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An investigation of water-hydrocarbon reactions showed vanadium to be a strong promoter 
for the Rh/Aln03-catalyzed reaction of water and toluene to produce benzene. Studies with 
Rh/V0,/A1203 were extended to other st’ructurally different hydrocarbons to determine major 
reaction pathways. A nonaromatic hydrocarbon that cannot aromatize by simple dehydrogena- 
tion undergoes random carbon-carbon bond scissions and the resulting fragments react with 
water to give gaseous products. Cleavage of aromatic carbon-carbon bonds is much slower. 
This along with the selective adsorption of high molecular weight compounds results in an 
accumulation of low molecular weight aromatics in the product mixture. Phenanthrene is 
converted to naphthalene and benzene with no evidence for initial cracking of t,he central 
C-C bonds. 

INTRODUCTION 

Water as a hydrogen source in hydro- 
conversion processes is attractive because 
of the increasing cost of molecular hydrogen 
and efficient heat balance which can be ob- 
tained by combining the conventional 
steam reforming process (endothermic) and 
the hydrotreating processes (exothermic). 

A prototype of a selective steam reform- 
ing process is the steam-dealkylation reac- 
tion for which considerable literature data 
exist (1-5). This study was undertaken 
t,o evaluate various noble metal catalyst’s 
for this reaction and to examine the reac- 
tions of a variety of structurally different 
hydrocarbons with water over a selected 
catalyst system. 

EXPERIMENTAL 

Afaterials. A 0.6% Ru/Al&s and a 0.6’% 
Ir/Al& catalyst’, both characterized to 
have fully dispersed m&al components, 

w(lre obtained from D. J. C. Yates, and a 
Ba promoted massive nickel catalyst (6) 
from A. Barnett of this laboratory. Other 
catalysts w(‘re prepared by the usual in- 
cipient wetness impregnation technique 
using aqueous solutions of RhCl, .xHzO, 
H#dClJ, HzPtC16, Ni(NOs)z.6Hz0 and a 
freshly calcined r-AIZOs of 20-40 mesh size 
and lOO-m2/g surface area. After drying, 
the I’t, Rh, and I’d catalysts were further 
calcined in air at 450°C for 1 hr. Rhodium 
catalysts containing vanadium oxide pro- 
moter were prepared by two methods. In 
one case alumina is impregnated with an 
ethanol solution of VOCl$, dried in air at 
12O”C, and impregnated with a RhCl, 
solution in the usual way. This method 
was used to obtain a 1.35% Rh-VO, (2.4% 
as metal)/A1203 catalyst’. In another case a 
VO,/Al,O, catalyst is prercduced at 5OO’C 
with hydrogen before the Rh deposition 
step. A 0.6% Rh-5.6% VO,/A1203 catalyst 
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TABLE 1 

Dispersion and Specific Activities in Water-Toluene Reaction 

Catalyst 
wt% as metal 

on AltO 

HpChemisorption 

H/Ma Percentage 
dispersion 

HzO/Toluene reaction* 

lo3 X turnover Apparent Ea 
number at (kcal/mol) 

4OO”Cc 

0.6 Rh 1.11 100 13.4 32 
0.6 Pd 0.81 81 7.7 31 
0.6 Pt 1.33 100 3.5 35 
0.6 Ru 1.50 100 2.0 35 
0.6 Ir 100 1.5 32 

10 Ni 0.20 (lfi) 2.0 29 
0.3 Rh/0.3 Pt 18.0 34 
0.6 Rh/5.6 VO, 0.69 69 61.0 32 
1.35 Rh/2.4 VO, 0.62 62 34.0 31 

(L Group VIII metal. 
* HtO/Toluene mole ratio : 3.9, toluene feed rate 2.0 ml/hr. : 
c Molecules benzene formed/surface Group VIII metal atom X sec. 

was made according to this method. Rc- 
agent grade chemicals purchased from 
Aldrich were checked by glpc analyses and 
used without further purifications. Deion- 
ized water was used in the catalyst prepara- 
tion as well as in the reactions. 

Procedures. The chemisorption measure- 
ments were performed according to the 
procedure described by Vannice (7). A 
70°C isotherm at low HZ pressure was 
determined for the palladium catalyst (8). 
A quartz tube (13-mm i.d.) with a Pyrex 
wool plug was used as a micro fixed bed 
reactor. The hydrocarbon and water feeds 
were introduced to the preheating zone of 
the reactor with syringe pumps and the 
effluents from the reactor were passed 
through a trap cooled at -78°C. The 
gaseous and liquid products thus separated 
were analyzed by glpc and mass spectros- 
copy. Temperature control was accom- 
plished with a thermocouple directly in- 
serted into the catalyst bed and a propor- 
tional controller, West Model JP. All 
measurements were done under 1 atm. 

For rate measurements, catalysts were 
ground to collect a 60-80 mesh fraction, an 
amount in the range of 0.2-1.0 g was 
charged to the reactor and reduced in Hz 
at 500°C for 1 hr. At a preset temperature, 
water and toluene were pumped at rates 
of 1.31 and 1.73 g/hr, respectively. After 
30 min from the start of feeds, products 
were collected for 30 min and analyzed. 
Runs were carried out at several tempera- 
tures under conditions where conversions 
did not exceed 10%. 

In runs at high conversions, the original 
catalysts of 20-40 mesh size were used 
after reduction at 500°C. Products eluting 
at 30-150 min from the start were analyzed. 
In all runs involving the Rh-VO, catalyst, 
no significant activity decline was observed 
during periods of at least 8 hr. The spent 
Rh-VO, catalysts from such runs typically 
contained 0.5 wt% carbon. Naphthalene 
was pumped as a melt. Glpc analyses were 
done with a Porapack Q column for gases 
and a silicon oil DC 550 column for liquids. 
The carbon and hydrogen balances were 
usually 100 f 5%. 
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FIG. 1. Conversions and selectivities achieved by 
various catalysts in the HzO/toluene reaction at 
460°C. In each run 1.6 g of catalyst (0.6y0 noble 
metal/A1203, 0.6% Rh/5.6%VOz/A1203, 5y0 Ba/ 
25y0 Ni/AlzOa) wBns used with a toluene flow 
rate of 2.0 ml/hr and HnO/toluene mole ratio of 3.9. 

RESULTS AND DISCUSSIONS 

Water-Toluerte Reactiorb 

Since the original concept of a steam 
dealkylation reaction was report’ed by 
Haensel (9) in 1948, the catalysis for this 
reaction has become the subject of ex- 

tensive investigations especially in t’he last 
decade. This is primarily due to the pro- 
jected incentive for a prccess that produces 
benzene and hydrogen from toluene com- 
pared to thfh conventional hydrodealkyla- 
tion process that consumes hydrogen. 

From the thermodynamic point of view, 
the dealkylation reaction is the least 
favored of the following paths : 

AC700°K 
kral/mol 

(1) GHsCHa + 2H?O * C.%Hs + Cot + 3Hz -1.6 
(2) CaHsCHa + 14H,O -t 7CO2 + 18Hz - 17.7 
(3) CeHnCHz --+ 5C + 2CHa -61.2 

The nickel catalysts that wre used in 
earlier works (IO-IL) lack satisfactory 
selectivit’y feat’urcs, e.g., Slovokhotova 
et al. (11) estimate that with a 5y0 Ni/SiOz 
catalyst the reaction proceeds 40% via 
path 1, 45% via path 2, and 15% via path 
3. Noble metal catalysts, on the other hand, 
are claimed to bc much more wlcctive, 
SO-95% for path 1 at conversion levels up 
t’o 70% and minimal coking (I-5). A study 
was undertaken to confirm these claims 
and to establish a meaningful basis in 
selecting a standard catalyst for the model 
compound stud&. 

TABLE 2 

Water-Hydrocarbon Reactions over Rh-V/Al203 at 480”0 

Compound H,O/HC COllV. 100 X moles product/mole feed converted 
mole ratio (“lo) 

Hn COz CO CHa GHs Beneene Toluene Others 

BelWSle 
TOlU~ll~ 
n-Propylbeneene 
n-Heptane 
Me-Cyclopentane 
Me-Cyclohenane 
Diphenylmethane 

Diphenylethane 

cis-Decalin 

Tetralin 
Naphthalene 
S,lO-Dihydro- 

phenanthrene* 

4.9 40.5 
5.7 92.7 
7.6 67.9 
8.1 76.1 
6.1 58.8 
7.2 99.5 
9.1 64.2 

10.8 79.2 

8.4 97.4 

7.4 100 
7.1 40.2 

9.0 100 

875 381 
435 180 
518 203 
990 319 
793 264 
630 102 

1070 378 

ti34 

480 
980 

790 

305 

44 

119 
449 

268 

80 102 tr - 1.5 
30 43 1.4 88.7 - 
29 40 19 38.6 35.7 
60 106 30 8.7 5.4 
78 113 28 14.9 3.8 
39 16 tr 69.8 13.3 
72 24 tr 66.5 20.0 

40 14 tr 87.6 35.9 

5.5 12 tr 7.5 4.0 

18 9.4 tr 22.6 6.0 
64 30 tr 54.6 12.2 

103 2.3 tr 12.1 2.7 

Xylenes 
Et-Benane 
C4426 
crcs 

0.17 
14.4 
2.5 
1.0 

Fl0llE!Ile 6.5 
CS-CLZ Arom. 16.3 
CM Arom. 7.6 
C&IY Arom. 12.8 
Tetralin 2.4 
Naphthalenes 78.9 
Nephthalenes 70.4 
cs + Cl1 2.2 

Nsphthalene 36.6 
Phenanthrene 40.2 

0 1.6 g of 1.35’$$ Rh-VO, (2.4% as nretal)/AlrOa was used with 4.0 ml/hr liquid feed rates for both the hydrocarbon and watrar 
* 540% 
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TABLE 3 

Reactions of Naphthalene Derivatives with Hz0 and HZ* 

HzO/Naphthalene HzO/Tetralin H,O/l>ecalin H*/Naphthalene 

Mole ratio 
Conversion to products 

excluding naphthalene 
and tetralin, (%) 

Selectivityb (%) 
Methylnaphthalenes 
Xylenes 
Toluene 
Benzene 
Total gasification 

7.1 7.4 

40.2 32.7 17.0 16.0 

1.6 2.1 6.3 27.9 
0.7 1.0 5.4 7.9 

12.5 19.6 21.2 25.2 
55.6 66.9 39.7 22.4 
29.6 10.4 27.4 16.6 

8.4 7.8 

0 For reaction conditions, see footnote a of Table 1. 
b Calculated based on materials recovered. 

The results of hydrogen chemisorption 
and kinetic measurements are summarized 
in Table 1. The rate data for the Rh, Pd, 
Pt, Ir, and Ni catalysts arc in close 
agreement with the results published by 
Grenoble (5), the turnover numbers diffcr- 
ing by a factor not greater than 1.5. The 
activity of the Ru catalyst used in this 
study was, however, about, three times 
lower than that reported by Grenoble. 

An important finding of this study is 
that vanadium is a strong promoter in the 
Rh/A1203 system causing a two- to fourfold 
activity enhancement, while it is inactive 
by itself. Mori and Uchiyama noted that 
a similar rate enhancement was observed 
when a UOZ component was incorporated 
into a Rh/AlzOa catalyst (4). This was 
attributed to the ability of UOZ in removing 
CO from Rh sites via a facile redox cycle 
involving water. In the present study, no 
significant variation in the amount of CO 
in the product gas stream was observed by 
changing the catalyst from Rh/AlzOs to 
Rh-V0,/A1203. Although it is not possible 
to rule out the mechanism of Mori and 
Uchiyama for the present stystem, the 
following alternative explanation seems to 
be more attractive at’ this time. It was pre- 
viously observed that a vanadium oxide/ 
A1203 catalyst is active in an olefin-water 
reaction leading to saturates and CO2 (IS). 

For example, over a reduced V0,/A1203 
catalyst styrene readily reacts with water 
to give mostly ethylbenzene along with 
benzene, toluene, and COZ, indicating that 
partial steam reforming coupled with in situ 
hydrogenation is occurring. It is conceiv- 
able that in the toluene reaction, some of 
the hydrogen-deficient intermediates pro- 
duced on Rh sites move to vanadium sites 
to complete the reaction. 

The performance of catalysts at high 
conversions was also examined and the 
results are represented by the selectivity- 
conversion plot shown in Fig. 1. Clearly 
Ru and Ni ca.talysts are not nearly as 
selective as the other noble metal catalysts 
which give S3-96% selectivity at various 
conversion levels up to S97,. The selec- 
tivity is thus determined mainly by the 
metal (1, 5) but is also a function of the 
degree of conversion (14). The Rh-VO, 
catalyst, for example, gives an increa,sed 
selectivity of 93yo at 55yo conversion at 
400°C. 

Water-Hydrocarbo?z Reaction Paths 

The reactions of a number of structurally 
different. hydrocarbons with water were 
examined over a Rh/VO./A1203 catalyst. 
The following standard reaction conditions 
were used : 48O”C, 1 atm pressure, 4.0 ml/hr 
liquid feed rate for both the hydrocarbon 
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and water, and 1.6 g (2.0 cm3 bulk volume) 
of 1.35% Rh/2.4y0 V0,/A120,. This al- 
lowed high conversions of feed, usually 
above 509;‘,, which allowed easy and un- 

ambiguous identification of the products, 
especially t,hose from minor reaction pat’hs. 
The results, summarized in Table 2, arc 
discussed scparatcly for each class of 
compounds. 

Alkylberrzenes. Benzene readily undergoes 
gasification to C1 gases with a conversion 

of 41@j0 under the st#andard conditions. Yet, 
t,he reaction of toluene leads to benzene 
with 54% selectivity at a 93% conversion 
level. This result cannot be explained by a 
schcmc involving simple successive reaction 
steps, for the adsorbed brnzenc precursor 
gencratcd in the tolucne reaction has a 
minimum 40c/0 chance of undergoing further 
fragmentation reactions. One reasonable 
explanation involves competit’ive adsorp- 
tion phrnomcna such as the following : 

It is suggested that readsorption of ben- 
zene is effectively suppressed because of 
A&T >> l&B. This is in line with the ob- 
servation that the selectivity of a particular 
catalyst changes very little over a wide 
conversion range from less than 10 up to 
707, (cf. data in 1, 5, and Fig. 1). Other 
observations also consistent with such a 
view have been frequently made throughout 
this study, e.g., toluene, when mixed with 
strongly adsorbing species such as con- 
densed aromatic compounds, did not un- 
dergo significant conversion under the 
standard condition. 

Another aspect of intcrcst is the cracking 
modes of long side chains. ?L-l’ropylbcnzene 
converts with a combined selectivity of S9y0 
to a mixture of benzcnc, toluene, and 
ethylbenzene, showing no particular prcfcr- 
ences. Maslyanskii et al. proposed (15) that 
over a nickel catalyst alkylbcnzenes arc 
adsorbed via the alkyl groups, the benzene 
ring oriented away from the surface. They 
suggested the initiation of cracking pro- 
ceeds from the end of the alkyl chain oppo- 
site to the ring. With diphenylmethane and 
l,Zdiphenylcthane, an adsorptive con- 
figuration of both rings oriented away from 

the surface would be difficult to attain 
because of the expected steric crowding. 
Yet the reactions proceed smoothly to give 
high yields of benzene and toluene together 
with some by-products from dehydrogena- 
tion and dehydrocyclization paths, fluorene, 
stilbene, phenanthrene, etc. Thus, the exact 
sequence of cracking steps is not clear at 
this time. Random side-chain scissions, like 
that observed in the hydrogenolysis of 
n-butylbcnzcne over a Pt/A1203 catalyst 
(I@, may take place, the resulting alkyl 
fragments undergoing further reactions to 
Cl gases. 

Alkatles. The reaction of ?l-heptane occurs 
via two major paths, gasification and de- 
hydrocyclization, with selectivities of S6 
and 14y0, rcspectivcly. This is in accordance 
with the results obtained by Rabinovich 
et al. (1’7) wit’h a Rh/AIZOI catalyst. 
Charact’cristic of the gasification pathway 
is the virtual absence of C&I&, products 
which arc possible intermediates on the 
catalyst surface. Methylcyclopcntanc gives 
a similar reaction pattern, 81% total 
gasification and 19% reforming to aro- 
matics. No trace of cyclopcntane was dc- 
tcctcd. Mcthylcyclohexane, on t’he other 
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hand, undergoes fa,st dohydroaromatization 
to toluene, followed by the usual steam 
dealkylation step. Assuming the benzene 
fraction was formed from tolucnc with a 
selectivity of S4%, it can be estimated that 
the first aromatization step occurs with a 
977, selectivity. This shows that the total 
gasification path, which usually dominated 
the reactions of other alkanes, does not 
effectively compete with the aromatization 
reaction. 

Condensed ring compounds. Naphthalene 
readily reacts with wat8er to give 40% con- 
version under the standard condition with 
a relatively high 70% selectivity to liquid 
products, mainly benzene and toluenc. 
1,2,3,4-Tctrahydronaphthalenc (tetralin) 
and perhydronaphthalene (decalin) un- 
dergo reactions that can be characterized by 
a general sequence of dehydroaromatization 
to naphthalene, followed by the react’ion 
with water. For example, tetralin is con- 
verted almost quantitatively to naphtha- 
lene at 400°C and the reaction pattern at 
480°C excluding the naphthalene fraction 
is very similar to that of the naphthalene 
run (Table 3). Along the series, naphtha- 
lene, tetralin, and decalin, however, trends 
can be detected in both the conversion and 
selectivity data shown in Table 3. An ob- 
vious factor is the hydrogen produced by 
the initial aromatization step, and accord- 
ingly a Hz-naphthalene reaction under a 
comparable condition was examined. AS 
noted in the last column of Table 3, a re- 
duced level of 16oj, conversion was obtained 
with a distinctly different selectivity pat- 
tern. The most interesting observation is 
the formation of a significant amount of a 

mixture of isomeric methyl-naphthalencs. 
This is exactly the reverse of the hydro- 
demethylation reaction and in this case the 
surface CH, species is trapped by the feed. 
The ability of water to efficiently scavenge 
CH, species from the catalyst surface (5) 
provides a simple explanation for the in- 
creased conversion and decreased methyl- 
naphthalcne selectivity in the H&/naph- 
thalene run as compared with the HJnaph- 
t’halene reaction. 

An indication of the pathway leading 
from naphthalene to benzene derivatives 
is derived from the observation that 
xylcncs are formed only in very small 
amounts that can be readily accounted for 
by a reverse demethylation path similar 
to that leading to methylnaphthalenes. AS 
n-propylbcnzene reacts to given major 
amounts of tolucne and ethylbenzene, di- 
alkylbenzcncs would be expected to yield 
significa,nt amounts of xylenes. Thus, the 
virtual lack of this product from the water- 
naphthalenc reaction suggests that hydro- 
genated species, e.g., tctralin, are not inter- 
mediates in the cracking pathway. Direct 
scissions of aromatic carbon-carbon bonds 
represent the remaining possibility. The 
first step may well be the scission of the 
C&C& bond, as shown below. 

9,10-Dihydrophenanthrene reacts in a 
manner predictable from the above results, 
a facile dehydrogenation to phenanthrene 
precedes successive end-ring gasification 
steps. No trace of biphenyl was detected in 
the product mixtures. 
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