cjj 
the Stockmayer potential parameters for polar 
molecules, ai, the polarizability of the nonpolar 
molecule and CLj’ the dipole moment of the polar 
molecule. 

The present paper reports a continuation of 
attempts to obtain information on the forces 
between unlike molecules (in polar-nonpolar 
mixtures) by studying diffusion in binary gas 
mixtures. While viscosity q and thermal con- 
ductivity Iz depend on both like and unlike 
interactions, the diffusion coefficient D, in the 
first approximation, depends directly and sen- 
sitively on the forces between unlike molecules 
and thus are of particular interest for this 
purpose. Accordingly, the experimental measure- 
ments of binary diffusion in polar-nonpolar 
mixture have been of particular interest in 
recent years [3-6]. 

Recently Srivastava and Saran [6, 71 have 
studied the mutual diffusion coefficient in the 
mixture of Kr and a few polar gases by using 
radioactive *‘Kr as tracer. They have observed 
that the force parameters for the polar gases as 
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obtained from viscosity by Monchick and Mason 
[8] and used in conjunction with above com- 
bining laws represent the observed D12 values 
fairly well. But when the force parameters are 
taken from B(T) data [9] and used in conjunc- 
tion with the combining laws, the calculated 
values are much higher. However, by considering 
the off-centre dipole model of Blanks and 
Prausnitz [2] they found that the second virial 
data also yield reasonable unlike force para- 
meters. In the present investigation we have 
chosen the strongly polar gases methylene 
chloride and ethyl chloride to examine their 
behaviour in polar-nonpolar gas mixture: The 
behaviour of ethyl chloride is interesting in the 
sense that the value of c obtained from B(T) 
data is larger than that obtained from viscosity 
data in contradiction to other polar gases [2]. 

PRINCIPLES AND THEORY 

The detailed theory of diffusion in the two 
bulb apparatus has been worked out by Ney 
and Armistead [lo] and it has been shown that 
for the geometry of the apparatus employed in 
present investigation, the relaxation time a 
of the system as defined by the relation 

(Cl - Cp)/(Cy - CT) = exp (-at) (6) 

is given by 

r=;= (&) E) (7) 

where Cy, C; and CT respectively denote the 
concentrationofthe reference gas in the analysing 
chamber initially, after t s, and after complete 
mixing. The value of CF is found from the 
geometry of the apparatus and the initial 
concentration and also checked experimentally ; 
VI and V, are the volume of the analysing and 
other chamber in cm3, V, being Vi + I’, . D, is 
the binary diffusion coefficient in cm% at a 
pressure of p cmHg. A and I are the cross- 
sectional area and effective diffusion path 
respectively. Since the concentration C, in 
equation (6) occurs both in numerator and 
denominator, it is possible to determine the 

relaxation time of the system by knowing only 
the relative concentrations rather than their 
absolute values. The number of counts N, 
recorded at the window of the analysing chamber 
is proportional to the concentration of the 
radioactive component in the chamber. The 
relaxation time z corresponding to 
log,, [(NY - NF)/e] is read directly from the 
plot of log,, [N: - NY] vs. time t, which gives 
a straight line. NY, N: and N,” respectively 
denote the count initially, at t s and after 
complete mixing. The diffusion coefficient D,,, 
at atmospheric pressure is related to D, through 
the relation 

D atm = D,,(p/l atm). (8) 

A mass correction is then applied to obtain 
the binary diffusion coeflicient. 

EXPERIMENTAL 

Apparatus and procedure 
The detail of the apparatus and the experi- 

mental procedure have already been discussed 
by Srivastava and Paul [l I] and Srivastava 
and Saran [6]. The experiment was begun by 
equalizing the gas pressure in both chamber and 
opening the capillary valve connecting the 
bulbs. The whole assembly was immersed in a 
water bath in which the temperature was 
controlled to better than 0.05 degC by Sunvic 
electronic relay. For each run at any tempera- 
ture, diffusion proceeded for about 2 h. The 
counts were taken for 1 min at intervals of 5 min. 
All the readings were corrected for background 
constant and counting loss in the scintillation 
counter. 

The constants of the apparatus are as follows : 
volume of the analysing chamber = 197.3 cm3 
volume of the other chamber = 184.3 cm3 
length of the capillary = 8.058 cm 
diameter of the capillary = 0.306 cm 
C? = 0517. 

The experiments were carried out in the 
temperature range 273-318X and the pressure 
in the range 1524 mm of mercury. The higher 
temperature limit was set by the limitation of 

c 
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the scintillation crystal and the lower limit by the 
liquefaction of the gas. 

Preparation of gases 
Pure and dry methylene chloride vapour was 

prepared by the method already described 
by Srivastava and Srivastava [ 121, with a tower 
filled with fused calcium chloride. Pure liquid 
methylene chloride supplied by E. Merck, 
Germany was used and the vapour was collected 
in a gas cylinder having a metal stopcock at a 
pressure of about 30 cm of mercury. A similar 
apparatus was utilized for collecting the ethyl 
chloride vapour with a cooling arrangement 
attached to the funnel. The vapours were 
further purified by fractionation at liquid 
nitrogen temperature. The liquid ethyl chloride 
was supplied by Gebr. Eichhorn, Germany in 
lever locked tube. 

Experimental results 
The determination of relaxation time t as 

defined by equation (6) is displayed in Figs. 1 
and 2 where log,, (N: - NY) is plotted against 

t for the two mixtures at two tem~ratures. The 
relaxation time r for the system at the experi- 
mental pressure p is obtained directly from the 
plot. The value of r is used to calculate D, from 
equation (7). Experimental values of p, D, and 
D,, are recorded in Table 1. No other experi- 
mental data for these systems are available for 
comparison. We believe our data to be accurate 
within rf: 1 per cent. 

The intersection method of Buckin~am [ 12f 
has been employed to get the unlike interaction 
parameters for the systems considered here on 
Lennard-Jones (12 : 1) model. It has been shown 
that the effective energy of interaction between 
a polar and a nonpolar molecule has the same 
form as that between two nonpolar molecules 
The diffusion collision integrals Q” ‘jt on 12 : 6 
model are tabulated as a function of T* by 
Hirschfelder et al. [l]. The force constants 
determined by fitting the observed DIz values 
are given in Table 2. 

The unlike interaction parameters obtained 

00 25 50 75 100 125 
Time, min 

Ftc. 1. The plot of tog,,(iV: - NT) vs. time for the Kr-CH,CI, mixture. 
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FIG. 2. The plot of log,,(hr’r - Nr) vs. time for the Kr-C&H&I mixture. 

Table 1. Mutual diffusion coeflcient in cm2js 

Gas 
mixture 

Kr-CH,Cl, 

T “K 

278.4 
288.2 
303.2 
338.2 

Pressure 

(mm Hg) 

15.78 
1846 
20.84 
23.82 

D nlm 

B, 
Experimental (a) (b) (c) (d) 

2.485 0.0518 0.0517 0.0537 0.0671 
2.274 0.0554 0.0555 0.0575 0.0720 
2.244 0.0613 0.0614 0.0636 0.0797 
2.147 00675 0.0675 0.0699 0.0878 

Kr-C,H,CI 275.2 20.85 2.161 0.0595 0.0597 0.0592 0.0508 0.0663 
288.2 27.62 1.988 0.0653 0.0654 0.0648 0.0556 0.0723 
303.2 21.11 2.577 0.0720 0.0722 0.0717 0.0614 0.0795 
318.2 23.69 2.539 0.0794 0.0793 0.0788 0.0674 0.0869 

(a) Calculated from the force constants fitted to D12 data. 
(b) Calculated from the combination rules and the force constants of the polar gas from the viscosity. 
(c) Calculated from the combination rules and the force constants of the polar gas from B(T) data. 
(d) Calculated from the force constants for the polar gas obtained by the method of Blanks and Prausnitz and utilizing 

their empirical combination rules for interaction between a noncentral dipole and a nonpolar molecule. 

by using the combination rules (equations (3-5)) viscosity measurements and are in reasonable 
and the force constants for the polar gases agreement with the values derived from recent 
taken from the viscosity [8] data for the system virial coefftcient measurements [ 141. The unlike 
investigated here are recorded in column four interaction parameters have also been obtained 
of Table 2. The force parameters for Kr are those by taking the force constants of polar gases from 
determined by Clifton [13] from his recent B(T) data and these are recorded in column 5 



1776 YASHWANT SINGH and B. N. SRIVASTAVA 

Table 2 Fo~e~fial ~ara??lefers~or the ~e~~ard-~o~es f 12 5) model 
----__l- -.-.-- --_-._ . . -~^--____.. .I_. ___ _.. _._-_____ .---.-.._____ __.. 

Gas Force Present Combining laws 
mixture parameters work - -.-.- ~.-l-ll^___.____.-_ 

(from DLz values) (a) (b) W 
~_*_.---.____- .- _ l_-_-_ ._ 

Kr--CH,CI, t12/!4 “K 302 284.3 342.5 
Cl-2 A 4.139 4,126 3,518 

*__-l.l-l..-_ --“--- .._. .l-~-~ 
Kr--C,H,Cl ~lZ/k “K 250 269.7 231-7 163.0 

g12 A 4.138 4.082 4”565 4.306 
I- -=-~z:.:z::- ----_.-- --~_ ______-- .__.-. ~- 

faf Using the force constants for the palar gas from viscosity. 
fb) Using the force constants for the polar gas from B(T) data. 
(cf Using the force constants for the polar gas obtained by the m~fhod of Blanks and Prartsnitz and 

utilizing their ~mbinatio~ rules for ~~~fera~fio~ between a non-cenfraf dipole and nonpolar moleccufe. 

of Table 2. We have determined the force 
constants for CH,Cl,(c/k = 7OO”K, cr = 3~322A) 
from the B(T) data of Perez MasiP and Diaz 
Pefia [15] and those for C2HsCl (c/k = 320 
and o = 5.41 A) are those given by Rowlinson 

PI* 

DISCUSSION 

The calculated values of Dlz from the three 
sets of force constants ~recorded in Table 2) 
are compared with the ex~rim~n~al L), 2 vafues 
in Table 1. Agreement between the experimental 
values for L)r2 and the values calculated from 
the (experimentally determined) unlike force 
constants are good ; the average absolute dis- 
crepancy for the two systems is only O-2 per 
cent. The theoretically calculated values of 
Dr2 for Kr-C,H,Cl system using the force 
constant for ethyl chloride from viscosity [X] 
are in fair agreement with the observed values. 
the average discrepancy is about @7 per cent. 
But for Kr-CH,Cl, system the agreement is 
less good. The Li, 2 values calculated by using the 
force constants for CH&I, from viscosity [S] 
overestimates the experimental values by about 
3*2 per cent. 

It is interesting to note that the theoretically 
calculated values of 012 using the force constants 
for polar gas from B(T) data are much larger than 
the experimental D,, values far Kr-CH,C12 
system like other polar--nonpolar mixtures 
studied by S~vastaya and Saran f&7] but for 

Kr-C,H,Cl, they are much lower, the higher 
value of D,, comes probably due to the fact 
that the value of cr for CH,Cl, as obtained from 
B(T) data on Stockmayer potential are much 
smaller than those obtained from viscosity. 
By applying the off-centre model of Blanks and 
Prausnitz [2] Srivastava and Saran [6,7] have 
shown that the virial data of polar gases also 
give reaso~bIe parameters for unlike inter- 
actions. Due to the non-a~a~~abi~~ty of reliable 
critical data ofCH$l, in literature, we have not 
applied the off-centre model for it. But for 
C2H,Cl, the collision diameter ~jjfnp) due to 
nonpolar forces approximated from, 

Qjj(,p), = 0.94 (YjY (9) 

in which Vcj is the critical volume in cm3/mol, 
is less (= 4*875& than that obtained from 
second virial data on the Stockmayer model 
(= 5.41 A). According to Blanks and Prausnitz 
[2] the corr~t~o~ factor ~j which comes in 
combination rules through : 

where 

Ij is ionization potential and propo~ionaiit~ 
constant fl is equal to 4.82 x IO3 “KleY, is due 
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to the off-centre dipole and is equal to unity for 
ideal dipole situated at the centre of the molecule 
and for all other cases greater than unity. Their 

plot of Kj against (cjj(np) - ~stockmayer)!~jj(np) 
takes account of only those gases for which the 
latter is positive. But for C2H,Cl it is found that 

(“jj(np) - gstockmayer)!cjj(np) is about -0-l 1 and 
if the plot is extrapolated for negative values 
then Kjcomes equal to 0.35. The force parameters 
thus obtained [from (3) to (5) and (9) to (I l)] 
are recorded in column 6 of Table 2 and D,, 
values calculated from these force parameters 
are given under column (d) of Table 1. The 
agreement with experimental D,, values is not 
good but better than that obtained with the 
force parameters obtained from second virial 
data on Stockmayer potential. Probably one 
of the reasons for this discrepancy is that equa- 
tion (I I) does not hold good for C,H,Cl due 
to its nonsphericity. The conclusion of Blanks 
and Prausnitz that the value of Kj must not be 
less than unity, may not be true in view of the 
recent experiments [ 161 where it has been 
concluded that certain molecules may prefer 
repulsive dipole-dipole orientations. For repul- 
sive orientation, the correction term to the 
induction energy due to off-centre nature of 
dipole will be negative and thus Kj will be less 
than unity, 
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R&um&Les coefficients de diffusion binaires de gaz ayant un composant polaire ont BtC mesurCs dans la 
gamme de tempkrature 275 g 318°K en employant la technique des deux rkservoirs de Ney et Armistead. 
Les systemes Btudib ttaient Kr-CH,Cl, et Kr-C,H,Cl. Le krypton radioactif s5Kr a CtC employ& 
comme traceur et un compteur a scintillation dkterminait sa concentration g diffkrents instants. La corrCla- 
tion de masse a CtC appliquk pour obtenir les coefficients normaux de diffusion pour les deux systkmes. 

Les valeurs exptrimentales de D,, ont BtC employCes pour obtenir les parametres d’interaction diffkrente 
du potentiel de Lennard-Jones (12 : 6) et comparees avec celles obtenues en utilisant les regles de combinaison 
pour un systeme polaire-non polaire et les constantes de force du gaz polaire B partir de la viscositC aussi bien 
qu’a partir des donnees du second viriel. Le modtle d&centrt de Blanks et Prausnitz est discutC en d&tail. 
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~~sa~~~n~~~~~~~n~r~ ~iffusionskoeffi~en~n YOR Gasen mit einem polaren Bestandteii wurden im 
Tem~eraturbereich von 275 bis 318°K gemessen mit Kilfe der zwei-Kugel Technik van Ney und Arm&ad. 
Die untersuchten Systeme waren Kr-Ch,CI, und Kr-C,H@. Radioaktives ‘“Kr wutde als Spur- 
material verwendet, und ein Szintillation~~~er diente zur Konzeutmtionsb~timmung zu verschiedenen 
Zeiten. Mit Hilfe der ~asse~korrektur war es mbglieh die normalen ~~ffusi~nsk~ff~~ten Eir beide 
Systeme zu erhalten. 

Die ex~rimentalilen Drz Werte dienten dazu, die ~glej~hen R~kt~onsp~~meter f& das Lennard- 
Jones (12: 61 Potential zu erhaiten und sic wurden mit jenen verglic~e~~ die unter Benutzung der Kombina- 
tionsgesetze fiir ein poiares-nichtpolares System und der Kraftkonstanten eines polaren Gases aus der 
Zlhigkeit wie such aus den zweiten Virialwerten erhalten wurden. Das “Ausser-Mitte” Model1 von Blanks 

und Prausnitz wurde im einzeinen diskutiert. 


