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Abstract

The aromatization pathway on a chromia/lanthana-zirconia catalyst has been investigated by the conversion of 13 linear and branched
hydrocarbons. The product distribution is determined by the educt structure and points to a mechanism without side reactions like isomerization
or cracking. The differences in aromatization reactivities could be explained by a mechanism via a stepwise dehydrogenation to a conjugated
triene structure. First calculations show that methyl or methylene groups close to terminal double bonds can stabilize these trienes. Such
substrates show higher aromatic yields than those without stabilizing groups.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Bifunctional catalysts contain both dehydrogenation and
acid active centre$8,9]. On such catalysts, skeletal iso-
Aromatization of G, hydrocarbons is an important merizations and alkyl group shifts are possible, and product
source for aromatics as a raw material in petrochemical distributions near the thermodynamic equilibrium can be
industry and chemical synthesis as well. Especially for the expected. On non-acid monofunctional catalysts, such acid
latter case, it is an attractive task to make catalysts available,catalyzed reactions hardly occur, and the product distribu-
which are able to convert appropriate paraffins selectively tion should essentially be determined by the substrate struc-
into alkyl aromatics, without undesirable side reactions as ture. Monofunctional mechanisms can be divided into the so
cracking or different kinds of isomerization. called “triene mechanism” and the mechanism of the “early
Recently, it was shown that chromia/lanthana-zirconia is ring closure”. The triene mechanism includes a stepwise
an interesting catalyst system foroctane aromatization dehydrogenation resulting in a conjugated triene, followed
with high selectivities too-xylene and ethylbenzene. The by ring closurg10-20] Another possibility would be a ring
characterization of this catalyst system has been subject ofclosure already in an early stage of the reaction, then fol-
several studie§l—7]. Chromia clusters as well as isolated lowed by a dehydrogenation to the aromatic prodRt+27]
Cr3t jons seem to be active centers. Since TPD experiments  The product distribution afi-octane conversion on our in-
revealed only low acidity, acid centers can be excluded as ac-vestigated catalyst points to a monofunctional mechanism.
tive siteg2]. The deactivation of the catalyst duringpctane That could be caused by the low acidity, as shown by TPD
conversion is caused by coke deposition leading to loss orexperimentq2]. The aim of this work was to obtain fur-
modification of active sitefr]. ther detailed information about the mechanism of aroma-
Concerning the mechanism of aromatization different tization on chromia/lanthana-zirconia catalysts by investi-
versions on different types of catalysts are under discussion.gation of the reaction behavior ofhexane n-heptane and
nine different G-isomeres because “the catalytic reaction
* Corresponding author. Tek+49-341-9736321; itself—using appropriate probe molecules_—r_nay be one of
fax: +49-341-9736349. the best methods for catalyst characterizati¢®8]. For
E-mail address: klepel@chemie.uni-leipzig.de (O. Klepel). that, we investigated the dependence of product distribution
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and reactivity of the different substrates on their molecular  In apparatus 2, the supply of the liquid educt was done
structure. by using a pressure vessel connected with liquid flow mea-
sure and evaporator. The reaction products of this apparatus
were analyzed by an on-line gas chromatograph Shimadzu,
2. Experimental equipped with a 50 m AlO3 plot capillary column.

2.1. Catalyst 2.4. Computational method

The catalyst was prepared by impregnating amorphous Molecular mechanics force field calculations were per-
zirconium hydroxide doped with 7.0wt.% @3 (MEL, formed using the consistent valence force field implemented
UK) with an aqueous solution of (NHLCrO, to yield a in CERIUS[29]. Force field methods are able to reproduce
catalyst “4CLZ” loaded with 4.0 wt.% Cr. By ammonia ad- conformational energies and barriers to rotat[80] and
dition, the solution pH was kept at 10. Under stirring, the have been successfully used for describing hydrocarbons

excess water was slowly evaporated at 50%60The prod- [31]. As we were interested in stabilities of the hydrocar-
ucts obtained were calcined in air at 6@ for 4 h. bons at first we neglected the role of the catalyst surface and
described the conformational behavior of our systems in a
2.2. Substrates comparative way, only. The calculations were performed on
a INDIGO? work station. All energies are given as relative
The following hydrocarbons were usedhexane §-Hx); values, referred to as the most stable structure.

n-heptane 1§-Hp); n-octane §-Oc); 2-methylheptane (2M-
Hp); 3-methylheptane (3MHp); 4-methylheptane (4MHp);
2,3-dimethylhexane (23DMHXx); 2,4-dimethylhexane (24D- 3. Results and discussion
MHX); 2,5-dimethylhexane (25DMHX); 3,4-dimethylhexane
(34DMHXx); 3-ethylhexane; 1-hexene; 1-octene. The abbre- The product distribution for the conversion whexane,
viations in the brackets are used in the text, too. The sub-n-heptane and nine differentgdsomeres (on apparatus 1)
strates were supplied by Fluka and Laborchemie Apolda. is shown inFig. 1
For all substrates the overall conversion is from about

2.3. Test reaction 30 up to 50%. Fon-Oc, 2MHp, 4MHp, 25DMHx, 3MHp

andn-Hp the main products are aromatics. However, crack-

Aromatization was carried out by using of two home-made ing products and & -compounds are the dominant prod-

flow apparatus, in the following named 1 and 2. Both ap- ucts in the case of 24DMHx, 23DMHx, 3EHx-Hx and
paratus consist a fixed-bed quartz reactor, the reaction was34DMHx. As opposed to the educts with higher aromatic
carried out under normal pressure at 8680 As carrier gas  vyields, the latter mentioned substrates have only six atoms
hydrogen (flow rate 4.51/h) was used. The catalyst weight in their longest carbon atom chain. The only exception is
was 250 mg and the educt stream 13.8 mmol/h (according to2,5-dimethylhexane. The aromatic yields have a wide range
W/F = 18 gh/mol). In apparatus 1, the feed was supplied from about 40% if-octane) to 4% (3,4-dimethylhexane).
by a syringe pump followed by an evaporator. The reaction The distribution of the aromatic products, as shown in
products of this apparatus were analyzed by an on-line gasTable 1 differs depending on the substrate molecular
chromatograph HP5860 Series I, equipped with a 50 m structure. For example, 3-ethylhexane reacts selectively to
PONA capillary column. ethylbenzene andh-octane was converted selectively to
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Fig. 1. Product distribution for the conversion of saturated Gomers after 5min time on stream.
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Table 1
Distribution of aromatic products (5min time on stream; carbon atom baSed;100%)
Benzene Toluene Ethylbenzene p/m-Xylene o-Xylene
c-Cc-C-C-C-C 100 0 0 0 0
7
(|3 2 3 85 7 3
c—C—C—C—C—C
CCCCCCCC 2 8 30 10 50
0 5 2 15 78
C-CCCCC
0 0 8 13 79
CCCCCC
C-CCCCCC 7 93 0 0 0
0 14 2 7 7
CCCCCCC
0 3 17 43 37
CCCCCCC
0 18 2 76 4
C-CCCCCC
0 3 7 90 0
CCCCCC
? ? 0 4 0 94 2

C-CCCCC

The bold letters show the products expected from educt structure by 1,6-ring closure performed on equipment 1.

o-xylene and ethylbenzene, too. In the latter casgylene

It is obvious, that for molecules with the same number

was the dominating product as expressed in the ratio of carbon atoms and at the same contact time there is no

o-xylene/ethylbenzene= 1, 6.

significant change of the ratio Aro/H; DH. However, with an

Table 2reports the results of the comparative conversion increasing carbon atom number from six to eight the value

of the linear molecules-octane, 1-octenen-hexane and

of that ratio increases drastically. There is a slight increase in

1-hexene (apparatus 2). To compare the reaction behavioraromatization activity for g-compounds by using the olefin
the ratio of aromatic products to products of hydrogenation instead of the paraffin as an educt. The aromatic yields for

or dehydrogenation (in the following: Aro/H;DH) was esti-
mated. Fom-octane and-hexane, the dependence on time
on stream (from 5 up to 40 min) is shown.

Table 2
Conversion of the linear molecules-octane, 1-octenep-hexane and
1-hexene by using equipment 2 (yields: % carbon atom based)

Educt Yields H; DH Yields Yield ratio
aromatics aromatics/H; DH

5min 40min - 5min 40min  5min 40 min

n-Octane 4G-Cg) 75 60 15 15 2

1-Octene 51-Cg) 60 12

n-Hexane 141-Cs~ ) 8 10 3 07 04

1-Hexene  221¢Ce)_ 15 0.7

n-Hexan& 13 (n-Cs ™) 3.3 0.25

2 DH: dehydrogenation products (monoolefines); H: hydrogenation
products (alkanes).
b W/F=7.2gh/mol.

the linear @-hydrocarbons are nearly independent from the
kind of educt but, the overall conversion increases from 80%
(paraffin) up to 95% (olefin) due to a increasing yield of
cracking products. Fon-hexane a decrease in Aro/H; DH
with decreasing contact time W/F was found. The same trend
is obvious forn-octane as shown by the comparison of our
investigation with results from the literatufé]: there is no
olefin formation at a W/F of 225 g h/m§r] (consequently,
Aro/H; DH = infinty) in comparison to ArgH; DH = 15

at lower W/F of 18 gh/mol.

Both investigated alkanes show a decreasing yield of aro-
matics with time on stream (sé@ble 3. However, since
the ratio aromatics/octenes decreases drastically in the case
of n-octane, there is only a moderate decrease obvious for
n-hexane. In other words, foroctane conversion the forma-
tion of olefins is getting more favored with time on stream in
comparison to that of aromatic products. Fehexane this
effect is less pronounced. Due to the less defined formation
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of cracking products we prefer the use of the ratio aromat- Assuming the triene mechanism, one has to consider the
ics/octenes instead of the selectivities. The deactivation of possibility of formation of conjugated trienes. Trienes are
this catalyst system far-octane dehydrocyclization was in- general not very stable species. If their formation is hin-

vestigated by Ehwald et dI7] in more detail. dered, then an aromatization mechanism through such inter-
Thus it was of interest to estimate the stabilities of pos- mediates should be excluded.
sible intermediates of the-octane cyclization. As example Interestingly those investigated substrates exhibit the low-

structures we calculated the following two triene structures est aromatization reactivity, which can form only trienes, that
which differ only in the positioning of their double bonds:  do not have terminal double bonds surrounded by methyl or
methylene groups. For example, the aromatization reactiv-
Ct=C?-C*=c'-C*=C®-C’-C® (structure} ity for n-octane n-heptane ana-hexane follows the order
Cloc?=C—-c*=C5-C8=C"—C® (structure2 n-oc > n-hep > n-hex. n-Hexane has only one possible
triene without any by methyl or methylene group surrounded
Structure 2 is the most stable conformer while structure 1 is terminal double bond:
destabilized by 4.89 kcal/mol compared to structure 2.~~~ ~_~_c_c )

As mentioned above, different mechanisms for aromati-
zation have been suggested. The bifunctional mechanism,Forn-heptane there are two structures with one end standing
described by the so-called “two-dimensional” reaction double bond surrounded by a methyl group:
schemd8,9], occurs on catalysts containing both dehydro-
genation and acid active centres. On such catalysts, skeletaF1 =C-C=ct-c=c-C (b)
isomerizations and alkyl group shifts are possible, andprod-cl - 2 -3 _c*=cd_cb = ¢’ (©)
uct distributions near the thermodynamic equilibrium can be
expected. On non-acid monofunctional catalysts, such acidwhereas, fon-octane there are two structures with one dou-
catalyzed reactions hardly occur, and the product distribution ble bond surrounded by a methylene group:
should essentially be determined by the substrate structure. ; 5 3 4 5 6 7 8

To decide between monofunctional and bifunctional € =C¢ - ¢ =C"-C=C"-C'-C
mechanism we investigated the aromatic product distribu- (+4.89 kcaymol) (d)
tion in dependence on the educt structure. This approach
for investigation cyclization steps has been widely used for cl-c?-c=c'-c=Cc-C'=C O]
metal or bifunctional catalyst§32]. For all investigated  and one structure with two end standing double bonds sur-
substrates, products of acid catalyzed reactions accordyounded by methyl groups:
ing to the bifunctional mechanism are essentially missing
in the product mixture obtained on our investigated cat- C! —C?=c®-c*=c>-cé=c’ -8
alyst. This agrees wi_th the low acidity of the catalyst_ as o kcal/mol) )
shown by TPD-experiment®]. As shown by our experi-
ments withn-octane,n-heptanen-hexane, 3-ethylhexane, The relative energies are given in the brackets. It is evident
2,3-dimethylhexane and 3,4-dimethylhexane the distribu- from the calculated energy differences that structures with
tion of aromatic products points clearly to a mechanism terminal methyl groups are more stabilized, while struc-
that includes the direct formation of a six-carbon ring. Un- tures with terminal methylene groups are destabilized by a
fortunately, due to analytical difficulties it was impossible few kcal/mol. If the surrounding groups have a stabilizing
to elucidate that fact exactly for substrates witxylene effect on the double bonds, one can assume, that the triene
and m-xylene as the main product. But in this cases those formation for such structures should be favored and aro-
products, which are unexpected for diregf-ithg closure, matics, which can be derived from those structures, should
are absent. So, that kind of ring closure should be suitablebe the preferred and dominating products. This seems be
for the cyclization of 2-, 3- and 4-methylheptane as well as the case for the above mentioned examples. The favored
for 2,5- and 2,4-dimethylhexane, too. formation of o-xylene over ethylbenzene foroctane con-

For the direct @-ring closure as the cyclization step, version supports this assumptianXylene can be derived
two alternative ways to the aromatic final product are con- from structure (f) which is more stabilized in comparison
ceivable. First, the ring closure step can occur at the be-to structure (d) and (e) which should lead to ethylbenzene.
ginning of the reaction, resulting in a cyclohexane struc- Additional, p/m-xylene, which should be favored thermo-
ture and followed by further dehydrogenation to the aro- dynamically cannot be formed by a direct ring closure.
matic [21-26] On the other side, a mechanism according We found them only to a very low degree, far from the
to a stepwise dehydrogenation of the paraffin to a conju- thermodynamic equilibrium.
gated surface altis-trienes followed by cyclization and de- For the other branchedgdsomers, the situation could
hydrogenation to the corresponding aromatic is under dis- be similar. For example, the aromatization reactivity for
cussion, to¢10-15] This mechanismis the so called “triene  2,5-dimethylhexane is much higher (about 10 times) than
mechanism”. that for 3,4-dimethylhexane. That could be explained by the
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same way as shown above. As 25DMHx has four different mined by the thermodynamics, then a shorter contact time
structures of methyl groups surrounded by terminal dou- should result in decreasing ratio aromatics to olefins. As
ble bonds, there is no possibility to stabilize terminal dou- shown inTable 2and by comparison with results from the lit-
ble bonds by methyl (or methylene) groups in the case of eraturg?7] this was confirmed bg-hexane and-octane con-
34DMHXx. However, if the stabilization of triene intermedi- version. With decreasing contact time the amount of olefins
ates would be the only criterion, then 25DMHXx should show increases at the expense of the aromatics.
the highest aromatization reactivity among all investigated The assumption of a consecutive reaction is confirmed by
isomers. As shown ifrig. 1, the aromatic yield of 25DMHx  the dependence of the reaction behavior on time on stream,
is surpassed by those of the less branched 2MHp, 4MHptoo. With time on stream (i.e. with catalyst deactivation)
andn-octane. It is obvious, that other criterions like sterical the ratio aromatics/olefins decreases drastically in the case
hindrance or rotation ability, which can influence the ring of n-octane. This points to a limitation of later steps of the
closure, have also to be considered. To elucidate these probaromatization reaction chain. Since fehexane the reaction
lems in more detail, further calculations regarding the sta- will stop at an early stage as shown above, there is only a
bility of substrates and intermediate as well as their ability slight change of the ratio aromatics/olefins in dependence
to a ring closure by using the molecular mechanics calcula- on time on stream.
tion method were done. The results of these investigations
are published in the second part. )

If the reaction proceeds according to a stepwise dehydro-4- Conclusions
genation of the substrates, the use of one possible interme-

diate as an educt should give valuable information about theeduct structure and thus points to a monofunctional mech-

mechanism. We investigated the conversions of the Oleflnsanism. The differences of aromatization reactivity between

;Jrg:(neer:jef?:r?] tlﬁzcé(e)?ri:n:ng?r:npa;?:ﬁg,q;%}gvgh Iihﬁarsesults[he hydrocarbons are consistent with the idea of a sequen-
P gp : tial dehydrogenation mechanism. The criterion could be a

been shown for metal catalysts, that the irreversible adsorp- . ; . ) . .
. o difference in the stabilization of the triene-intermediates. If
tion of the reactant should be the rate determining step of : . .
o . . the terminal double bonds of the triene are not stabilized by
the dehydrocyclization mechanisf83,34] So, it seems : : ) .
. : ; . surrounding groups, the formation of that triene is not fa-
likely, that the olefin should produce much higher aromatic : . .
vored and the formation of aromatics should be hindered.

yields, because the=C double bond can be involved in . : :
. " ) There could be a barrier at the end of the reaction coordi-
the adsorption of the reactant. Competitive conversion of o . .
. nate. Steps at the beginning of the reaction obviously do not
a mixture of @Dig and 1l-heptene on a metal catalyst . ; AR
. . . influence the aromatic product distribution as shown by the
(Pt-SiQ®) showed that the conversion of the olefin was . .
- comparative conversion ofoctane and 1-octene. However,
much higher than that of the paraffid5]. However, on our : L : . )
as mentioned above, the stabilization of triene-intermediates

oxide catalyst, there was only a slight increase in aromati- L e
zation reactivity by using the olefin instead the paraffin for cannot be the only criterion, as shown by the reactivity of
the 25DMHXx. Other facts, such as ability to ring closure

Ces and no increase in the case of.@hat could be caused . L2
. . L ; have to be considered, too. So, for more clear distinction be-
by a single low barrier at the beginning of the reaction, : . ) ;
. tween triene mechanism and a mechanism according to an
probably the adsorption on the catalyst. Furthermore, the . . . )
. ) early ring closure further theoretical calculations regarding
almost unchanged values of the ratio Aro/H; DH by us- b o . .
. L ) : : the stability as well as the ability to ring closure of possible
ing the olefin in comparison to the paraffin conversion for . . "
both, G and G, could be explained by the absence of an intermediates for both mechanisms were done. The results
' ' P y will be shown in second part. The dependence of the reac-

activation barrier between paraffin and monoolefine. . : . ) )
L ; L . tion behavior on time on stream and contact time points to
A drastical increase in the aromatization reactivity at the . ; .
a consecutive dehydrogenation reaction.

expense of the olefins is obvious by change frogt@Cs.
Since the stabilization of &trienes is hindered as shown
above, the reaction will stop at the stage of the monoole- Acknowledgements
fines. With increasing hindrance of the triene stabilization
the further dehydrogenation of the monoolefines will be sup-  Thanks to W. Ziesche and K. Neitzel (ACA Berlin) for
pressed and the ratio Aro/H; DH decreases. That points to acatalyst preparation; Dr. H. Ehwald, Dr. D.L. Hoang, Dr.
barrier at the end of the reaction coordinate. In addition, the U. Kiirschner and Prof. H. Lieske (ACA Berlin) for helpful
almost identical aromatic product distribution for the con- discussions.
version of both @-substrates emphasizes that the aromatic
product distribution is not determined by initial steps of the
reaction. This is in accordance to results found by Shi et al.
[36] for n-octane conversion on PYSIO _ _ [1] Lieske, H., Hoang, D.-L., German Patent DE-OS 196 12 (2000).
If the aromatization is a consecutive reaction of paraffin 2] A Trunschke, D.-L. Hoang, J. Radnik, H. Lieske, J. Catal. 191
dehydrogenation and the observed effects were not deter-  (2000) 456.

The aromatic product distribution is determined by the

References



216

[3] D.L. Hoang, H. Lieske, Thermochim. Acta 345 (2000) 93.
[4] D.L. Hoang, A. Trunschke, A. Bruckner, J. Radnik, H. Lieske, Surf.
Sci. Catal. 130 (2000) 2357.
[5] D.L. Hoang, J.-P., Mller, A., Dittmar, J., Radnik, H., Lieske, in: Pro-
ceeding of the Ninth International Symposium, Varna, 2000, p. 567.
[6] A. Briickner, J. Radnik, D.L. Hoang, H. Lieske, Catal. Lett. 60
(1999) 183.
[7] H. Ehwald, U. Leibnitz, H. Lieske, Catal. Lett. 70 (2000) 23.
[8] G.A. Mills, H. Heinemann, T.H. Milliken, A.G. Oblad, Ind. Eng.
Chem. 45 (1953) 134.
[9] Z. Paal, J. Catal. 105 (1987) 540.
[10] M.l. Rozengart, E.S. Mortikov, B.A. Kazansky, Dokl. Akad. Nauk.
SSSR 158 (1966) 911.
[11] M.l. Rozengart, E.S. Mortikov, B.A. Kazansky, Dokl. Akad. Nauk.
SSSR 166 (1966) 619.
[12] z. Paal, P. Tetenyi, Acta Chim. Acad. Sci. Hung. 53 (1967) 193.
[13] Z. Paal, P. Tetenyi, Acta Chim. Acad. Sci. Hung. 54 (1967) 175.
[14] Z. Paal, P. Tetenyi, Acta Chim. Acad. Sci. Hung. 58 (1968) 105.
[15] Z. Paal, P. Tetenyi, J. Catal. 105 (1987) 540.
[16] E. Iglesia, J. Baumgarten, G.L. Price, K.D. Rose, J.L. Robbins, J.
Catal. 125 (1990) 95.
[17] Z. Paal, X. Lun, Appl. Catal. 43 (1988) 1.

O. Klepel et al./Journal of Molecular Catalysis A: Chemical 210 (2004) 211-216

[18] Z. Paal, Adv. Catal. 29 (1981) 273.

[19] G. Price, C. Egedy, J. Catal. 84 (1983) 462.

[20] P. Tetenyi, Catal. Today 17 (1993) 439.

[21] L.-G. Fogelberg, R. Gore, B. Ranby, Acta Chem. Scand. 21 (1967)
2041.

[22] B.A. Kazansky, A.F. Plate, Ber. Dtsch. Chem. Ges. B 69 (1936) 1862.

[23] B.A. Kazansky, A.L. Libermann, M.I. Batuev, Dokl. Akad. Nauk.
SSSR 61 (1948) 67.

[24] G.H. Twigg, Faraday Soc. 35 (1934) 1006.

[25] E.F.G. Herrington, E.K. Rideal, Proc. R. Soc. A 184 (1945) 434.

[26] J. Fung, I. Wang, J. Catal. 164 (1996) 166.

[27] E.F.G. Herrington, E.K. Rideal, Proc. R. Soc. A 144 (1945) 447.

[28] R. Burch, Z. Paal, Appl. Catal. A 114 (1) (1994) 9.

[29] CERIUS2, ©MSI 1994.

[30] A.E. Smith, H.J. Linder, J. Comp. Aid. Mol. Des. 5 (1991) 235.

[31] N.L. Allinger, Adv. Phys. Org. Chem. 13 (1976) 1.

[32] B.H. Davis, Catal. Today 53 (1999) 443.

[33] B. Shi, B.H. Davis, J. Catal. 147 (1994) 38.

[34] B. Shi, B.H. Davis, J. Catal. 157 (1995) 626.

[35] B. Shi, B.H. Davis, J. Catal. 168 (1997) 129.

[36] B. Shi, B.H. Davis, J. Catal. 162 (1996) 134.



	Investigation of the aromatization of C6+ hydrocarbons on chromia/lanthana-zirconia catalystPart I. Catalytic experiments
	Introduction
	Experimental
	Catalyst
	Substrates
	Test reaction
	Computational method

	Results and discussion
	Conclusions
	Acknowledgements
	References


