
U = superficial gas velocity, m/s  
1) 

V 
= interstitial gas velocity in bed, m/s 
= pore volume; V, and Vi  are macro- and micropore 

values, respectively, m3/g 

Greek Symbols 

= total porosity, sum of macro (Pa)- and micro (Pi)- 
porosities 

P 

So, S,, S,, S,, 8, = moment contributions defined by Eqs. 3 to 7 
€ 

7) = diffusibility, Eq. 12 
P = gas density, kgim3 
Pv = density of carbon particles, kg/m3 
PI = first absolute moment, s 
(pJi = first moment for nonadsorbable gas, s 

= second central moment, sz 
7, = macropore tortuosity factor 
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Substrate-Inhibited Kinetics With Catalyst 
Deactivation in an Isothermal CSTR 

Analytical expressions are developed for the time-dependent reactant concen- 
tration and catalyst activity in a n  isothermal CSTR with Langmuir-Hinshelwood 
kinetics of deactivation and reaction. Several parallel and series posioning mech- 
anisms a r e  considered for a reactor which, without poisoning, would operate a t  a 
unique steady state. The use of matched asymptotic expansions and abandonment 
of the usual initial-steady-state assumption give results, valid from startup to final 
loss of activity, whose accuracy can be improved systematically. 

1. Unique Pseudosteady State 

SCOPE 

One of the weaknesses of all catalysts is that they become 
degraded or deactivated with use. In previous papers (Do and 
Weiland, 1979a, 1979b), we have presented analyses of the 
effect of catalyst poisoning by reactants and products of reac- 
tion on the performance of a CSTR. Both n-th order and 
Michaelis-Menten kinetics were  examined. This  p a p e r  
presents the same sort of problem, but for a Langmuir- 
Hinshelwood rate form. Previous work, which specifically tack- 
les catalyst deactivation with substrate inhibition, includes that 
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of Lin (1977) whose analysis was restricted to poisoning a t  a rate 
independent from the main reaction; thus, deactivation could 
be examined quite separately. See also Chu (1968), and Kam 
and Hughes (1979). 

When the reactant or product is responsible for the poison- 
ing, we have shown previously (Do and Weiland, 1980) that the 
rate forms for the main reaction and for deactivation must bear 
certain minimum relationships for consistency. Such self- 
consistent rate expressions are used here to analyze the effect 
of catalyst poisoning on  reactor  performance when the  
Langmuir-Hinshelw-ood parameters admit of a single steady 
state in the nonpoisoned case. The method of matched symp- 
totic expansions is used to develop solutions valid over the 
entire period of reactor operation from initial startup to final 
loss of activity. 
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The method of matched asymptotic expansions is used to 
obtain a complete description of the performance of a CSTR 
for substrate-inhibited kinetics, when the catalyst is being 
slowly poisoned by either the reactant or the reaction product. 
Self-consistent rate expressions are used for the reaction and 
poisoning rates. The rate of deactivation is taken to be  slower 
than the main reaction rate; this gives rise to the appearance of 
a smalI parameter, E ,  which is basically the ratio of these rates. 
Solutions are obtained which are correct to O(E)  and higher 
order corrections can be  obtained in a completely systematic 
way. 

The usual approach taken in this type of problem is to assume 
that the reactor is already operating at  an initial steady state 
before catalyst deactivation begins to occur. Here, we show 

that if one is to obtain a description of reactor performance 
correct to any order  in E ,  the  initial steady state assumption 
must be abandoned. 

I t  is found that for parallel (reactant) poisoning, operation a t  
high space velocity leads to earlier loss of activity; the reverse is 
true for series deactivation. For systems which have large 
values of the Langmuir-Hinshelwood kinetic parameters, de- 
activation is always delayed for both series and parallel mecha- 
nisms. As the complexity of the poisoning mechanism in- 
creases, catalyst life becomes greatly extended. The weakness 
of the initial steady state assumption is underlined by consider- 
ing reactor performance for moderately fast deactivation (but 
with ~ < 1 ) .  In this case, the reactor never reaches steady condi- 
tions before the effects of deactivation are felt. 

INTRODUCTION 

The effect ofsubstrate inhibition on the performance ofchem- 
ical reactors has been the subject of many studies, mainly in the 
context of multiple steady-state phenomena. See for example 
Ho (1976), Pereira and Varma (1978), and De Vera and Varina 
(1979). Multiplicity is possible for this type of kinetics even 
under isothermal conditions. Pereira and Varma (1978) have 
given several examples from conventional catalysis by metals, 
including CO oxidation over platinum in excess oxygen; cer- 
tainly substrate inhibition is common in catalysis by enzymes 
(Laidley and Bunting, 1973). 

One of the weaknesses of all catalysts is that they become 
degraded or deactivated with use. Previous work, which spe- 
cifically addresses the reactor problems associated with deactiva- 
tion in substrate-inhibited kinetics, includes that of Lin (1977). 
His analysis was based on the usual Langmuir-Hinshelwood rate 
form: 

(la) R = kCAU/(Cj + KSCA i- K )  

for the main reaction, but, it was assumed that the catalyst was 
denatured according to 

R = k,ja (1b) 
Thus, inactivation took place quite independent of the main (in 
this case enzymatic) reaction rate. Single catalyst pellets have 
been studied by Chu (1968), and Kam and Hughes (1979). 

As previously reported (Do and Weiland, 1980c), when poi- 
soning is caused by the reactant or the product of reaction 
(parallel and series poisoning, respectively), the deactivation 
rate expression can only have certain basic forms if it is to be 
consistent with the rate expression for the main reaction. In 
particular, it must have the same denominator as the main 
kinetics. Thus, for kinetics given by Eq. la, the deactivation rate 
expression might take on one of the forms: 

k,jC,"a/(Cj + KsCA + K ) ,  (24  
(2b) = {kdCA "-'CBa/(Cj + KsCA + K )  

Eqs. 2a and 2b correspond to parallel and series poisoning 
mechanisms, respectively. The exponent n may take on the 
values (1, 2, 3) and these correspond to deactivation directly by 
the reactant, by reactant bonding with an existing reactant- 
catalyst complex, and by reactant bonding with a catalyst-(two- 
reactant-molecule)-complex, respectively, for parallel poison- 
ing. For series mechanisms, these values ofn correspond to the 
analogous cases of product bonding with catalyst or catalyst- 
reactant complexes. Further details for this and other types of 
kinetics may be found in D o  and Weiland (1980~). 

This paper will use the self-consistent forms of Eqs. 2a and 2b 
to analyze the effect of parallel and series poisoning on the 
performance of an isothermal CSTR for the case of a unique 
pseudo-steady state. (The fact that activity is always decreasing 
implies that a true steady state can never be achieved). The 
three separate mechanisms given by n = 11, 2, 3) will be 
considered, but only the analysis for a parallel mechanism and 
n = 1 will be shown in detail; in the interest of space, results 
for the other cases will be  given in tabular form. 

FORMULATION 

Consider a substrate-inhibited reaction in a well-mixed, 
isothermal CSTR without inass transfer resistances. The non- 
dimensional transient mass balance equations for reactant and 
product, respectively, are 

A = H(l  - A )  - Aa/(A2 + YA + p). 
B = - HB + Aa/(Az  + YA + p) 

(34 

(3b) 

where the feed to the reactor has been assumed product-free. 
The rate expressions for catalyst activity are 

- EAna/(A2 + yA + p). (34 
( 3 4  

for parallel and series poisoning, respectively. The parameter H 
is the nondimensional space velocity, and E is the ratio of the 
deactivation rate to that of the main reaction. Time has been 
scaled on the reaction rate constant and we will assume e < < 1. 

Prior to reactor startup,-the catalyst has unit activity and only 
inert material is present in the fluid: 

d = {  -EAn-'Ba/(A2 + YA + /3) 

A(0)  = BIO) = 0, (34 
d o )  = 1 (3f) 

At reactor startup, a product-free feed having unit reactant 
concentration is introduced at  a fixed flow rate. Our objective is 
a long-time description of reactor performance. 

For series deactivation mechanisms, Eqs. 3a and 3b can be 
combined and integrated to give 

A + B = 1 - exp(- Ht) (4) 

which enables the equations for series poisoning to be written 
solely in terms o f A  and a. Eq. 3d becomes: 
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0 A+ 1 
Figure 1 .  Operating diagram. 

and the product poisoning case presents no additional difficul- 
ties over poisoning by the reactant. 

If we now restrict our attention to parallel deactivation in 
which the reactant is directly responsible for the poisoning 
process (n = I), the relevant equations describing the reactor 
become: 

Aa def 
= g(A, Q). (6a) 

A2 + YA + P 
- -  dA - H(l - A )  - 

dt 
AQ 

A2  + y A  + P 
- -  da - - €  

dt 

with initial conditions, 

A(0)  = 0, (6c) 

a(0) = 1 ( 6 4  

Note that the kinetic expressions are self-consistent 
When there is a unique quasisteady state, one can take the 

usual singular perturbations approach (Cole, 1968; Nayfeh, 
1973) and obtain an inner solution, valid during reactor startup, 
and an outer solution applicable to the period of significant 
catalyst decay. These solutions can then be matched and a single 
composite solution constructed which is valid over the entire 
time of reactor operation. There is no need to assume an initial 
steady state, and indeed to obtain higher order corrections to 
the solutions, such an assumption has to be  abandoned al- 
together. The case of a unique quasisteady state is shown 
schematically in Figure 1. Figure 1 shows that as t increases and 
a decreases, the reactor moves smoothly through a continuum of 
pseudosteady states given by the intersection of the linef,(A) = 
H(l - A ) / a  with the curvef,(A) = A / ( A 2  + y A  + p). 

STARTUP PERIOD 

Eqs. 6a, 6b, 6c, and 6d describe the behavior of the reactor on 
the time scale given by the chemical reaction rate. This time is 
appropriate to the period of reactor startup. We take advantage 
of the slowness of deactivation (E << 1) and expand the depen- 
dent variables in the following asymptotic series: 

A( t ,  E )  - A J t )  + d l ( t )  + . . . 
U ( t ;  €) .-- Q,(t) + €Ql(t) + . . . 

( 7 4  

(7b) 

When these are used in Eqs. 6a, 6b, 6c, and 6d a sequence of 
subproblems results. The order unity and 0(e) equations are: 

and 

Ai(0) = 0, (94  

a1(0) = 0 ( 9 4  

respectively. 
The solution to Eq. 8b with Eq. 8d as initial condition is just 

a,(t) = 1 (10) 

Combining this result with Eqs. 8a and 8c, and integrating 
gives: 

A+' + yA+ + /3 
A+2 + a,A+ + a, 

H t  = 

in which A+ is the only real root of 

A 3  + ( y  - 1)A2 + (P + H-' - y ) A  - /3 = 0 (12) 
and 

a, = P/A+,  (13) 

(14) = A +  + - 1 

To determine the O(r) solutions, we substitute the result (Eq. 
10) into Eq. 9b and eliminate time between this and Eq. 8a: 

The solution is 

a,  = 1 [ A+ In ( A'A< " )  H(A+' + a,A+ + a,,) 
A+ 
2 a, 

A t  + aIAO + a, - - In(  + 

where we have used the initial conditions of Eqs. 9c and 9d. 
Eqs. 8a, 9a, and 16 can be combined to give: 

The solution is given in terms of the quadrature: 

where 
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S 

(s2 + ys + 8) = -  
S 

H(1 - s) - 
(s2 + Y S  + P) 

found earlier. Rewrite t as et and expand the _asymptotic forms of 
Eqs. 27a and 27b in a Taylor series about t = 0. Then, 

Act; E) = A,(O) + € dAo(o) t + &(O)] + . . . , (28a) 
- 

[$? t + a',(O) + . . . (28b) 1 Z( i ;  E) = &(O) + € 

The asymptotic behavior of these solutions as t -+ m will be 
required for matching to the outer or long-time solution to be 
determined in the next section. At leading order 

Now, by insisting that these forms agree with the limiting forms 
of the inner solutions as t -+ m, we find that 

&(O) = A+, (294 

ii,(O) = 1, (29b) 

given by Eq. 19. Thus, a',(O) = c, (294 

u,-+ 1, ' A ,  -+A+ for t -+ m (19) 

To find the form of a,, we start with Eq. 9b and use the results 

(294  
n 

The constant of integration may be evaluated as follows: elimi- - 
nate the nonlinear term between Eqs. 9b and 20. Then, [H(A+' + ?A+ + p) + p - A+']' 

By substituting Eqs. 27a and 27b into Eqs. 26a and 26b, and 
equating coefficients of like powers of E to zero we find that the 
O(1) and O(e) equations are, respecfively 

= 0, (304 

(30b) 

C = lim a,(t) - t -  
dt ' (21) 

and combining this with Eqs. 9b and 16, and taking the limit 

dal(t) 1 

c+ (p  - xA+)dx 
# &a', 

t-m [ 
gives H(l - A,) - A,' + yA, + p 

(22) dt  A," + yAo + p 
dG, A,G, - = -  

1 
H ( P  + yA+ + A+') 

C =  
(x' + alx + a,,) 

Thus, 

A+ a0 (2P + %A+) tan-' A+ (4a, - ~ y f ) f  + - 2 In ( A+' + cy,A+ + a, ) (4a0 - a?)* 
H ( P  + yA+ + A+') 

2a0 + alA+ 
C =  (23) 

The asymptotic behavior of A,(t) as t + m can be easily found with Eqs. 29a and 29b as initial conditions, and 
from Eqs. 9a and 23 with the result A1 - - [. + - A,') ]A] - A,G, 
lim Al  = - C A+ d t  A," + y i ,  + p A," + y i ,  + p 
f-m [H(A+' + yA+ + p) + /3 - A'Z] 

(314 A+2 
[H(A+' + ?A+ + p) + p - A+'12 AOa', - &(p - A,')Al 

A,' + y i ,  + p 

- da', 
d t  

- = -  
A,' + yAo + p 

(3W (24) 
A+' t 

(Af2 + ?A+ + p) [H(A+' + ?A+ - p) + /3 - A+'] 
+ 

Note that catalyst deactivation does take place at O(E), even 
during the startup period. To obtain anything more than the first 
approximation to the performance of the reactor, it is absolutely 

with Eqs. 29c and 29d as initial conditions. 
Solutions to Eqs. 30a and 30b are readily found to be  

essential that a quasisteady-state assumption not be  made. a', = H ( 1  - A,) (A,' + y i ,  + p)/Ao, (324 

2(A+ - 2,) + ph(&/A+) + (1 + p + y )  

In(1 - A+)/(l - A,) + /3(1/A+ - l/&) = t̂  (32b) 
PERIOD OF SEVERE DEACTIVATION 

The time scale appropriate to an examination of reactor per- 
formance during serious catalyst poisoning is based on the rate 
constant for deactivation. With time stretched according to 

t = E t  

These solutions allow us to integrate Eqs. 31a and 31b as: - - - 
0 1  

A,'(1 - Ao) + A0 

1 
(25) A, = - 2A: + (y - 1)A, + p A,' + y i ,  + p 

- 
(334 

(1 - A,) (P - A,') Eqs. 6a, 6b, 6c, and 6d become 

€7 d i  = g(A, a'), (264 "[1+ A0 
dt 

(26b) and 
da' Aa' 

- 
d i  - A2 + yA + /3 

&(t) = a',(O) exp [ [ M ( x ) d x  ] We seek solutions of the form 

+ N(s) exP [ - W x ) d x  Ids, (33b) 
Act, E) = A& + €A,@) + . . . , 

G(i; E) = Go(;) + €ii1(i) + . . . 
(274 

(27b) where 
Initial conditions for these outer solutions are obtained as a 
result of matchingwith the large time limit of the inner solutions M ( x )  = 
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Figure 2. Effect of space velocity on concentration and activity. 

-t 

Figure 4. Dependence on kinetic parameter y. 

Figure 3. Dependence on kinetic parameter P. 

t 
Figure 5. Influence of mechanism of parallel deactivation. 

Figure 6. Effect of space velocity on concentration and activity. Figure 7. Dependence on kinetic parameter P. 

F 

1 1  t 
0 

Fl 
SERIES, n-1 . 

~ 2 ~ 3  + - 1 j x 2  + PI 
(334 - 

(x2 + yx + p) [x + (1 - x) ( p  - x')] (1 - x) ' 

and 

(334  

Conrposite snlutions. uniformly valid in time. can be fomd by 
adding together the inner and outer expansions and subtracting 
the coninion parts. which are: 

A,.,, = A+ + E [  )!% Alt)]  + 0(e2). (344 

t 

Figure 9. Influence of mechanism of series deactivation. 

The limits which appear in Eqs. 34a and 34b are given by Eqs. 
20 and 24. 

This completes the solution to the reactor problem to O(E) for 
parallel deactivation with n = 1. These results are valid during 
the entire period of operation froin initial startup to final loss of 
activity. We again draw attention to the fact that at no stage has a 
quasisteady-state assuniptioii been invoked; if it had b w n ,  the 
O(E) corrections could have not been obtained. Higher-order 
corrections can be found in an obvious way, although the alge- 
braic tedium becomes prohibitive. 

The key results for other mechanisms of deactivation given by 
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TABLE 1. THE FUNCTIONS F(A) USED IN EQ. 35b 
CORRESPONDING TO VARIOUS DEACTIVATION MECHANISMS. 

n F ( 4  - __ 
Parallel Poisoning 

1 - 2A + PlnA - (1 + p + y) h ( l  - A) - B/A 
2 (p  + y - 1)lnA - (1 + p + y)ln(l - A) - p/A - p / u 2  

3 (1 + p + y)ln[A/(1 - A)] - (7 + P - 1)/A - p/2A2 - p/3A3 

Series Poisoning 

1 2A + PlnA + (3  - p + y)  ln(1-A) + (1 + p + y)/(l - A) 

2 ZfllnA + 2(1 - p)ln(l - A) - p/A + (1 + p + yj/(l - A) 

3 ( y  + 3p - I)ln[A/(I - A)] - 2P/A 
- p/2AAZ + (1 + p + yj/( l  - A) 

1. 

.9 

.8 - LEADING ORDER OUTER SOLUTION TERMS , 

I , I I I , I  I , ,  

LEADING ORDER COMPOSITE EXPANSION 
-COMPOSITE EXPANSION INCLUDING 0 (€1 

- ---- 

Figure 10. Reactor behavior for moderately fast catalyst deactivation. 

Eqs. 3c and 3d with n = 11, 2 ,  3) can be had by considering oniy 
the outer solutions. For aunique quasisteady state, we find that 

(354 

(35b) 

a = H(l - A) (A2 + 7A + @)/A, 

F(A) - F(A+) = t 
with A given implicitly by 

where F(A) is given in Table 1 for the various mechanisms and 
A+ is the only real root of Eq. 12. These results are only valid to 
leading order, but O(e) corrections can be  obtained in the man- 
ner outlined. 

DISCUSSION 

The effects of the space velocity, H ,  the kinetic parameters, /3 
and y, and the mechanism of deactivation (specified by n)  on the 
longtime dependence of reactant concentration and catalyst 
activity are shown in Figures 2 to 5, respectively, for parallel 
poisoning. Corresponding results for series poisoning are 
presented in Figures 6 to 9. The abscissa in these plots is the 
time made nondimensional on the time-scale for deactizjation. 
All results shown in these figures are based on matched inner 
and outer solutions at leading order. It can be generally ob- 
served that on startup, the reactant concentration rapidly rises 
to a level which is essentially independent from 5. The time for 
approach to this level is very short in terms of t .  

Ultimately, at times t = 0(1), a significant amount of deactiva- 
tion has occurred and simultaneously the bulk concentration of 
reactant rises. It is noteworlthy that for small values of E ,  the 
catalyst activity at any time t is independent from E; most of the 
€-dependence is already contained in the slow-time variable. 
The case of moderately large E (but still significantly less than 
unity) will be discussed separately. 

The effect of increasing space velocity under parallel poison- 
ing (Figure 2) is to maintain the reactor contents at higher levels 
of the reactant. Since this is the poison, loss of activity occurs 

sooner. Figure 6 shows that the reverse is true for series deac- 
tivation; a high space velocity keeps the product (poison) con- 
centration at low levels and deactivation is correspondingly 
delayed. In this case, loss of activity implies still lower product 
concentrations, with the result that the catalyst decays as a much 
slower rate for series than for parallel poisoning. For the param- 
eter values given in Figures 2 and 6, for example, it takes a time 
of roughly 100 units to completely destroy a catalyst by product 
poisoning as against only 10 units for deactivation by the re- 
actant. 

The reaction rate expressions we have been dealing with are 
in terms ofthe concentrations of reactant and product in the buEk 
j u i d .  If we think of the Langmuir-Hinshelwood rate form as 
containing information about the adsorption isotherm, it is 
apparent that the termA/(AZ + yA + p) isjust theconcentration 
ofA in the sorbed phase. Increasing values of p and y imply less 
favorable isotherms. Thus, in the case of parallel poisoning 
(Figures 3 and 4) larger @ and y delay deactivation because there 
is less sorbed poison (reactant), despite the fact that its bulk fluid 
level has risen. For the series poisoning case this same less 
favorable isotherm results in lower product concentrations and a 
similar delay in loss of activity. The effect of@ and y is somewhat 
stronger in the case of series deactivation than for reactant 
poisoning. For the simple mechanisms shown in the figures, this 
can be readily explained by the modifying influence of the 
multiplicative factor A, present in the parallel poisoning case, 
which is absent for series deactivation. 

Figures 5 and 9 show the effect ofvarying degrees of complex- 
ity of parallel and series poisoning mechanisms, respectively. 
The important observation is that final loss ofactivity occurs a t  a 
time which is essentially independent from the details of the 
mechanism for series deactivation; whereas, for parallel poison- 
ing, this time is a strong function of mechanism. For reasons 
already given, the ultimate failure of the catalyst also occurs 
much later for a series mechanism than for a parallel one. 

A typical example of reactor behavior for systems in which 
the catalyst is inactivated at a rate which is a significant propor- 
tion of the main reaction rate is shown in Figure 10. It should be 
noted that the time axis is d and larger values of E give earlier 
loss i n  performance. As E increases, it becomes evident that the 
assumption ofan initial steady state (shown by the curve - . -) 
would be quite inappropriate. For sufficiently large E, no steady 
state is ever reached. It can be seen further that neglecting the 
O(E) terms leads to a conservative estimate of reactor conversion. 

NOTATION 

U = catalyst activity 
ai = defined in Eq. 7b 
<i = defined in Eq. 27b 
A = nondimensional reactant concentration (CA/CA0) 
A+ = only real root of Eq. 12 
& = defined in Eq. 7a 
Ai = defined in Eq. 27a 
B = nondimensional product concentration (CB/CAn)  

= constant in Eq. 20 
C, = dimensional reactant bulk concentration 
C,, = dimensional reactant feed concentration 
C ,  = dimensional product bulk concentration 
F = feed rate to reactor 
F(A) = function given in Table 1 
g(A, a)  = function defined in Eq. 6a 
H = nondimensional space velocity (FC;,,/ kV) 
k = rate constant for main reaction 
kd = deactivation rate constant 
K = constant in Eqs. 1 and 2 
K8 = constant in Eqs. 1 and 2 
n = exponent in Eqs. 2a and 2b 
R = reaction rate or deactivation rate 
t = nondimensional time (kt'/Cj,) 
k' = dimensional time 
t = longtime variable ( E t )  
V = reactor volume 

C 
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cy0 = defined in Eq. 13 
= defined in Eq. 14 2 = kinetic constant (K/Ci,)  

y = kinetic constant (K/C,,) 
= nondiinensional deactivation rate constant (kdC$Jk)  
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Determination of Interaction Second Virial 
Coefficients; He-CO, System 

We have obtained values for interaction second virial coefficients of the 
helium-carbon dioxide system in the range 230 5 T/K 5 300. Our experimental 
technique is essentially the Burnett mixing method described by Hall and Eubank 
(1973, 1974). We have modified the analysis to account for higher-order effects 
and to detect significant systematic errors. We also report virial coefficients for 
the pure components: helium in the range 100 I T/K I 300 and carbon dioxide at 
300 K. 

SCOPE 

Interaction second virial coefficients, B,,, contain informa- 
tion about mixtures which is essential for both theoretical and 
practical applications. Within statistical mechanics, B,, reflects 
molecular interactions between unlike molecules and provides 
insight for theoretical mixture models. On the practical side, 
B , ,  is necessary for thermodynamic calculations at low pressure 
when the application dictates use of the (truncated) virial equa- 
tion. 

The normal method for obtaining B,, is reduction of mixture 
second virial coefficients, B,. This is the most obvious but least 
accurate method. The sources of inaccuracies are experimen- 
tal errors in the B,, and B ,  as well as any errors in composition 
determination. Edwards and Roseveare (1942) appear to have 
pioneered this method. Knobler et al. (1959) developed a sig- 
nificantly better technique: the differential pressure method. 
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Their technique eliminated composition and B ,  as experimen- 
tal parameters but retained the Bii explicitly and ignored cor- 
rections for the effects of higher-order terms in the virial 
equation. Although other procedures are possible for obtaining 
B i j  (reduction of vapor-liquid equilibrium data; analysis of 
chromatographic data), these two techniques have produced 
the bulk of the B ,  data and essentially all of the precise values. 

In this projedt, we extend a technique for isothermal deter- 
mination of B i j  originally proposed by Hall and Eubank (1973). 
Their method was “direct” in that the pure-component virial 
coefficients, B,$, did not appear explicitly. Because Bii  was a 
principal source of error in previous methods for obtaining B i j ,  
the direct method appeared to have potentially greater 
accuracy. We chose to evaluate the method with mixtures of 
simple molecules, because they are more tractable for theoret- 
ical studies. This particular test involves helium (a spherical, 
nonpolar molecule) and carbon dioxide (a linear, quadrupolar 
molecule). 
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