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The kinetics of the iaomerization of butenes over the BizOrMoO, (Kocchlinite) 
catalyst were investigated in recirculation and in pulse experiments. At temperatures 
between 150-25O”C, isomerizstion prevails over the oxidation to butadiene. In the 
recirculation experiments, isomerization proved strongly inhibited bq. butadiene, and 
the apparent activation energies for isomerization were high (17-19 kcal-mole-‘). In 
the pulse experiments where diene inhibition is nonoperative, low activation energies 
(2-4 kcal.mole-‘1 for isomerization were observed. It is c*onrluded that isomerization 
and oxidation occur on similar combination of the B and A centers as postulated bq. 
Matsuura. This was confirmed b!: the action of NH,, in a temperature range where 
isomerization and oxidation arr of comnarablc rate. Both reactions proved to be 
strongly inhibited. 

INTRODUCTION 

Isomerization of butenes as a secondary 
reaction during oxidation of butenes over 
bismuth molybdate has been observed by 
many workers who studied t,he mechanism 
of oxidation (see Adams et al. (1) and 
Schuit et al. (2) ). Little attention has been 
paid so far to the elucidation of the mecha- 
nism of isomerization apart from the sug- 
gestion that isomerization can be under- 
stood as t#hc reverse of a,llyl formation (2). 
Recently a new model for the oxidation of 
butene Leas published by Matsuura and 
Schuit (3)) which was derived from kinet- 
ical studies of Batist et nl. (4’1 and from ad- 
sorption measurements performed by JIat- 
suura. According to this model, the catalyst 
plays a bifunctional role. It possesses ad- 
sorption sites (B centers) as well as special 
lattice oxygen ions (A centers) which are 
involved in the oxidation and which under 
certain circumstances can be blocked by the 
product but,adiene. The B center (a three 
cent’er site) is considered as a vacancy on 
Mo6+ ion surrounded by corner-sharing oxp- 
gen ions (On2-) of the MO layer. The A 

center is an oxygen ion from another layer. 
The vacancy interacts with the double bond 
of the olefin after which an ally1 carbonium 
ion and a proton become attached to O,+ It 
is the A center oxygen which is split off in 
the form of water. Here the catalyst is re- 
duced and also here a new Oa”- ion appears 
either by O’- diffusion from the bulk or by 
reoxidation with gaseous oxygen. The im- 
portant question now arises as to what ex- 
tent the isomerization can be brought into 
relation with this model. The possibility re- 
mains that for this reaction one does not 
need a combined action of the two different 
centers. If isomerization can be understood 
as the reverse of ally1 formation on the B 
center, then A centers are not necessary for 
isomerization. On the other hand, the pos- 
sibility cannot be neglected that also here 
both centers are involved. It was the in- 
tention of this work to find out what ac- 
tually happens during isomerizat.ion. There- 
fore, we choose to study the reaction under 
such conditions (relatively low temper- 
atures) that, isomerization is the main re- 
action tend oxidation a secondary reaction. 
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This could not be realized with continuous 
flow reactions. A slow reaction, however, 
measured according to the recirculation 
method, was suitable for this purpose. At 
low t’emperatures indeed isomcrization was 
favored and oxidation surpressed. hnother 
system applicable for the study of the 
isomerization is the pulse method at low 
temperatures, which was also applied. 

The necessity for the presence of an A 
site in the reaction site was demonstrated 
for the oxidative dehydrogenation of l- 
butene by the presence of a strong inhibi- 
tion by butadiene. Whether or not the re- 
active site for the isomerization contains an 
A site could be demonstrated by investi- 
gating the influence of the presence of bu- 
tadicne on the isomerization reaction. 
Another possibility is given by the action 
of NH,: Does this compound act in a simi- 
lar way on the reactions? 

EXPERIMENTAL PROCEDURE 

The technique of recirculation is already 
described in our previous paper (4). The 
total volume of this apparatus was 800 cm3 
and the speed of the gas pump was 1000 
cm:{ * mm’. The microrcactor contained 
2000 mg of catalyst. The apparatus was 
filled with 32 cm” oxygen, 291 cm3 butene, 
and 477 cm3 helium. For investigating the 
diene inhibition, instead of 291 cm3 butene, 
WC used 253 cm” butene together with 38 
cn1” butadicne and 32 cm3 oxygen. For 
study of the influence of ammonia, we used 
291 ~111~ 1-butcnc and 32 cm” oxygen to- 
gether with 25 cm” ammonia and 453 cm3 
He. After each run, the catalyst was treated 
with oxygen at 420°C for r/z hr. All com- 
ponents, except steam, were analyzed with 
use of a gas chromatograph. In the calcu- 
lations of the gas composition, oxygen and 
steam were neglected which means that the 
total of carbon-containing compounds was 
taken as 100%. 

The pulse isomcrizations were carried out 
in an apparatus similar to the Keizer ap- 
paratus (4). Conditions were as follows: 
column pressure, 0.8 atm ; He carrier gas, 
40 cm”*min-‘; catalyst weight, 1.76 g, pulses 
of 0.23 cm” butene and 0.18 cm” oxygen. 
The catalyst used was Koechlinite with a 

surface area of 2.8 m2.g-l. After each pulse, 
the catalyst was cleaned by pulses of pure 
oxygen at 360°C. 

Before use of the catalyst in recirculation 
and in pulse reactions, it was tested on its 
activity in a continuous flow experiment 
(5): Below 400°C an activation energy for 
oxidation of 30 kcal*mole-l was obtained 
and above 400°C an activation energy of 
13 kcal . mole’. 

EXPERIMENTAL RESULTS 

Figure 1 shows the isomerization and oxi- 
dation of 1-butene at two different temper- 
atures as a function of recirculation time. 
It is obvious that at these relatively low 
temperatures, the production of isomers 
dominates that of oxidation products. Fur- 
thermore, it, is shown that the lines ob- 
tained represent simple parabolas. Figure 
2A shows the isomerization and oxidation 
of cis-2-butene and Fig. 2B shows that of 
trans-2-butene as a function of time, both 
carried out at 205°C. Again the iromeriza- 
tions are higher than the oxidations and 
simple parabolas are obtained. Figure 3 
shows the isomerizations at 17CL172”C of, 
respectively, 1-butene, cis-2-butenc, and 
trans-2-butene in the presence of a rela- 
tively low amount of butadiene in compari- 
son with the amounts of butenes. 

The inhibition was too strong to be ac- 

+ min 

FIG. 1. ltecircldatjion reaction of 1-butene over 
the Bi/Mo = 2/l-catalyst in presence of gaseous 
oxygen at t.mo different temperatlwes. 



where c represents the butene and D the 

-[A--- _.- .-.- dienc concentration. 
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After integration, 

II = (2k’l)“2. (2) 

1.BUTENE In the case of a weak butene adsorption 
and of a strong inhibition of the isomeriza- 
tion by t’he diene produced, we may write 
for the isomerization 
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dC 

FIG. 2. Recirculation reactions of cis- and of 

--+d(i40)= 

rlt di 
+g. (3) 

transS-butenes over bismuth molybdate in presence 
of oxygen at 205°C. 

Bccausc of the large excess of butene and 
the small conversions Eq. (3) degenerates 

counted for by a weak competitive adsorp- into 
tion of butenes and butadiene on the same 
site. (See the weak adsorptions of butene 

rl(is0) li* 

and butadiene on the B center reported by 
+ ;*7 = + jj’ 

Matsuura et al. (5) ) . To solve the kinetics The rate constant L” of isomerieation can 
of isomerization, we have to reconsider the be obtained if one combines Eqs. (2) and 

experiments of Prette et al. (4) who also (4) : 
found simple parabolas for the strongly + rl(is0) __ = /,*(‘~‘)-m(~)-w = ]((Q”?. 

dt 
(5) 

I vo 
After integration, 

3,Y 

constant for the ixomerization, both under 
strongly inhibited conditions. In Eq. (5)) 
k represents the parameter of the experi- 

/J’ 
INIiIBITION,,” c’S 

mental parabola. Ii” can be obtained from 

2- the experimental k’ and k values according 
to the relation 

1 - k* = /;(~p)l/“. (7) 

From the parabolic diene lines in Figs. 

0 zmin 100 
1, 2A, and 2B, we calculated the k’ values. 
They are summarized in Table 1. 

FIG. 3. Inhibit,ion by butadiene of the isomeriza- The corresponding activation energies arc 

tions of butenes. (- - - - - nithout addition, -- ivith reprerented in Fig. 4. They are high in com- 
addition of bntadiene. j pnrison with the 12 kcal.molrm’ rcporterl by 
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inhibited reaction of butene to butadiene 
under circulation conditions; kinetics were 
expressed by them with the formula, 

(iso) = 2/$‘“. (6) 

Eq. (6)’ represents the simple parabolas 
which were fomld in our isomerization ex- 
periments, represented in Figs. 1, 2A, and 
2B. In Eq. (I), 12’ is the rate constant for 
the oxidation, and k” in Eq. (4) is the rate 
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TABLE 1 
RATI: CONST.\NTS FOIE THE INHIRLTKD OXIDATIONS 

Temp k’ (%)’ min-’ 
rci 1-butene oxidation 

Temp 
(“Cl 

k’ (%)” . miKL 
trans-2-butene oxidation 

18.5 !H lo- "05 "I ..5 10-1 
170" 39.6 IO-' 172a 1Y.S 10-5 
16:! 21.4 lo-’ “C cis-2-butene oxidation 
145e 7.05 10-a 205 207.5 1W5 

172~~ XX. 6 lO-” 

a Not represent.ed in figures. 

Keizer et al. for the noninhibited oxidation The results of pulse ifotncrization and 
in pulse experiments. The high values ob- oxidation of 1-butenc are represented in 
tained confirm the oxidation to be inhibited Fig. 7. Here it is shown that between 205 
by its own product. and 24O”C, isomcrization is the dominant 

From the isomerizations represented in reaction. The low activation energy for 
Figs. 1, 2A, and 2B, we calculated with Eq. oxidation (14 kcal *mole-‘) obtained here 
(6) the parameter values k. They arc sum- agrees with the value of 12 kcal*mole-’ 
marized in Table 2, together with the k” given in Kcieer’s pulse oxidations (4) where 
values calculated according to Eq. (7). it was shown that butadiene inhibition was 

From t’he log lz” vs 1000/T values, we non opcrativc, and where the rate of oxi- 
calculated the activation energies for the dat,ion was found to be zero order in the 
inhibited isomerization. They are in the oxygen I)scssure and first. order in the bu- 
order of 17.5 kcal*mole-l (see Fig. 5). tene pressure. For the pulse kinetics of 

The effect of ammonia on oxidation and isomerizat’iori we used a similar expression 
isomerization during recirculation is repre- as given by Keizer for the pulse oxidation: 
sented in Pig. 6. When 25 cm3 of NH, is 
added to 291 cm3 of 1-butene and 32 cm3 of dc --= 

di 
+ d(is0) - = /iv(C) = k, (8) 

O,, both reactions are strongly suppressed dt 

at 260°C. It should be noticed that at this in which c = I-butene concentration and 
temperature ammonia hardly reacts with is0 = isomer concentration. 
the catalyst. 

6+LOG k’ 

2.5 

>+LOGk’ 

ON BilMo:2/1-cat 

_ ‘iji ,‘K,-’ 

2.1 2.2 23 2.L 

FIG. 4. The Arrhenius plots for the oxidation of FIG. 5. The Arrhenius plot.c, for the isomerisation 
the different butenes. of the different butenes. 
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TABLE 2 
THE PARABOLIC PARAMETERS k AND THE ~\TE: CONSTANTS k* FOR THIS INHIBITED ISOMERIZATION 

Temp k (%). (min)-li2 
Pa I-butene-cis 1-butene--truns 

l-bute,,e~c~,(%)a . (min)-’ 
I-butene--trans 

185 
1706 
162 
145* 

205 
172" 

205 
172a 

0.1855 0.1025 0.0262 0.0145 
0.1505 0.0775 0.0133 0.0069 
0.146 0.0725 0.0095 0.0047 
0.111 0.0515 0.0042 0.0019 

trans-1-butene tram-cis Iruns-1-butene trans-cis 

0.1015 0.1635 0.00669 0.01076 
0.084 0.1265 0.00167 0.00253 

cis-1-butene cis-trans cis-l-butene cis--trans 

0.2179 0.2695 0.01403 0.01736 
0.148 0.1815 0.00322 0.00395 

a See Fig. 3. 
b Not represented in figure. 

In view of the low conversion of butene, 
we used the zero-order expression from 
which we calculated the activation energy 
for isomerization of 1-butene. It was found 
to be low (See Fig. 7). The results of pulse 
isomerizations and oxidations of cis- and 
trans-2-butenes are represented in Figs. 8 

as 0 
INHIBITlO 
BYNH 0 

ti 
/3 TRANS 

+ d DIENE ,_-._._,._._ -0 --.------&s 
p . . . . .-. ” 

0 ’ , 
I 

50 -4min ’ 100 

FIG. 6. Inhibitiou effect of ammonia at 260°C 
during recirculation of 291 cm3 I-butene and 32 
cm3 0% over the Bi/Mo = 2/l-catalyst. 

and 9, respectively. Again the isomerization 
was found to be the dominant reaction. In 
both experiments we obtained 15 kcal. 
mole-l as the activation energy for oxida- 
tion and low activation energies for isom- 
erization (2.5-4.5 kcal*mole-I). 

DISCUSSION 

The results presented in this paper should 
be discussed primarily in connection with 
the surface model proposed by Matsuura 
and Schuit (3), in which the surface con- 
tains two types of oxygen anions. One type 
(0,) represents the larger population and 
on pairs of Ou we find a dissociative ad- 
sorption of the olefin, presumably in the 
form of a H atom and an allylic inter- 
mediate. The other class (0,) is less fre- 
quent by a factor g 10: It furnishes the oxy- 
gens necessary for the formation of water 
or the introduction of oxygen into the hy- 
drocarbon. In the Bi-molybdate catalyst 
with Bi/Mo = 2/l it has the additional 
property of strongly adsorbing butadiene. 
Matsuura has produced evidence that the 
cluster of sites responsible for the oxidation 
of butenes to butadiene contains both Og 
and 0, sites probably one OA and four OE. 
Isomerization of the double bond might be 
visualized by the formation of the allylic 
intermediate followed by a reattachment of 
the H atom on a carbon atom different from 
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200 220 240 

FIG. 7. Pulse isomerization and oxidation of I-butene and the Arrhenius plots for isomerieation 
and oxidation. 

that from which it became separated. For 
example, 

CH~=CH-CHTCH~+ 
CH-CH=CH-CH, + H --t 

CHa-CH=CH-CHs. 

Evidently, although double-bond isom- 
erization can occur in this way, direct cis- 
trans isomerization is impossible and the 
formation of cis-2 from trans-2 or its re- 
verse can only take place via 1-butene. 
Therefore, 

cis-2 + 1-butene a trans-2. 

From Matsuura’s model one might expect 
the double-bond isomerization to occur on 

site combinations that contain only Ou, al- 
though it does not, need to be restricted 
hereto. Whether or not this is the case could 
be found by investigating whether double- 
bond isomerization is inhibited or not by 
butadiene. As we have shown here, it is in- 
deed strongly inhibited and double-bond 
isomerization, therefore, occurs in a reaction 
or series of reactions involving also Oh. 

Now, since it was found that adsorption 
of olefins could occur without isomerization, 
formation of a system of an adsorbed H 
atom and allylic structure is not sufficient 
per se to produce double-bond isomeriza- 
tion. Either, therefore, the H atom has to 
migrate to another position before uniting 

15 
-01 "-&UTENE 

FIG. 8. Pulse isomeria~~tion and oxidation of cis-2-butene and the Arrheniw plots for isomeriaation and 
oxidation. 
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I-EUTENE 
o-o- 

FIG. !I. Pldse isonlerizatiorl and oxidation of trnns-2-brltene and the Arrhenilw plots for isornerization 
and oxidation. 

again with the allyl, or the o-bonded ally1 
structure has to “move over” to another O,, 
thereby changing its point of attachment, 
or both event,s has to occur simultaneously. 
Since in Matsuura’s model it was assumed 
t,hat for the actual oxidation to butadiene 
migration of H from O,, to 0, is a neces- 
sary prerequisite one might propose the fol- 
lowing reaction model: 

H 
‘14--- 

AL. 

j B 

O iv-;“” 

A 

Sdsorption of the olefin occurs by the at- 
tachmcnt of H on one On (c.g., Xo. I I ancl 

an ally1 group on the ot,her On (No. 2 I . The 
II atom then moves to O,, leaving ,O, free 
for a jump of the ally1 to ,O,, the ally1 radi- 
cal becoming bonded to a surface oxygen by 
a different’ C atom. Migration of H from 
0, to JIH leads to a situation whereby dc- 
sorption furnishes an olefin with its double 
bond shifted from the original position. The 
siniult~ancou:: inhibition of both tlic isomcri- 
zation and the oxidation by NH, can be 
envisaged by an interaction of NH,, with 
the H atom on O,, to form a NH, group. 
Consequently the migration of H from OS 
to O:,, necessary for both isomerization and 
osidation, is slowed down. The model 
rc~atlily explains the observation that both 
itionierizatioii and oxidation arc inhibited 
by hlltadirne since in both caqey butadienc 

adsorption on 0, stands in the way of the 
reactions. However, the model does not al- 
low the direct cis-trans isomerization and, 
therefore, is not completely satisfactory. 
The observation that direct cis-bans isom- 
erization occurs indeed appears to indicate 
a reaction in which hydrogen atoms are ac- 
cepted by instead of donated from olefins 
hence the formation of alkyl radicals or 
carbonium ions. This rccpiret: the presence 
of H atoms or protons on the surface. The 
problem is how they arrive there. The 
simplcwt way to account for their presence 
appears to assume the oxidation of butenc 
to butadiene to leave H atoms on the sur- 
face. Consider in this connection Matsuura’s 
observation that one A site and two B sites 
arc necessary to form a reaction site or, in 
other ryords, one 0, and four 0,. 

101, OH 
o\ 

i( hr 101~ 

Formation of the ally1 + H combination 
would for instance occupy 1O, and eO,j. The 
subscqucnt dissociation of a second H atom 
might be envisaged by placing the second 
H atom on either 30R or ,&Of, leaving the 
other O,, for the adsorption of butadiene in 
the weak form. This is then dcsorhed and 
the surface is left, with two H atoms on two 
O,,. The rcactioll is complete if the two H 
atoms move to 0, and H,O is desorbcd 
from the A site. Now. at lower tcmperat’ures 
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H migration may be assumed as relatively 
slow so that the I3 atoms stay long enough 
on Og to let t,hem interact with other ole- 
finic molecules that then are converted to 
alkyl groups and desorbed subsequently in 
the isomerized form. The reason why the 
H on OR is connected with the ds-tram 
isomerization and not that on 0, is because 
Og was found to be bonded to MO”+ and 0, 
to Bi”+. Since it must be more acid on Og, 
its tendency to give rise to isomerization is 
better understood. The inhibit.ion by bu- 
tadiene of the isomerization reaction was 
then to be explained by the inhibition of 
the oxidation reaction. As a consequence 
less H atoms are formed on the surface. On 
the other hand, the inhibition by NH, of 
the isomerization reaction is readily ex- 
plained by the formation of NH, groups 
with H atoms on Og. Because the H atoms 
are then hindered in t.heir migration to OA 
also the oxidation reaction is inhibited. 

The two mechanisms presented here are 
not mutually exclusive. One could assume 

that the first mentioned is responsible for 
the double-bond isomerization while the 
second one is an additional feature that 
takes care of the c&-bans isomerization. 
Further experiments will be necessary to 
study the isomerization in more detail and 
to estimate the actual importance of the 
various reactions suggested. 
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