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Abstract

The kinetics of the oxidative dehydrodimerisation and aromatisation of isobutene has been studied on a Bi2Sn2O7 system for a mechanisti
understanding of the reaction. The rate of disappearance of isobutene has been found to be first order with respect to oxygen
order with respect to isobutene. A good fit of the kinetic data with the Mars and van Krevelen model has been established. Thekred andkox
have been found to be 2.3 × 106 and 32× 106 mol min−1 m−2 kPa−1, respectively, proving that the reduction of the catalyst is the r
determining step. Studies were also done to verify the mechanistic pathway of the reaction. Previous workers have suggested that
is essentially a consecutive reaction proceeding from isobutene top-xylene through the intermediate dimer (2,5-dimethyl-1,5-hexadie
Studies were done at increasing contact time to verify the mechanistic pathway of the reaction and the intermediate dimer was u
reactant. Our results showed that the intermediate dimer is mainly oxidised to COx while p-xylene is formed through some direct paral
pathway from isobutene.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The oxidative cyclodehydrogenation of propene to b
zene was a well-studied reaction of the 1970s and many
tulates about this reaction were published [1–7]. Som
the conclusions were from well-depicted experimental fa
whereas some were simple corollaries of such finding
has been suggested that olefin interacts with the lattice n
ophilic O2− ions giving an allyl anion and a surface hydrox
group. By electron transfer to the stabilising centre, an a
radical is likely to be formed, which reacts with the other
lyl radical and forms the dimer. This heterolytic alkene a
vation has been suggested to have been observed on th
face of Sn-containing catalysts (Sn–Bi, Sn–Ti, Sn–In, e
for which the rate of isobutene and propene dimerisation
observed to depend on the concentration of basic centre

* Corresponding author.
E-mail address: jacques-vedrine@enscp.jussieu.fr (J.C. Védrine).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00173-2
-

-

r-

.

There was a general agreement that these reac
were consecutive ones with the stepwise conversion o
olefin to the dimer (hexadiene) and the dimer cyclis
and aromatising to benzene in the case of the olefin b
propene (Scheme 1) [9]. Studies with isobutene conver
have also suggested that the reaction may be a conse
one proceeding from isobutene top-xylene through the
dimer 2,5-DMH2= [10,11].

The role of oxygen in the reaction was another major a
of research but the facts delivered were not unanimou
is widely admitted from pulse experiments, e.g., on Bi2O3
catalysts that upon the addition of the first increme
of olefin (propene, isobutene), most of the surface-so
oxygen is removed from the surface [12]. Usually h
conversion and low selectivity to dimers and aroma
was observed first, followed by low conversion and h

Scheme 1. Dimerisation and aromatisation of propene.
eserved.
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Scheme 2. Different steps of the dimerisation of propene.
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selectivity. According to most of the researchers oxygen
only used to reactivate the reduced surface of the cat
and it indirectly participated in reaction [13]. Therefo
in terms of the kinetics, the reaction was zero order w
respect to oxygen and the mechanism followed the Mars
van Krevelen model [14]. According to other research
like Trimm et al., however, oxygen did participate in t
reaction through chemisorption and a multisite Langm
Hinshelwood model fitted their data [15]. Besides, th
were also suggestions that the reaction could be s
negative order with respect to oxygen, where the react
decreases with the increase in oxygen pressure [16].

Uncertainties were also there with respect to the r
determining step of the reaction. According to some auth
it was the formation of the allyl intermediate and hence st
of Scheme 2 [17] whereas according to Seiyama et al., it
the formation of the bi-allyl intermediate that was the ra
determining step and hence step II of Scheme 2 [18].
reaction was therefore first order with respect to olefin in
former and second order with respect to olefin in the latt

Further, all these investigations were thoroughly done
the propene to benzene reaction with very little emph
on the conversion of isobutene to xylene, leaving eno
room for the investigation of the isobutene dimerisation
aromatisation reaction. Besides, the use of isobutene
raw material is becoming more important since some fea
MTBE ban in reformulated gasoline has appeared in Cali
nia, which should lead to a surplus in isobutene product
One application could be dimerisation to 2,5-dimethyl he
diene and aromatisation top-xylene. The former compoun
could be hydrogenated to branched octane for reformul
petrol and the latter being further oxidised to terephth
acid.

Moreover, all these investigations were done more t
two decades ago and therefore there are enough oppo
ties to relook at the mechanistic aspects of the reaction
der the light of new experimental data. It has also been fo
that the nature of the catalyst and also the nature of the
play an important role in determining the mechanistic pa
way of the reaction. More recent works have also shown
the presence of Mo, W, or Sb in a Bi2O3–SnO2 system leads
to the formation of methacrolein [19]. This paper theref
tries to make a thorough study of the isobutene conver
and also tries to resolve some of the kinetic uncertain
described above. Attempts are made to ascertain the m
anistic pathway of the reaction and ensure if it actually
consecutive reaction.
i-

-

2. Experimental and methods

2.1. Catalyst preparation

Appropriate quantities of Bi(NO3)3 · 5H2O and SnCl4
(99.99% pure, Aldrich) for Bi:Sn (1:1), in terms of atomic
ratio, were dissolved separately in 2 M HCl solution. T
two solutions were then mixed together. The result
solution was highly acidic (pH∼ 0.4). To this solution 10 M
aqueous NH3 solution was added dropwise with continuo
stirring till the pH was 10. The precipitate was allowed
settle for about 10 min and then filtered. The residue
then dried at 120◦C in an oven for 12 h and then calcined
750◦C for 10 h in air followed by pelletisation of particle
to diameters of 250–425 µm. The sample will be referre
as C1:1, C standing for coprecipitate.

2.2. Catalyst characterisation and testing

The sample was characterised through powder X-ray
fraction in a Siemens 5005 diffractometer, IR spectrosc
in a Nicolet FT-IR, EDX-TEM in a JEOL 2010 transmissio
electron microscope with an acceleration voltage of 200
which is equipped with a high-resolution pole piece and
energy dispersive X-ray spectrometer (Link Isis from O
ford Instruments), and surface area measurements in a
cromeritics ASAP 2000 instrument.

All these characterisations showed that the sample C:1
is mainly composed of Bi2Sn2O7 with traces of SnO2.

All catalytic testings were done in a fixed bed quar
microreactor connected to a GC where the reactants
products are separated by a capillary column CP W
52 and two packed columns Molecular Sieve 13X a
Haysep C (Varian) and analysed on line by TCD and F
detectors. For catalyst activation and testing and also
analysis through the GC, the gases used were obtained
the British Oxygen Company. Isobutene (N2.0 grade),
hydrogen, air, nitrogen, and helium (all UHP grade) w
used without further purification. Feed gases were delive
through Brooks 5850S Smart Mass Flow controllers (MF
controlled from a Brooks 0154 microprocessor unit. Ea
gas flow was independently calibrated using a bubble fl
meter.

Conversion is obtained by using the formula: Conv
sion (%)= ((isobutene through the bypass before reactio−
isobutene after reaction)/isobutene through the bypass b
fore reaction)∗ 100. Percentage selectivity of a partic
lar product has been referred to the four carbon atom
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isobutene in the percentage of moles of that compone
the products.

3. Results and discussion

3.1. Effect of feed composition on the reactivity

It has been generally proposed [20,21] that the reac
proceeds through a Mars and van Krevelen [12] mechan
and it has been observed that the reaction proceeds
selectively in the absence of oxygen though the conver
under such a condition is very low and there is a frequ
need for reactivation of the catalyst. The conversion
stability of the catalyst, however, increases with oxyg
but at the cost of the selectivity to the desired prod
Further, oxygen in the feed increases the exotherm
of the reaction and this might have an adverse ef
on the overall performance. We investigated the effec
oxygen pressure in the feed on the overall performa
of the catalyst. The pressure of oxygen was increa
keeping the pressure of isobutene constant and the
pressure was maintained at atmospheric pressure (105 Pa),
by nitrogen balance. The reaction was carried out with 0
of C1:1 at 500◦C with a total flow of 90 ml min−1. As
air was used in the feed instead of oxygen the maxim
pressure of oxygen was 15.8 kPa keeping the pres
of isobutene constant at 22.5 kPa. Fig. 1 shows
the conversion changes with increasing partial pressur
oxygen. The products of reaction were mainly 2,5-dimet
1,5-hexadiene (2,5-DMH2=), p-xylene, and CO2 with some
benzene, toluene, ethyl benzene,m,o-xylene, 2,4-dimethyl
1,5-hexadiene, napthalenes, and some heavier product

3.2. Order of reaction

As discussed in Section 3.1, the conversion of isobu
increased with the increase in the proportion of oxyge
the feed. The logarithmic variation of the rates of format
of different products at different oxygen pressures keep

Fig. 1. Conversions of isobutene at different partial pressures of oxyg
500◦C at a constant isobutene pressure of 22.5 kPa.
e

l

the pressure of isobutene constant is shown in Figs. 2a
and 2c. The rate of disappearance of isobutene at diffe
oxygen pressures from 1 to 12 kPa keeping the pa
pressure of isobutene fixed at 22.5 kPa is shown in Fig.

It was observed that the rate of disappearance of isobu
and formation of COx , 2,5-DMH2=, andp-xylene were all
first order with respect to oxygen. Similarly, the depende
of rate on the partial pressure of isobutene was measure
fixed oxygen pressure of 15.8 kPa, the pressure of isobu
being varied from 3 to 11 kPa and the total pressure was
anced by nitrogen. The temperature of reaction was 500◦C,
the weight of the catalyst (C1:1) used was∼ 0.2 g at a total
flow of 90 ml min−1. All the values were taken after near
3 h of reaction, i.e., at the steady state. It has been found
the formation of 2,5-DMH2= and COx was nearly secon
order with respect to isobutene whereas the rate ofp-xylene
formation was first order with respect to isobutene press
The overall logarithmic rate of disappearance of isobut
at different isobutene pressures is depicted in Fig. 3, w
proves that the overall rate of disappearance of isobu
with respect to isobutene concentration is second order.

The second-order formation of 2,5-DMH2= with respect
to isobutene was comprehensible and was in accord
with the findings of Seiyama et al., indicating the format
of the bi-allyl intermediate as the possible rate-determin
step [18]. The formation of COx was expected to b
first order with respect to isobutene but its second o
dependence on the concentration of isobutene indicates
its formation may go through the formation of the dim
This means that COx is formed through the combustio
of the dimer and hence the rate of COx formation is
determined by the rate of formation of the dimer. The res
depicted above are summarised in Table 1. The first-o
dependence ofp-xylene formation on isobutene is not eas
comprehensible but it may be said that the rate-determi
steps for the formation of the dimer andp-xylene are
different. It therefore appears that the disappearanc
isobutene, the formation of the dimer, and the formation
COx may proceed through one route whereas the forma
of p-xylene proceeds through another and the reactio
not essentially a consecutive one. Further, the disappea
of isobutene is mainly governed by the formation of 2
DMH2= and COx .

Thus, investigations of the order of formation of differe
products with respect to oxygen or isobutene leave us
suspicions about the mechanistic pathway of the reac

Table 1
Orders of various reactions with respect to isobutene and oxygen

Reaction Order with respect to

Isobutene Oxygen

Isobutene disappearance 1.9 0.95
2,5-DMH2= formation 1.9 0.7
COx formation 1.8 1.1
p-Xylene formation 1.1 1.1
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Fig. 2. (a) Log of rate of formation of 2,5-DMH2= vs log of partial pressure of oxygen at a constant isobutene pressure of 22.5 kPa at 500◦C. (b) Log of rate
of formation of COx vs log of partial pressure of oxygen at a constant isobutene pressure of 22.5 kPa at 500◦C. (c) Log of rate of formation ofp-xylene vs
log of partial pressure of oxygen at a constant isobutene pressure of 22.5 kPa at 500◦C. (d) Log of rate of disappearance of isobutene vs log of partial pres
of oxygen at a constant isobutene pressure of 22.5 kPa at 500◦C.
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Fig. 3. Log of rate of disappearance of isobutene vs log of partial pres

of isobutene at a constant isobutene pressure of 15.8 kPa at 500◦C.
It therefore becomes necessary to know if the reactio
actually a consecutive one proceeding from isobuten
p-xylene through 2,5-DMH2=.

3.3. Mechanistic pathway

The reaction mechanism of olefin dimerisation has b
widely debated in the past. A homogeneous-heterogen
reaction has often been proposed. This involves allyl rad
formation on the surface, its desorption and reaction betw
radicals in the gas phase as observed for Bi2O3 catalysts for
propene dimerisation reaction [22]. The filling of the reac
by glass packing was observed to cause a disappea
of these radicals on ZnO catalysts and a decreas
conversion [23]. Thus, to avoid the homogeneous reac
the void volume above and below the catalyst bed was fi
with quartz wool in our case.
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The trait of a consecutive reaction

A → B → C

is such that with the increase in conversion of A, the yield
B will increase and reach a maximum with the consequ
increase in the yield of C. The yield of B will continu
to decrease and finally go to zero when the yield o
would increase and reach the initial concentration of A
was necessary to find out if such a trait was presen
the conversion of isobutene top-xylene to identify it as a
consecutive reaction.

The conversion of isobutene was changed by chan
the flow rates of the reactants through the same am
of the catalyst. Or in other words the contact time of
reactants was changed. The temperature of reaction
chosen as 405◦C as this is the lowest possible temperat
at which aromatisation was found to happen and at
temperature the contact time could be increased three t
without entering the diffusion control regime. The flow ra
was varied from 45 to 150 ml min−1 with the change in
contact time from 0.3 to 0.1 s. The ratio of isobutene
oxygen was 1:0.6. The weight of the catalyst was 0.2
and the reaction was carried out at atmospheric pres
The change in conversion with the change in contact t
is shown in Fig. 4a. The linear change of conversion w
contact time shows that there is a negligible mass tran
limitation under these reaction conditions. The selectivi
of different products change with the change in con
time/conversion and such changes are portrayed in Fig
and 4c.

The curves (Figs. 4b and 4c) show that xylenes are
formed through the decomposition of the dimer but
dimers are overoxidised to COx and its selectivity does no
go down to zero with the corresponding increase in
selectivity forp-xylene as would have been expected fo
consecutive reaction.

All investigations so far on the mechanistic understand
of the reaction, thus do not give any clear indications tha
conversion of isobutene top-xylene is a consecutive reactio
proceeding through the intermediate dimer. On the cont
it indicates that 2,5-DMH2= is only converted to COx .

To try to clarify this point, the intermediate dime
i.e., 2,5-DMH2= was injected into the reactor instead
isobutene. 2,5-DMH2= is a liquid at room temperature an
hence an HPLC pump was used to maintain a flow of
liquid into the reactor tube. The tubes going to the rea
were heated to a temperature of 200◦C so that the liquid
turned into gas as the boiling point of the dimer is 114◦C.
Calculations were made for the change of liquid to gas
the flow rate of liquid 2,5-DMH2= was adjusted to get
gaseous flow rate of 2,5-DMH2= of 20 ml min−1, which
means a partial pressure of 22.5 kPa of 2,5-DMH2= as this
was the partial pressure of isobutene that was used i
comparative studies. The reaction temperature was 50◦C
and the weight of catalyst used was∼ 0.2 g. The results ar
depicted in Table 2.
t

s

s

.

l

(a)

(b)

(c)

Fig. 4. (a) Conversions of isobutene at 405◦C at different contact times a
an isobutene to oxygen ratio of 1:0.6. (b) Selectivities for different product
at 405◦C at different contact times at an isobutene to oxygen ratio of 1:0.6.
(c) Selectivities for different products at 405◦C at different conversions o
isobutene.

It is observed that along with COx and p-xylene there
is the formation of isobutene as well. Such a revers
conversion of the diene to olefin was also observed in
oxidative dehydrogenation reaction of propene to benz
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Table 2
Results of 2,5-DMH2= injection

Reaction (%)

2,5-DMH2= conversion 58
Isobutene selectivity 14
COx selectivity 39
Total aromatics selectivity (p-xylene) 25 (10)
2,4-DMH2= selectivity 17

[24,25]. Therefore it is highly possible that thep-xylene that
is formed here comes from isobutene and not necess
from 2,5-DMH2=. Further, the selectivity forp-xylene
is of the same order of magnitude as that obtained
isobutene conversion. Hence the conversion of 2,5-DMH2=
to p-xylene is very unlikely as 45 to 60% conversion
2,5-DMH2= would then have meant a high selectivity f
p-xylene. The pathway that can be proposed at this sta
shown in Scheme 3.

The role of 2,5-DMH2= in the production ofp-xylene
could be understood without ambiguity if somehow
production of this dimer could be stopped in the convers
of isobutene top-xylene. Such a reaction condition cou
not however be recognized.

The results regarding the mechanistic steps of the rea
show that though it is easy to comprehend a mechan
where the two molecules of isobutene dimerise and t
cyclises top-xylene via a sequential pathway, the resu
do not definitely show that the reaction is a consecu
one proceeding from isobutene top-xylene. On the contrary
it appears that 2,5-DMH2= mainly overoxidises to COx
whereasp-xylene is formed via some parallel pathw
from isobutene and therefore, the reaction is much m
complicated than what had been envisaged.

Further, though it had been claimed by some of
previous workers that the reaction was zero order w
respect to oxygen [16], our results suggest that a ce
minimum proportion of oxygen in the feed is necessary
maintain the stability of the reaction and also to increase
conversion and selectivity for the desired product.

Scheme 3. New route for the conversion of isobutene top-xylene.
Thus oxygen takes part in the reaction and suc
participation can either be totally at the adsorption la
through the direct interaction between the two adsor
alkene molecules with an oxygen atom or an oxyg
molecule also adsorbed on the surface, i.e., Langm
Hinshelwood mechanism or through the interaction of
alkene molecules on the surface with gaseous oxygen,
Eley Rideal mechanism [26]. The other possibility is th
the process of oxidative dehydrogenation actually ta
place by scavenging oxygen from the lattice and molec
oxygen is used to replenish the lattice oxygen and the
of replenishment actually determines the rate of oxida
dehydrogenation. Or in other words, the reaction may t
follow the Mars and van Krevelen mechanism [14].

The data obtained so far by changing the partial pres
of one reactant keeping the other constant fits well into
Mars and van Krevelen mechanism according to which
rate of oxidative dehydrogenation for a reaction first orde
oxygen and second order in isobutene is given by [27]

(1)rm = koxkrp
2
isobp

1
o

krp
2
isob+ koxp1

o
,

which may be linearised to

(2)
1

rm
= 1

koxpo
+ 1

krp
2
isob

.

kox andkr are the rate constants for catalyst oxidation a
reduction respectively.pisob andpo are the partial pressure
of isobutene and oxygen, respectively.

Eq. (2) is plotted in Figs. 5a and 5b keeping the press
of isobutene and oxygen constant at 22.5 and 15.8
respectively.

According to the reaction above, the rate constant for
duction and oxidation can be calculated and it correspo
to 2.3× 10−6 and 32× 10−6 mol min−1 m−2 kPa−1, respec-
tively. Thus, the rate of oxidation is more than 10 tim
faster than the rate of reduction inferring that the ra
determining step is the reduction of the catalyst. The
tivation energy for the reaction has been calculated to
90 kJ mol−1. These data are different from the results of P
era et al. [10] (125 kJ mol−1 on In2O3) and Seiyama et a
[18] (205 kJ mol−1 on SnO2–Bi2O3) but are close to the
results of White et al. [28] for the conversion of prope
on Bi2O3 (92 kJ mol−1). It may be noted at this point tha
the rate of disappearance of isobutene is second ord
isobutene and first order in oxygen as the rate of for
tion of 2,5-DMH2= and COx , whereas the rate ofp-xylene
formation was first order in isobutene and oxygen. Acco
ing to this and all the discussions above, it can be said
p-xylene formation and 2,5-DMH2= formation may happen
through two different mechanisms and the rate of disapp
ance of isobutene is a composite of both these mechan
Rate equations for the formation ofp-xylene were tested o
the Mars and van Krevelen model and though the data
not fit nearly so well as for the disappearance of isobuten
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Fig. 5. (a) Mars and van Krevelen model for the overall disappear
of isobutene. Pressure of isobutene varied at a fixed oxygen press
15.8 kPa at 500◦C. (b) Mars and van Krevelen model for the over
disappearance of isobutene. Pressure of oxygen varied at a fixed o
pressure of 22.5 kPa at 500◦C.

showed that the rate of catalyst reduction was still the r
limiting step. For this reaction,kr andkox are 3× 10−5 and
8× 10−5 mol min−1 m−2 kPa−1, respectively.

Thus, there is a very good fit of the data for t
disappearance of isobutene with the Mars and van Krev
model and hence it is very likely that the reaction follo
this model. Further, the disruption of Bi2Sn2O7 to Bi2O3 and
SnO2 during reaction also hints at this mechanism [4,2
where the oxygen of the lattice is used for the reaction.
it may also be noted that the reaction could also obey
Langmuir Hinshelwood mechanism as described above
with the oxygen participating in the reaction it is more e
to comprehend.

The rate of the reaction first order in oxygen and sec
order in isobutene following Langmuir Hinshelwood mod
for competitive adsorption is given by Eq. (3) [28]

(3)−rO2 = k2
(KisobCisob)

2(KoCo)

3
.

(1+ KisobCisob+ KoCo)
f

k2 is the rate constant for the reaction andKisob, Ko,
Cisob, Co are the adsorption constants and concentration
isobutene and oxygen, respectively. The experimental
were tested on Eq. (3), but the data did not fit nearly so w

Thus, though mechanisms based on the Mars–van Kr
len model have usually been first order in the olefin [17],
experimental data gave a good fit in the Mars–van Krev
model (better than for a LH mechanism). This suggests
the redox mechanism of the solid catalyst in our case
ceeds with the formation of the biallyl intermediate rat
than with monoallyl intermediate, i.e., with two H atom a
straction. However, a study of the kinetics of the reac
using isotopic oxygen will only authentically prove if the r
action actually follows the Mars–van Krevelen model.

4. Conclusions

This paper had started with the aim of finding the r
of oxygen in the reaction and the mechanistic pathwa
the reaction. It has been found that the process of oxida
dehydrogenation is first order with respect to oxygen an
certain minimum concentration is necessary to maintain
stability of the reaction, since without oxygen the syst
becomes highly unstable and the conversion goes dow
zero within the first half an hour of the reaction and
catalyst stability (disruption retarded) is increased with
increase in O2 concentration in the feed [29]. It has be
found through the Mars and van Krevelen fit that the oxy
participates indirectly in the reaction, through replenishm
of the lattice oxygen that has been scavenged in the pro
and the rate-determining step is the rate of catalyst reduc

As far as the mechanistic pathway of the reaction
concerned, it has always been suggested that the rea
is a consecutive one going from isobutene to 2,5-dime
hexadiene and finally top-xylene. Though this mechanis
is easily comprehensible, our results did not prove t
According to our findings, it is shown that the convers
of isobutene top-xylene is not a consecutive one. Isobute
converts to 2,5-DMH2= under the reaction conditions whic
then gets oxidised to COx , while p-xylene is most likely to
be formed by a parallel pathway directly from isobutene
described in Scheme 3.

Having identified the slow step of the reaction, it sho
now be possible to improve catalytic activity by incorpor
ing additional C–H bond breaking ability into the catal
formulation such as chromia with Bi2O3 [28].
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