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Kinetics of the isomerization of n-butane and of isobutane catalyzed by sulfated zirconium 
oxide containing 1.5 wt% Fe, 0.5 wt% Mn, and 4.0 wt% sulfate at 60~ are well represented 
by a Langmuir-Hinshelwood equation accounting for the reaction equilibrium and for adsorp- 
tion of both butanes. The adsorption equilibrium constants estimated from the kinetics data 
are nearly the same for the two butanes. The form of the rate equation and the observation that 
disproportionation accompanies isomerization suggest that the reaction proceeds via a C8 
intermediate. 
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1. Introduct ion 

Sulfated zirconium oxide containing Fe and Mn, a solid superacid, is one of the 
most active known catalyst for n-butane isomerization and is potentially valuable 
for industrial applications [1,2]. There are almost no quantitative data characteriz- 
ing the performance of any solid superacid catalysts [3-5], which undergo rapid 
deactivation. Here we report kinetics of the isomerization of n-butane and ofisobu- 
tane determining the performance of the undeactivated sulfated zirconium oxide 
catalyst containing Fe and Mn. 

2. Experimental 

The catalyst, sulfated zirconium oxide containing 1.5 wt% Fe, 0.5 wt% Mn, 
and 4.0 wt% sulfate [1], was investigated in a once-through flow reactor with analy- 
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sis of the products by gas chromatography. Rate equations were determined for 
both the forward and reverse n-butane isomerization reactions. The ranges of con- 
ditions were as follows: temperature, 60~ pressure, 2.02 atm; mass of catalyst, 
1.17-7.00 g; feed flow rate, (0.42-2.50) x 10 -5 mol of butane/s; inverse space 
velocity, (2.80-8.41) x 105 (g of catalyst s)/mol of butane fed; n-butane partial 
pressure, 0.37-1.10 atm; isobutane partial pressure, 0.58-1.10 atm; N2 partial 
pressure, 1.02-1.65 atm; run length, 1-17 h. 

3. Results 

The principal product of the reaction of n-butane was isobutane and vice versa. 
Each of the isomerization reactions was accompanied by disproportionation; the 
principal disproportionation products formed from n-butane and from isobutane 
were propane and isopentane; n-pentane was also observed, but in lower yields 
than the other disproportionation products. The disproportionation reactions 
were at least an order of magnitude slower than the isomerization reactions. 

Measurements of low (differential) conversions (and hence rates of reaction) as 
a function of time on stream showed an initial period of increasing conversion 
(typically, 5-10 min) followed by deactivation, with the catalyst typically losing 
50% of its maximum activity within 30 min on stream, followed by slower deactiva- 
tion. Rates characteristic of the undeactivated catalyst were taken as the maxi- 
mum rates in each experiment, as these gave a more consistent set of data than the 
rates extrapolated to zero time on stream by including only the data taken after 
the maximum rate was attained. 

The butane isomerization equilibrium at 60~ was confirmed by approaching 
the equilibrium composition from both sides. The measured equilibrium constant, 
(Cisobutane/Cn.butane)equil , 3.78, agrees well with the accepted value, 3.88 [6]. 

Consistent with the concentration dependence of the reaction rates (table 1), 
the data are well represented by Langmuir-Hinshelwood rate equations of the 
following forms: 

k Kn ( Pn-butane - Ki Pisobutane / KnKeq ) 
r = (1 + Knen-butane + KiPisobutane) ' (1)  

2 

r = (1 + KnP,,-butane + KiPisobutane) 2 " (2) 

These equations have been used to fit all the rate data measured at 60~ including 
data for n-butane isomerization and the reverse reaction (table 1). Here, according 
to the Langmuir-Hinshelwood formalism, P is partial pressure, k is the surface 
reaction rate constant, in tool of butane produced/(g of catalyst s atm-1); Kn is the 
adsorption equilibrium constant of n-butane and K~ is that of isobutane, in atm-1; 
and Keq is the reaction equilibrium constant defined above. Koq was set equal to 
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Table 1 
Comparison of observed and predicted rates of butane isomerization at 60~ 

Pn Pi PN2 Observed Predicted Predicted 
(atm) (atm) (atm) rate a x 10 7 rate ~,b X 10 7 rate ~'c x 107 

0.58 0.00 1.44 18.2 16.3 16.1 
0.00 0.58 1.44 -2.12 -4.49 -3.19 
0.37 0.00 1.65 9.73 13.5 12.5 
0.90 0.00 1.12 20.1 18.8 19.2 
1.02 0.00 1.10 20.6 19.4 19.9 
1.10 0.00 1.02 20.7 19.7 20.4 
0.00 0.58 1.44 -2.13 -4.49 -3.19 
0.00 0.90 1.12 -2.41 -5.11 -4.12 
0.00 1.10 1.02 -2.61 -5.36 -4.52 
0.89 0.22 0.91 13.6 14.5 15.0 
0.61 0.28 1.13 9.28 10.8 10.9 
0.46 0.43 1.13 5.03 6.76 6.55 
0.25 0.85 0.92 0.47 0.00 -0.27 
0.22 0.88 0.92 -0.12 -0.65 -0.88 
0.20 0.90 0.92 -0.36 -1.09 -1.27 
0.17 0.93 0.92 -1.50 -1.73 -1.84 
0.13 0.97 0.92 - 1.73 -2.67 -2.57 
0.23 0.87 0.92 0.19 -0.44 -0.68 

Units of rate: mol of butane/(g of catalyst s); a positive rate indicates formation of isobutane and 
a negative rate indicates formation of n-butane. 

b Eq. (1). 
c Eq. (2). 

3.78 on  the  basis o f  the results  o f  the equi l ib r ium exper iments .  Values  o f  the  

kinet ics  p a r a m e t e r s  were  de t e rmined  by  regress ion  wi th  a Simplex rou t ine  [7]. 

Eq.  (1) c o r r e s p o n d s  to  the L a n g m u i r - H i n s h e l w o o d  fo rm a l i sm  o f  a revers ible  

f i r s t -o rder  surface  reac t ion ,  wi th  the r eac t ion  o f  the  a d s o r b e d  species be ing  ra te  

de te rmin ing .  Eq.  (2) co r r e sponds  to  the fo rma l i sm o f  a revers ible  s e c o n d - o r d e r  

sur face  reac t ion ,  wi th  the reac t ion  be tween  two a d s o r b e d  species be ing  r a t e  
de te rmin ing .  

T h e  bes t  values  o f  the kinetics p a r a m e t e r s  de t e rmined  for  eq. (1) are  the  
fol lowing:  

k = (2.58 + 0.54) • 10-6tool  o f  n -bu tane  c o n v e r t e d / ( g  o f  ca ta lys t  s a t m - 1 ) ,  

Kn = 3.00 ~ 0.72 a t m  -x , 

Ki = 3.36 + 0.80 a tm  -1 . 

A pos i t ive  va lue  o f  the ra te  co r r e sponds  to  the conve r s ion  o f  n -bu tane  to  isobu-  
tane ,  a nd  a nega t ive  va lue  co r r e sponds  to  the reverse.  

T h e  bes t  va lues  o f  the kinet ics  p a r a m e t e r s  d e t e rm in ed  fo r  eq. (2) are  the 
fol lowing:  
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k = (2.77 4- 0.47) x 10-6mol of n-butane converted/(g of catalyst s atm-1), 

Kn = 5.54 + 1.00atm -1 , 

Ki = 3.40 + 0.62 atm -1 . 

The data are well represented by both equations, as shown by the comparison of 
observed and predicted values in table 1. The sum of the squares of the deviations 
between the observed and calculated rates is 3.7 x 10 -12 [mol of n-butane con- 
verted / (g of catalyst s)] 2 for eq. (1) and 2.3 x 10-12 [mol of n-butane converted / (g 
of catalyst s)] 2 for eq. (2). Thus eq. (2) fits the data better than eq. (1) and is the 
recommended equation. A more detailed discussion and a comparison of the data 
with other, less successful, forms of rate equation are given in a thesis [8]. We stress 
that the rate equations are empirical and the data are not sufficient to rule out 
other, similar equations, such as one corresponding to an Eley-Rideal mechanism. 

4. Discussion 

The values of adsorption equilibrium constants are of the order of magnitude 
of 1 atm -1, which implies that the paraffins are relatively strongly adsorbed on the 
catalytic sites. The adsorption equilibrium constants are approximately the same 
for both n-butane and isobutane, which implies that the two isomers have nearly 
the same strength of adsorption on the catalytic sites. The form of the rate equation 
giving the best fit suggests a bimolecular rate-determining step, which would be 
consistent with the formation of a C8 intermediate, in agreement with the occur- 
rence of disproportionation. Results of tracer experiments for paraffin isomeriza- 
tion catalyzed by H-mordenite at 350~ indicate such a mechanism [9,10]. 
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