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Abstract

Barium compounds (barium oxide, barium acetylacetonate, barium nitrate) have been used as catalysts for the liquid-phase oxidation of
ethylbenzene with molecular oxygen. Ethylbenzene hydroperoxide (EBHP) was the major product, although small amounts of acetophenone
(ACP) and 1-phenylethanol were also formed, indicating that C—H bond activation takes place only at the alkyl chain. For barium oxide, the
rate of EBHP formation was found to increase with the barium concentration up to 1 ppm Ba, thereafter decreasing at higher concentrations.
The type of barium compound influenced the rate of EBHP formation to a significant extent. As a general rule, non-basic barium salts, such
as nitrate and acetylacetonate, led to a decrease in the EBHP yield and also to a decrease in ethylbenzene conversion; although in the latte
case it was less marked. This finding can be interpreted as being due to the partial decomposition of EBHP, under the experimental conditions
employed in the present work, into ACP and 1-phenylethanol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction which is known as the PO/SM (propylene oxide/styrene co-
production) proceskl]. The cumene-phenol process (Hock
Replacing stoichiometric oxidants such as KMpAg,0 process), based on the decomposition of cumene hydroper-

and CrQ by less environmentally damaging compounds is oxide with sulphuric acid to phenol and acetone, is currently
self-evidently a sensible chemical strategy. Doing this cat- used worldwide for phenol synthegH.
alytically, with alkyl-hydroperoxides or hydrogen peroxide The free radical chain mechanism of hydrocarbon autoxi-
as the oxidants, is an even better method, but best of all woulddation is well documentd@-5]. The kinetics of hydrocarbon
be to develop catalysts that selectively oxidise hydrocarbons(RH) oxidation by Q is to a large extent determined by the
using either molecular oxygen or air under mild conditions. rate of chain initiation and its change during oxidatjdr7]
Hydroperoxides are used not only as oxidizing agents (Scheme L As a general rule, chain initiation in autoxida-
of olefins but also as important precursors for the synthe- tion processes is associated with reactions of hydroperoxides
sis of phenols. For instance;-hydroperoxy-ethylbenzene, (ROOH), which are the primary products of RH oxidation.
obtained by aerobic oxidation of ethylbenzene, is used as A broad variety of homogeneous catalytic systems has
an active oxygen carrier in the epoxidation of propylene, been described in the literature for this reactjdal3]. In
the patents literature, some authors have proposed the use
* Corresponding author. Tel.: +34 91 585 4769; fax: +34 91 585 4760. Of minute quantities of alkaline metals, such as sodium, to
E-mail addressijlgfierro@icp.csic.es (J.L.G. Fierro). increase the yield to organic hydroperoxides in the autoxida-
URL: http:/iwww.icp.csic.es/eac/index.htm (J.L.G. Fierro). tion of hydrocarbon$l4], while others have posited the use
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403 K and 1000 rpm). BaO, Ba(aca@nd Ba(NQ), com-

H.
Ny —imm 2Ine
e =l pounds (Merck, reagent grade) were used as catalyst precur-

Initiation . . .

Ine + BH—s= Be + InH sors. Since the barium compound was incorporated at levels
of ppm, it was added to the reaction mixture from a satu-
rated aqueous solution. Once temperature had reached a con-

Re +0, —= ROOe stant value, gas flow was set and kept constant during the

Propagation experiment. Aliquots were taken at 0, 60, 120, 180, 240 and

k
p L ] . . .
ROG + RH—> Re +ROOH 300 min of reaction. The total amount withdrawn from the

reactor was less than 10% of the total reaction mixture. The
i concentration of EBHP was measured by standard iodomet-

Termination { 2RO0 s —» non-radical products ric titration. The remaining organic compounds were anal-

ysed by GC-FID on a Agilent Technologies 6890-plus gas
chromatograph (GC) equipped with an HP-WAX capillary
column. Before GC analysis, these samples were pretreated
with triphenylphosphine (1:1 molar) to quantitatively decom-
an alkaline-earth salt is added to the reaction mixture. How- pose the EBHP to 1-phenylethanol.Ethylbenzene conversion
ever, to the best of our knowledge no systematic study of the (Cgg) and EBHP selectivity%snp) were defined as follows:
catalytic effect of these compounds in hydrocarbon autoxi [EBHP] + [MBA] -+ [ACP]

Scheme 1. Standard autoxidation mechanism.

dation can be found in the open technical literature. Copper cgg = x 100 (1)
tri- and tetraaza macrocyclic complexes encapsulated in [EBJo

zeolite-Y also exhibit good catalytic performance in the ox- [EBHP]

idation of ethylbenzenfl6] usingtert-butyl hydroperoxide SEBHP = [EBHP] + [MBA] + [ACP] x 100 2

as oxidant. In this case, acetophenone was the major product,
although small amounts @f andp-hydroxyacetophenones Where [EBHP], [MBA] and [ACP] are the molar concentra-
were also formed, indicating that C—H bond activation takes tions of ethylbenzene hydroperoxide, 1-phenylethanol and
place both at benzylic and aromatic ring carbon atoms. In acetophenone, respectively, in the sample and &8the
addition, the kinetics and mechanism of ethylbenzene (andinitial molar concentration of ethylbenzene.
other olefin and lipid) liquid-phase oxidations by molecular ~ Since the autoxidation of hydrocarbons with molecular
oxygen have been studied. For the latter reactions, ionic ©Xygen entails some risk, an important safety issue was con-
surfactants were found to affect the rate and mechanismsidered in all the experiments. The experimental conditions
of hydroperoxide decay, and consequently the rate of thedescribed in the preceding paragraphs indicate that the re-
ethylbenzene oxidatiof17]. action is conducted above the explosion limit of the reaction
In keeping with the above, this work was undertaken to mixture. To avoid this hazard, two precautions were taken: (l)
study in greater depth the effect of the addition of barium @ flow of nitrogen was fed just over the surface of the liquid,
compounds on the behaviour of the yield of ethylbenzene and (ii) the effluent oxygen concentration was continuously
hydroperoxides during the oxidation of ethylbenzene with monitored with an oxygen sensor and kept almost constant at
molecular oxygen. Through analysis of the effects of the bar- approximately 1vol%. In any case, the laboratory glassware
ium and oxygen concentrations and also of the nature of thewas used behind safety screens, and the reaction volume was
barium compounds, greater insight into the mechanism of limited to 50 g solutions.
ethylbenzene liquid-phase oxidation has been gained.

3. Results and discussion

2. Experimental o . .
The autoxidation of ethylbenzene (EB) at 403 K is a typi-

All reactions were carried out in a 150 ml thermostatable €&l autocatalytic chain reaction. At this temperature, the de-
glass cylindrical vessel provided with a glass stirrer and a CoOmposition of the EBHP to produce free radic&slieme?
gas inlet system, a type-K thermocouple, and a water-cooled'S ON€ of the key steps in the oxidation reaction because it
reflux condenser. Temperature was controlled by a heating'eads to an increase in the chain initiation rate and hence in
circulation bath (Julabo MV-4); the stirrer was powered by
a variable speed motor (Heidolph HP-1), and gases were fed ROQOs + *H
to the reactor through mass flow controllers (Bronkhorst HI-
TEC). In a typical oxidation run, 50 g of EB containing about
0.4 wt.% of EBHP (kindly provided py Repsol-YPF) anq the Re  + +OOH
amount of barium compound designed for the experiment
were If)a_ded into the reactor, after Wh'_Ch the heatlng _bath Scheme 2. Different radical products of the decomposition of hydroperox-
and stirring speed were set at the desired values (typicallyige.

ROOH—— RO+ + *«OH
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the overall reaction rate. This is why small amounts of hy-
droperoxides are added in liquid-phase hydrocarbon oxida-
tions: they act as radical initiators and remove the induction
period just at the beginning of the reaction with molecular
oxygen. In view of this, all the kinetic experiments were per-
formed upon adding a small amount of EBHP (0.4 wt.%)
to the reaction mixture. Even with this low concentration
of EBHP, the amount of radicals in the reaction medium is
enough to maintain the reaction rate at an almost constant
level from the very beginning with no detectable induction
period.

First, the effect of the barium oxide concentration was
studied. Representative kinetic plots of EBHP accumulation
during ethylbenzene autoxidation in the presence of vari-
able amounts of barium oxide ranging from 0.5 to 32 ppm
are shown irFig. L From this figure it is apparent that the
EBHP yield increases from 0.5 to 1 ppm Ba, then decreasing
at higher barium oxide concentrations. Although very little
is known about the influence of barium oxide in EB autox-
idation, this result is in keeping with claims in the patents
literature indicating a detrimental effect of concentrations
of alkaline and alkaline-earth elements above approximately
30 ppm[14] on EBHP accumulation in liquid-phase during
the autoxidation reaction of ethylbenzene.

Chemical 227 (2005) 101-105 103

—— 0.5 ppm
—&— 1ppm
—&— 4ppm
—k— 20 ppm
—4— 32ppm

EBHP concentration / wt. %

T
120

t/min

60 180 240

Fig. 1. Effect of the barium oxide concentration on the ethylbenzene hy-
droperoxide concentration profile during ethylbenzene autoxidation at 406 K

In the next step, we analysed the influence of the type of iy air.

barium compound in the behaviour of ethylbenzene autoxida-
tion. For this purpose, not only barium oxide but also barium

When the reaction was conducted in the presence of the non-

nitrate and barium acetylacetonate salts were used. Thesgasic compounds (Ba(N§» and Ba(acae) a decrease in

salts have different acid—base properties, and hence differ-
ent types of kinetic behaviour in ethylbenzene oxidation are
expected to occur, depending on the type of the barium salt
added to the reaction mixture.

The performance of these three barium compounds in the
liquid-phase oxidation of ethylbenzene is showrFig. 2
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the EBHP yield was observe®i). 2a). This decrease was
more pronounced for Ba(N§)» than for the Ba(acag)salts.

This finding is consistent with patent literature claims, which
recommend the use of alkaline basic compounds (hydroxides
or carbonates) for increasing the EBHP with respect to neu-
tral compound$18,19] The results shown ifkig. 2 clearly
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Fig. 2. Effect of the barium compound on the behaviour of ethylbenzene autoxidation at 406 K with air: (a) ethylbenzene hydroperoxide cong®ntration,

ethylbenzene conversion.
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indicate that the decrease in the EBHP yield becomes morecrease in the formation of radicals and hence in the reaction
marked at higher concentrations of EBHP, suggesting thatrate.

small amounts of compounds of basic character would be The effect of the partial pressure of oxygen on ethyl-
able to stabilize EBHP against its decomposition. The de- benzene conversion and hydroperoxide selectivity in the
crease in the EBHP yield was less marked than that of ethyl- presence of 1ppm of BaO was also studied. The molar
benzene (EB) conversiofrig. 2b). This was more evident  concentration of oxygen in the feed gas was varied between
when Ba(acag)was added to the reaction mixture. In this 21 (air) and 70%; the results are showtfrig. 3. The increase
case, EBHP was substantially lower than when using BaO, in the oxygen concentration led to an enhanced EBHP yield
although ethylbenzene conversion was similar in both cases.(Fig. 3a). However, at high concentrations of EBHP it tended
This finding implies that part of the EBHP was decomposed to decay, in particular for oxidation with 70% ofOn fact,

to secondary products, such as 1-phenylethanol or acetophethe fall in the EBHP yield at higher concentrations has been
none. Barium nitrate led not only to a lower ethylbenzene described previouslfp]. According to the patents literature,
conversion to 1-phenylethanol and acetophenone but also tahis drawback was apparently resolved by using different
a lower EBHP yield. Both facts may be related to each other, reactor vessels with decreasing profiles of the reaction tem-
since the lower concentration of EBHP, which acts as a rad- perature among the vess¢®]. An increase in the oxygen
ical initiator in the autoxidation reaction, brings about a de- concentration in the feed gas fed also led to an increase in the
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Fig. 3. Effect of the oxygen concentration on the behaviour of ethylbenzene autoxidation at 406 K with the barium oxide catalyst (1 ppm). (a) Ethylben-
zene hydroperoxide concentration, (b) ethylbenzene conversion, (c) concentration of acetophenone (filled) and 1-phenylethanol (unfidetlyjtjdjose
hydroperoxide.
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