Oxidation of Alkylaromatic Hydrocarbons 1481

OXIDATION OF ALKYLAROMATIC HYDROCARBONS OVER
V205—Sh,0s/TiO, CATALYST

tMarcel ANTOL, Zuzana @ENGROSOVAL, Imrich VRABEL?, Jan LESKO®
and Milan HRONECG2

2 Department of Organic Technology, Slovak University of Technology, 812 37 Bratislava,
Slovak Republic; e-maik kaszonyi@checdek.chtf.stubaskyonec@checdek.chtf.stuba.sk

b Department of Physical Chemistry, Slovak University of Technology, 812 37 Bratislava,
Slovak Republic; e-mail: vrabeli@cvt.stuba.sk

¢ Central Laboratory, Slovak University of Technology, 812 37 Bratislava, Slovak Republic;
e-mail: lesko@cvtstu.cvt.stuba.sk

Received March 25, 1997
Accepted April 15, 1997

Monoalkylbenzenes, polymethylbenzenesra-substituted toluenes and monomethylnaphthaler
were oxidized in the vapor phase by oxygen-containing gas in the presence of water oy@j-a
promoted Os/TiO, catalyst. This type of catalyst yields carboxylic acids with high selectivity.
the oxidation of substituted alkylbenzenes only alkyl groups were oxidized. No products of oxic
dimerization were detected. Only in the oxidation of methylnaphthalenes, also products of ar
ring oxidation are formed. A correlation between experimental data and results of quantum-ch
calculations of bond dissociation energies is discussed.
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The oxidation ability of vanadium oxide catalysts has been widely exploited in a numt
oxidation reactions, including oxidation of alkylaromatidSor the vapor phase oxidatior
the use of vanadium catalysts supported on low-temperature modifige- Bi@tase is
well known and this system is generally accepted as the most active and Sefécti
The reason for the superior high activity and selectivity of the system was attribu
crystallographic fit between )0 and TiQ, (anatase) plané’s to formation of a highly
dispersed amorphous vanadia layer and its stability on the surface of &Rréta
acidity of catalystor reducibility of vanadium oxide overlayerOn the other hand,
some authors conclud®dhat the specific titania phase is not a critical parameter
physical and chemical nature of the surface vanadium oxide phase. The reason
superior high activity and selectivity of anatase-supported vanadia in side-chain ¢
tion of methylbenzenes has not been fully understood. The main factor that detel
the structure and composition of supported vanadium is the nature of the suppo
face (the concentration and the type of surface OH grbugds)is can be influenced by
a low amount of impurities present in TiGr by addition of promotefsModification
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of the catalytic activity by promoters is a commonly used method for increasin
selectivity to desired products. &k was showt14to be the most effective promote
of vanadium catalysts for the benzoic acid production from toluene. Such cat
show a very high selectivity in producing benzoic acid at high conversion of tolt
Enhancement of the selectivity in producing partial oxidation products and det
study of the influence of reaction conditions on the toluene oxidation over pron
V,04/TiO, catalysts were report&ts

Czerwenkaet al3 have reported the reactivity @fara-substituted toluenes ove
V,04/TiO,, which is in the order: methoxy tert-butyl > H. Quantum-chemical calcu
lations of charge density and bond lengths using the MINDO/2 method have show
substituents in theara-position have practically no effect on either the charge or
C—-H bond length in the Cfgroup of toluene. According to these authors, the reacti
of substituted toluenes is only affected by the electron density in the aromatic rin
by the values of ionization energy of the molecules. Ueshima and'Saiationed
that reactivities opara-substituted toluenes are related to their ionization potent
They reported that conversion péra-substituted toluenes in the vapor phase oxidat
over V,05-Tl,O catalyst decreases with increasing values of ionization potential
following order of the reactivity opara-substituted toluenes was observed: QGH
isopropyl= tert-butyl > CH; > H.

EXPERIMENTAL

Catalyst Preparation and Characterization

For catalyst preparation, an impregnation method was used. A detailed description of this pro
is reported in our previous papérThe catalyst prepared from WO, ShO; and anatase, after
calcination, has the composition 4 wt.%,Spand 5 wt.% \Os/TiO, (molar ratio Sb : V. = 1: 2).
The catalyst was dried for 15 h at 120 and then calcined in air for 4 h at 450 with a heating
rate of 5°C mirrtin order to prevent the formation of a solid solution 8t W TiO, (ref.”) and the
transformation of anatase to rutife The specific surface area of freshly prepared and used cata
was 7.2 and 7.4 fig?, respectively.

Temperature-programmed reduction (TPR) profiles of catalysts were reported in our pre
papers*1S,

Oxidation Procedure and Analytical Methods

Catalytic tests and analyses of the reaction mixtures of monoalkylbenzenes were the same as
ed earlier for toluene oxidatiéh Acids formed in the oxidation of polymethylbenzenpata-sub-
stituted toluenes and monomethylnaphthalenes were converted to methyl esters and analyzec
chromatography (Chrompack Packard 9000 with FID), using a 1.8-m packed column (i.d. O.
with 10% silicone UCW 982 on Chromatone NAW DMCS.

Identification of products by the GC/MS method was performed on a Varian 3400 gas chro
graph equipped with an MS detector ITD 800 (Finnigan). A 30-m capilllary column (fused s
DB-5, i.d. 0.2 mm, film thickness 0.25m) was used. Mass spectra (El) were measured at elec
energy 70 eV using a rate of 1 s/scan at 220
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Conversion of monoalkylbenzenes and polymethylbenzetesias calculated from the differenc
of substrate peak in the product mixture and in the nitrogen inlet stream. Both converpana-of
substituted toluenes and monomethylnaphthalenes and the selectivity of oxidation of all alkylar
hydrocarbons were calculated on the basis of analysis of condensed products. Selectivities to
oxides &g and Scoz) were obtained from the amount of CO and,@@esent in the off-gas. The
yield of products was calculated from the conversion and selectivity.

RESULTS AND DISCUSSION

Oxidation of Alkylaromatic Hydrocarbons

On the basis of the results obtained in the toluene oxidation over catalysts with dif
vanadium and promoter loadiids® the 4 wt.% S§O,-5 wt.% \,O4/TiO, catalyst
was chosen for the oxidation of various substrates. Reaction conditions were the
as in our previous experiments.

Oxidation of monoalkylbenzeneBoluene oxidation was described in our previo
papet®. The products formed confirm that only the oxidation of methyl group tz
place in the reactidf. Products of aromatic ring oxidation or oxidative dimerizati
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Oxidation of monoalkylbenzenes over 4 wt.%,8p-5 wt.% \LOs/TiO, catalyst. Reaction conditions
0.1 MPa, molar ratio substrate , Owater = 1 : 8 : 50, space velocity 10 000.ConversionX; (1)
and selectivitySto benzoic acid %), benzaldehyde3d), CO @) and CQ (5). a Toluene,b ethylben-
zene,c propylbenzeneg cumene
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were not detected in the reaction mixture. In Fig. 1a are presented the results of t
oxidation. An increase in reaction temperature from 331 to°878icreases the con
version from 65.7 to 83.3% and decreaSgg,, from 75.1 to 69.1%. In addition, ¢
slight decrease i, and an increase in G@roduction were observed. Oxidations |
ethylbenzene (Fig. 1b), propylbenzene (Fig. 1c) and cumene (Fig. 1d) yield exclu
benzoic acid and benzaldehyde. An increase in reaction temperature from 335®
increases the conversion of ethyl- and propylbenzene up to 100%. The decrease
Ss,0n (75 t0=65%) andS;, was for ethyl- and propylbenzene almost the same as
toluene. The situation with CQoroduction was practically the same. In the case
cumene, a complet conversion was observed over the whole temperature range
Selectivities in producing oxidation products were lower in comparison with ¢
monoalkylbenzenes and almost independent of the reaction tempex&bie o ben-
zoic acid and=1% to benzaldehyde).

Oxidation of polymethylbenzendhe increase in reaction temperature from 340
380°C increases the conversion of bathandp-xylene up to 100%. The oxidation ©
o-xylene (Fig. 2a) yields almost exclusively phthalic acid and its anhydride (80% s
tivity), but also=8% of benzoic acid is formed. imxylene oxidation, the situation i
rather different (Fig. 2b). Only poor selectivity to partial oxidation products was
served. In the reaction mixture, benzoic acid, 4-methylbenzoic acid, 4-formylbel
acid and terephthalic acid were detected. The selectivity in producing partial oxic
products decreases with increasing reaction temperature. The oxidation of ps
cumene gives a mixture of partial oxidation products. By GC/MS, products of m
groups oxidation were detected, but no aldehydic groups. The reaction mixture co
2,4-dimethylbenzoic acid, phthalic acid, isophthalic acid, terephthalic acid, 4-me
phthalic acid, 4-methylisophthalic acid and trimellitic acid.
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Oxidation of xylenes over 4 wt.% gB;—5 wt.% \,O4/TiO, catalyst. Reaction conditions see Fig.
a Conversion ob-xylene () and selectivitySto phthalic acid £), benzoic acid ), CO ¢) and CQ
(5); b conversion ofp-xylene () and selectivityS to 4-methylbenzoic acid2j, benzoic acid J),
terephthalic acid4), 4-formylbenzoic acid§), CO 6) and CQ (7)

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Oxidation of Alkylaromatic Hydrocarbons 1485

Oxidation of para-substituted tolueneBhe influence of substituents on substre
reactivity and product selectivity for both electron-donating {Q¥H,, OH) and elec-
tron-withdrawing (Cl and Ng) groups was tested. As mentioned above, the oxida
of p-xylene produces a mixture of acids, and a high amount of CO andpCcl®-
luidine was used as a saturated solution in benzene. The reaction in the temp
range tested (330-36W) leads to the formation of tars. No products of oxidation
p-toluidine were found by GC/M$-Cresol was oxidized as an 82% solution in be
zene. Conversion in the temperature range of 310=286Mhcreased from 58 to 94%
(Fig. 3a). A low selectivity of partial oxidation at 336 (14% for 4-hydroxybenzoic
acid and=5% for 4-hydroxybenzaldehyde) was observed. In comparison with tolu
4-chlorotoluene is more reactive in the vapor phase oxidation. Selectivity of the 4-
robenzoic acid formation is comparable3g.,,in the toluene oxidation. The presen
of the chlorine substituent decreases the selectivity to aldehyde and incgggse
The results of 4-chlorotoluene oxidation are presented in Fig. 3b. 4-Nitrotoluene
oxidized as a 30% solution in benzene. The conversion was comparable tpasthel
substituted toluenes, but the selectivity in producing 4-nitrobenzoic acid was lowe
12%. On the other hand, a very high production of, ®&s observed (near 60 mole %

Oxidation of monomethylnaphthalen&he results of both 1-methylnaphthalene a
2-methylnaphthalene oxidation are presented in Fig. 4. In the product mixtu
1-methylnaphthalene oxidation, 1-naphthaldehyde, 1-naphthoic acid, phthalic aci
benzoic acid were identified. In the temperature range 3302@2@onversion of
1-methylnaphthalene increases from 46 to almost 100%. In the same range, the
high selectivity in producing 1-naphthoic acid decreases from 65.5 to 3% and i
case of 1-naphthaldehyde from 14.7 to 6.6%. The decrease in selectivity of the r
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Oxidation ofpara-substituted toluenes over 4 wt.%,8g-5 wt.% \,Os/TiO, catalyst. Reaction con-
ditions see Fig. 1la Conversion ofo-cresol () and selectivityS to 4-hydroxybenzoic acid?), 4-hy-
droxybenzaldehyde3j, CO ) and CQ (5); b conversion of 4-chlorotoluend)(and selectivityS to
4-chlorobenzoic acidd), 4-chlorobenzaldehyde3), CO (4) and CQ (5)
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group oxidation is caused by an increased selectivity in yielding products of aro
ring oxidation, as evident from the formation of phthalic and benzoic acids. A n
mum formation of phthalic acid was observed at 386 whereas the benzoic aci
production increases in the whole temperature range tested. Théo@@tion, as a
result of nonselective oxidation, has a maximum at 360 In the oxidation of
2-methylnaphthalene, in addition to 2-naphthaldehyde, 2-naphthoic acid, phthalic
and benzoic acid, also trimellitic acid (1,2,4-benzenetricarboxylic acid) and trac
4-methylphthalic acid were identified.

Quantum-Chemical Calculations

Quantum-chemical calculations were performed for the estimation of charge de
(CD) and bond dissociation energies (BDE). The semiempirical AM1 m&tiaas
utilized, as implemented in the MOPAC integrated software paékadjié calculations
were derived from a single-determinant wavefunction (RHF) with no configuratiol
teraction, based on the DFP optimization algorfthnEquilibrium geometries were
tested with respect to the position only for positive eigenvalues in the Hessian r
of the energy. The results of charge density on alkyl-group carbons and of BDE «
lations are summarized in Table I.

According to Fox and Kollm&s, benzylic C—H BDE are hardly affected, in contrz
to ionization potentials, which are sensitive to ring substituents. By the density func
method BLYP/6-31*, performed for a series pHra-substituted toluenes, Wet al?®
have shown in their study of the effect of substituent on the benzylic carbon-hyd
BDE that both the electron-donating and electron-withdrawarg-substituents reduce
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Oxidation of methylnaphthalenes over 4 wt.%,Gh-5 wt.% L,Os/TiO, catalyst. Reaction conditions
see Fig. 1. ConversioK; (1) and selectivityS to naphthoic acidZ), naphthaldehyde3j, trimellitic
acid @), phthalic acid §), benzoic acid §) and CQ (7). a 1-Methylnaphthaleneb 2-methylnaph-
thalene

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Oxidation of Alkylaromatic Hydrocarbons 1487

benzylic C—H BDE. As can be seen from Table I, this effect was observed also |
results (toluene exhibits the highest benzylic C—H BDE outaoé-substituted toluenes)
except forp-cresol. In comparison with other C—H BDEspafra-substituted toluenes
C-H BDE of p-cresol was strongly overestimated; therefore it was excluded f
graphic presentation.

The reaction centre of a monoalkylaromatic hydrocarbon is located on the c
with the highest charge density. The presence of aromatic ring weakens the C—(
betweena- andp-carbons of the alkyl group. This bond exhibits the lowest BDE
in the vapor phase oxidation it is broken and products oxygenated onctimbon are
formed. An increase in benzylic C—H BDE causes a decrease in hydrocarbon ¢
sion (Fig. 5). CO and C{produced by alkyl-group oxidation were excluded for t
calculation of selectivity. From Fig. 6 it is evident that the selectivity in produc
benzoic acid, benzaldehyde and {@reases whereas the production of CO decres

with C—H BDE increase.

TaBLE |

Calculated bond dissociation energies (BDE) and charge densitesarbons (CD) of alkyl groups

of hydrocarbons

BDE, kJ mot*
Hydrocarbon CD on G
C,—H C,—C CoGCs C—Xp

Toluene 312.63 355.56 - - -0.1791
Ethylbenzene 279.20 314.97 219.87 - -0.1239
Propylbenzene 282.09 309.74 214.10 - -0.1237
Cumene 268.24 288.36 224.01 - -0.0707
Pseudocumene 1-Me 308.95 345.43 - - —-0.1790

2-Me 307.57 343.46 - - —0.1800

3-Me 314.09 357.10 - - -0.1720
o-Xylene 306.73 337.86 - - -0.1735
p-Xylene 311.29 358.28 - - -0.1779
p-Toluidine 306.39 351.37 - 379.78 -0.1787
4-Nitrotoluene 307.65 350.12 - 154.43 —-0.1916
p-Cresol 323.09 357.94 - 430.58 -0.1743
4-Chlorotoluene 307.27 357.65 - 346.64 —0.1806
1-Methylnaphthalene 306.27 326.94 - - —-0.1740
2-Methylnaphthalene 315.47 327.31 - - —-0.1730
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Similarly to monoalkylbenzenes, polymethylbenzenes gard-substituted toluenes
show a decrease in conversion in the order of increasing C—H BDEs (se2 $ind8
in Fig. 5). Owing to the complexity of the product mixture composition for differ
hydrocarbons, it was not possible to find a dependence of the selectivity on BDE
was done in the case of monoalkylbenzenes.

Mechanism of Oxidation

On the basis of mechanisms of methyl group oxidation described by Anderssc
toluené® and by Bond foro-xylen€4, and on the basis of products detected in
reaction mixture, the following reaction mechanism is proposed for alkyl-group o:
tion of alkylbenzenes in the vapor phase (Scheme 1). The key species, which ce
duce both aldehydic or carboxylic groups is the surface carbonyl species
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Conclusions

1) Oxidation of alkylbenzenes over s&h-promoted \LO5/TiO, catalyst yields only
products of alkyl-group oxidation, giving acids and aldehydes with high and low s
tivity, respectively.

2) The oxidation of alkylnaphthalenes produces both alkyl-group and aromatic
oxidation products.

3) A correlation exists between benzylic C—H bond dissociation energy of alkyl
zenes and their reactivity in the oxidation.

4) The proposed mechanism of alkyl-group oxidation involves surface cark
species.
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