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Dehydrocyclodimerization converts light paraffins to aromatics over catalysts with 
dehydrogenation and acid components. Because dehydrocyclodimeriaation catalysts 
require frequent regeneration, transition metal oxides might be preferred over Pt- 
containing catalysts. We tested supported oxides of Cr. V, MO, W, and Mn. The 
vanadium oxide-alumina catalyst performed better at all pressures than the other 
catalysts. 

Light paraffins are converted to aro- 
matics in dehydrocyclodimerization. Reac- 
tions of butanes (I), propane, and pentane 
(2) over supported platinum catalysts were 
described previously. Because dehydrocy- 
clodimerization catalysts must be regener- 
ated quite frequently, t’ransition metal 
oxide catalysts, which can be regenerated 
many times without. losing activity might 
be preferred over platinum-containing ones. 
Here we describe dehydrocyclodimerization 
of butanes over transition metal oxides. 

EXPERIMENTAL METHODS 

Reaction conditions, analytical proce- 
dure, and the hydrocarbons used were as 
described before (1). The nonacidic chro- 
mia-alumina was similar to the one used 
by Pines and Chen (3). The acidic chro- 
mia-alumina was prepared by impregnat- 
ing Davison eta-alumina with a solution of 
CrO,. The dried catalyst was calcined for 
2 hr at 480°C in N2. Oxides of MO, V, W, 
and Mn on alumina (4% metal in each 
case) were similarly prepared on Davison 
eta-alumina by impregnation with solu- 
tions of (NH,),Mo,0,,4H,O, VCl,, H,WO,, 
and Mn(N0,) ?. Vanadium oxide on neu- 
tralized alumina (4% V and 0.2% K, as 
oxides) was prepared by impregnating 

alumina with a solution of KNO, and VCl,. 
Fluorided aluminas (1.3, 3.3, or 5.5% F) 
were prepa.red by impregnating eta-alumina 
with aqueous HF solutions. 

RESULTS AND DISCUSSION 

Chromfa-Aluminas 
Table 1 shows n-butane dehydrocyclodi- 

merization results over acidic and neutral- 
ized chromia-aluminas. Over the neutral- 
ized (0.1% K) chromia-alumina, conversion 
to aromatics is low (1 to 3 wt 76). More 
ethylbenzene is found in the C, aromatics 
than expected from equilibrium. The pre- 
dominant aromatic products with isobutane 
are p-xylene and toluene. Skeletal isomeri- 
zation is very limited: With n-butane, the 
isobutylene/n-butenes ratio is around 0.02. 
Butane conversions to aromatics over acidic 
chromic-alumina or mixtures of neutral- 
ized chromia-alumina and various solid 
acids are between five and nine times 
higher than over neutralized chromia- 
alumina alone (Tables 1 and 2 and Fig. 1). 

With mixtures of neutralized chromia- 
alumina and solid acids, conversions to aro- 
matics are higher and recycle yields are 
better with eta-alumina or fluorided eta- 
alumina than with silica-alumina as the 
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TABLE 1 
DEHYDROCYCLODIMERIZATION OF n-BUTANE OVER CHROMIA-ALUMINA AT .4~ LHSV OF 1 AT 

ATMOSPHERIC PRF,SSURE:~ 

Catalyst composition: Cr (wt s): 32 5.5 
K W %): 0.1 0 

Reaction temp (“C) : 560 593 560 593 

Product compositjion (wt, %) 
n-Butane 
Isobutane 
Butenes 
Butadiene 
Pentenes 
Methane 
Ethane, ethylene 
Propane 
Propylene 
Benzene 
Toluene 
Ethylbenzene (and xylenes) 
CQ Aromatics 
Coke 
Hydrogen 

Ultimate recycle yield of aromatics (wt %) 
Isobutyleneln-but,enes 

49.9 
0.6 

38.6 
2.06 
0.1 
1.0 
2.2 
1.08 
1.2 
0.14 
0.12 
0.8 
- 
0.6 
1.6 

16 
0.02 

25.5 
1.0 

41.1 
3.6 
0.2 
3.8 
9.4 
4.0 
3.4 
0.54 
0.46 
2.0 
- 
3.0 
1.9 

14 
0.05 

23.3 
6.6 

19.8 
0.5 
0.6 
6.5 

11.5 
12.1 
4.9 
1.54 
2.19 
5.04 
1.38 
3.0 
1.05 

32 
0.45 

6.0 
3.3 

12.1 
0.5 
0.1 

12.8 
21.4 
12.3 
6.i 
2.9 
3.1 
5.1 
1.7 

10.9 
1.1 

22 

0 Catalysts are regenerated after each experiment with a 1: 1 air:nitrogen mixture. A hydrogen t,reat,ment 
of at least 30 min follows each :egeceration at t,he temperature of 6he next experiment. Data is for regen- 
erated cvatalyst. 

acid component (Table 2). Optimum fluo- the acidic chromia-alumina and are shown 
ride concentration is between 1.3 and in Fig. 4. Conversions to aromatics, meth- 
2 wt % (Figs. 2 and 3). Coking is less over ane-ethane-ethylene, and coke increase 
fluorided alumina mixtures than over mix- with increasing temperature between 490 
tures with the other solid acids. and 600°C. The highest single-pass conver- 

Tempera#ture effects were studied with sion to aromatics (12.8%) was obtained at 

TABLE 2 
DEHPUROCYCLODIMERIZATION OF ~-BUT-INK OVER MIXTTRES~ OF NONA~IDI~ CHROML-ALUMINI (0.1 c/c K1 

AND SOLID ACIDS AT 593”C, AND .\T C.~TALYST ONSTRFAM TIMES OF 1 MIN 

Fluorided Flrlorided 
Eta- Eta- alumina alumina Silica- 

Acid component,: alumina alumina (1.37; F) (3.3% F) alrlmina 
Chromia-alumina/acid ratio: 2:l 1:l 2:l 2:l 1:l 

LHSV: 0.6 1 0.5 0.8 1 0.6 1 0.5 0 .5” 

Product composition (wt %) 
Butenes 4.3 15.2 1.1 6.3 5.1 4.1 7.2 13.0 14.3 
Total aromatics 27.4 18.7 27.8 20.8 23.5 19.9 13.6 15.3 14.4 
Coke 7.1 7.8 8.2 7.2 3.8 3.5 4.3 9.9 10.9 
IJltimate recycle yield of aromatics 42 39 37 41 41 35 37 33 35 

(1 Physical mixtures of 20/60 mesh size part#irles. 
h Isobutane feed. 



r CATALYST 
SYSTEM 

2 ml Chromia- 
Alumina 

Al one 

2 ml Chroma- 
Alumina MIxed With 
2 ml Silica-Alumtns 

sactlon Conditions: 
low Rate, and 3 Min 

PRODUCT COMPOSITION, WEIGHT PERCENT 

5603 593% 

Yield = l&U, Yield = 16% 

36% 

Yield = 295 Vleld = 211% 

,tmospherIc Pressure. 1.9 ml Liquid Feed/Hour 
:s catalyst Onstream TIM) 

FIG;. 1. 1)ehydrocyclodimeriaation of n-butane over chromia-ahtmina. and a 1 : 1 mistllre of chr~~mia- 
alumina and silica-alumina. 

Fluoride Concentration of the Alumina Component, 
Weight Percent 

FIG. 2. I)ehydrocyclodimerizat,ion of n-butane over mixtlrres of chromia-alumina and fhwrided ahninas 

ichromia~~lllmina/fll~orided alumina ratio = 2 : 1). 
3 17 
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Fluoride Concentration of the Alumina Component, 
Weight Percent 

FIG. 3. Dehydrocyclodimerization of n-butane over mixtures of chromia-alumina and fluorided aluminas. 

593°C. Ultimate recycle yield is highest at butane and isobutane are similar. A typical 
about 520°C (41 wt so). distribution of the different aromatics 

Figures 5 and 6 show examples of the formed over a mixture of neutralized chro- 
effects of catalyst onstream time. Yields, mia-alumina and silica-alumina at 560°C 
conversions to aromatics, and overall bu- is: 10 wt % benzene, 18% toluene, 51% C,, 
tane conversions decrease with increasing and 21% C, a,nd higher aromatics. Xylenes 
catalyst onstream times. Results with n- and ethylbenzene are at their equilibrium 

40 r /O’ .--a. \ \ 
I Ultimata Recycle Yields’, P 

of Aromatics 
M- 

0’ 550 

Temperature, “C 

I 
600 

15r 

m 
5 I I I 

0.5 1 2 3 

Catalyst Onstream Time. Minutes 

Sampling Time = PMlnutes 
FIG. 5. Dehydrocvclodimerization of butanes: ef- 

FIG. 4. Dehydrocyclodimerization of n-butane feet, of cat)alyst onstream time on conversions to aro- 
over acidic chromia-alumina at 1 atm pressure. matics; catalyst: 1: 1 mixture of chromia-alumina 
Effect of temperature. and silica-alumina; pressure = 1 atm; LHSV = 0.5. 
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Pressure = 1 Atm. LHSV = 0.5 

319 

Catalyst Onstream Time, Minutes 

FIG. 6. I>ehydrocyclodimerization of butanes: effect of catalyst, onstream time on uhimate recycle yields 
of aromatics; catalyst : 1: 1 mixt,ure of chromia-alumina and silica-alumina; pressure = 1 atm; LHSV = 
0.5. 

TABLE 3 
~)I~:HYDR~~~YCI,~DIMERIZ.\TION OF n-BUT.\NE OVER DIFFERENT TRANSITION Mwr.\~, OXIDE CATALYSKY .\‘I’ 

56O”C, 1 ~\TM, .\ND .i LHSV OF 0.96 

Oxide: 

Total aromatics (wt 0/G) 
At 2 mm on&earn time 
At 10 min onst.ream t,ime 

Yield (wt %j’r 
At 2 min onstream time 
At 10 min onstream time 

Coke (wt cli)c 
At 2 min onstream time 
At 10 min onstream time 

Isobtttylene/n-butenes 
At. 2 min on&ream time 

Molybdenum Vanadium Tungsten Chromium Manganese 

18.2 17.2 i.2 9.7 1.0 
11.6 10.6 4.2 5.x - 

33 43 24 28 20 
29 30 21 18 - 

8.1 3 .x 5.2 3.5 
8.0 '7.6 4.2 8.8 

0.6 0.6 0.6 0.46 

0.4 
- 

” Impregnat!ed on 16/32 mesh eta-alumina. Metal content is about 4 wt %. 
* Yields are calculated assuming that all C3-C4-C5 hydrocarbons are recycled. 
c Coke is calculated from t,he CO, content of the regenerat,ion offgases. 
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TABLE 4 
DEHYDROCYCLODIMERIZATION OF n-&TAN+: OVER VANADIUM CONTAINING CATALYSTS AT 593°C WITH SN 

LHSV OF 1, .4~ ATMOSPHERIC PREBSURE, AND AT 2 MIN ONSTREAM TIMES 

Catalyst 

n-Butane Ultimate 
converted t,o recycle 

aromatics yield But enes Coke 
w %) (wt %I (wt %I (wt %I 

Vanadia on eta-alumina 21 30 6 11.8 
Vanadia on neutralized alumina 5 18 32.2 1.5 
Vanadia on acidic alumina mixed with eta- 23 36 3 .9 5.0 

alumina (2: 1 vol ratio) 
Vanadia on neutralized alumina mixed wit)h eta- 27 39 2.7 4.7 

alumina (1: 1 vol r&o) 

concentration. Composition of the trimeth- 
ylbenzenes is: 12% 1,2,3-trimethylbenzene, 
66% 1,2,4-trimethylbenzene, and 22% 
1,3,5-trimethylbenzene. Equilibrium values, 
calculated by Egan (4), were 10, 68, and 
22%. Tri- and tetramethylbenzenes are 
formed from the xylenes via transmethyla- 
tion catalyzed by the silica-alumina. The 
isobutylene/n-butenes ratio approaches 
equilibrium. About lo/O pentenes and some 
cyclopentene and cyclopentadiene are also 
formed. 

More coke is formed over mixtures with 
silica-alumina than with the other acid 
components. Inspection of a used chromia- 
alumina plus silica-alumina mixture shows 
that most of the coke is deposited on the 
silica-alumina. Increasing temperature, res- 
idence time, and catalyst onstream time 
further increase the rate of coke formation. 

Oxides of Mn, MO, V, and W 

Dehydrocyclodimerization results over 
oxides of molybdenum, vanadium, tungsten, 

Vanadium Oxide-Alumina 
(560°C. 5.7 Sec. Res. Time 1 

‘\ 
Manganese \ 

Oxide-Alumina 
(593°C. 5.7 sec. .b 
Oxide-Alumina 
(593°C. 5.7 sec. .b 

Res.’ Time) Res. Time) 
I 

\, \, 
I I I I 

1 1 5 5 10 10 20 20 

PIG. 7. Effects of pressure at constant, residence time on n-but,ane conversions to aromatics. 

Initial Feed Pressure, Atmosphere 
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TABLE 5 
DEHWROCYCLODIMERIZATION OF ~-BUTANE WITH HELIUM DILIJENT 

Catalyst : 

Mixt,ure (1: 1) of Mixture (1: 1) of 
neutralized neukalized 
(0.2% K) (0.1% K) 

vanadium oxide chromia-alumina 
on alumina and and 

eta-alumina eta-alumina 
Molybdena on 

eta-alumina 

Initial n-butane partial pressure 
(atm) : 

Temp (“C): 
LHSV: 

0.43 1.0 0 43 1.0 0 .43 1.0 

560 5% 560 5% 560 560 560 
0.21 0.48 0 21 0.48 0.82 0.41 0.95 

Conversion t.0 aromatics (wt %) 32 27 29 24 23 27 18 
U1timat.e rerycle yield of aromatics (wt 7;) 49 40 44 40 41 28 32 

and manganese on eta-alumina are sum- than the other transition metal oxide 
marized in Table 3. Yields are better (33 catalysts. 
wt %,I and conversions are higher (18.2 
and 17.2 wt %) over the catalysts contain- Efj’ect of Feed Diluents 

ing oxides of MO and V. Conversions are Table 5 shows that conversions and 
lowest over the catalyst containing Mn. yields are higher with helium than without 
In mixtures, vanadia on a neutral support a diluent over catalysts containing oxides 
gives higher yields and conversions to aro- of V, Cr, and MO. The rate of aromatiza- 
matics than vanadia on acidic alumina be- tion increases with decreasing butane par- 
cause of lower coking (Table 4). tial pressure. Table 6 presents results ob- 

Conversions and yields decrease with in- tained with hydrogen diluent over various 
creasing pressure with these catalysts (Figs. transition metal oxide catalysts. At a 
7 and 8). The vanadium oxide-alumina diluentln-butane ratio of 1: 1.27, yields and 
catalyst performs better at all pressures conversions to aromatics are significantly 

I I I 
5 10 M 

Initial Feed Pressure. Atmosphere 

FIG. 8. Effect of pressure at a constant, space velocit,y c:f 4.75 on ultimat,e recycle yields of aromatics at 
560°C. 



322 SIGMUND M. CSICSEKT 

TABLE 6 
~IEHE.I)ROCY~LODIMERIZATION OF n-BUT;\NJT I)ILI.TICI) WITH HYDROGXN OR HELIlw 

(dilrlent/blltane ratio = 1.27) 

Catalyst: 

Vanadium oxide 
(4y0 metal) on 

eta-ahlmina 

Nixtlwe of vanadillm 
oxide (40/ metal) 

on neutralized 
alllmina and 
eta-ahlmina 

(1 : 1 vol ra,tio) 

SIixture of chromia- 
alumina (O.lyO K) and 

eta-alumina 
(1: 1 vol ratio) 

Temp (“C): 593 560 593 560 593 
LHSV: 1.04 0.21 0.34 0.21 0.34 

Sampling time (min) : 1 2 2 

A. Hydrogen diluent 

(wt %I 
Unreacted butane 
Butenes 
c*-c2 
Coke 
Aromatics 
Ultimat)e yield of aromatics 

B. Helium diluent 

(wt, %) 
Unreacted butane 
Butenes 
G-G 
Coke 
Aromatics 
Ultimate yield of aromatics 

6.1 11.6 5.7 5.5 7.4 Y.5 19.i 25.8 
2.8 3 .7 2.5 1.6 3.5 40 5.7 7.6 

44.1 38.6 38.4 41.1 36.0 30.7 25.0 20.9 
5.4 6.0 3.6 2.0 4.4 5.7 2.1 2.4 

18.8 16.0 24.7 24.6 21.7 21 .Y 17.5 15.1 
“8 27 36 36 34 36 38 38 

6.9 22.5 10.2 2.3 4.Y 10.4 24.3 1X.5 
5.0 8.5 2.8 0.9 2.6 3.3 5.5 8.7 

34.8 23.7 28.8 40.8 33.2 26.7 18.2 1!).5 
2.0 7.9 1.8 4.1 9.0 5.8 6.5 8.4 

26.2 17.2 31.8 33.2 26.5 28.2 21.5 22.7 
40 34 49 41 37 44 44 42 

- 
1 2 2 1 

- 
2 

lower with hydrogen than with helium be- ported oxides of Cr, MO, V, IV, and Mn. 
cause hydrogen depresses ‘aromatization The vanadium oxide-alumina catalyst per- 
and increases hydrogenolysis. formed best at all pressures. 
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