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Abstract : The transformation of butanes and 1-butene into aromatic compounds was performed over HZSM-5 cata-
lyst and its Ag ion-exchanged form. The vield of aromatic hydrocarbons appreciably increased by incorporating silver
cations into HZSM-5. The silver cations serve as catalysts for dehydrogenation of the starting hydrocarbons. Ag* ions
could be reduced to Ag’ metals with resulting in the formation of acidic OH grops by hydrogen produced during the
dehydrogenation of butanes and 1-butene. The reaction of 1-butene over ZSM-5 with different loading of Ag was car-
ried out to investigate the effect of acidic properties of these catalysts.
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1. Introduction clodimerization of lower alkanes over bifunctional
catalysts such as platinum on alumina and Cr,O; on

Much attention has been drawn to the transfor- alumina. Recently, ZSM-5 zeolite in combination
mation of lower alkanes into aromatic hydrocarbons with transition metal have been reported as the cat-
from both industrial and academic points of view. alysts for aromatization of ethane[5] and propane
The aromatic hydrocarbons can be utilized as a [6]. It has been well established that the loading of
booster for high octane number gasoline and are zinc or gallium cations onto ZSM-5 greatly enhances
fundamental raw chemicals in the petroleum chem- the selectivity for aromatic hydrocarbons in the
istry. Csicsery[ 1-4] has described the dehydrocy- transformation of lower alkanes and alkenes. Mole
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et al[7] have studied the conversion of propane
over ZSM-5 exchanged with zinc cations( Zn-ZSM-
5) and concluded that zinc cations abstract hydride
ions from propane molecules. Ono and co-workers
[8-10] have shown that, in the conversion of pro-
pane, butane and pentane over ZSM-5 zeolite, the
metal species in gallium exchanged ZSM-5 act as a
catalyst for dehydrogenation of intermediate al-
kenes. They showed that the alkane molecules such
as propane and butane are activated initially by the
acidic sites of the zeolite. Ono et al[11-13] have
also shown that Zn-ZSM-5 gives high selectivity
for aromatic hydrocarbons in the transformation of
propene, 1-butene or methanol.

In this work, we demonstrate that silver ion-ex-
changed ZSM-5( Ag-ZSM-5) has very high catalyt-
ic activities in the transformation of butanes and 1-
butene into aromatic hydrocarbons. However Ag-
ZSM-5 has never explored as an aromatization cat-
alyst. The reaction of 1-butene over HZSM-5 and
Ag-ZSM-5 with different ion exchange level was
performed to acquire the knowledge of interaction
between olefin molecules and metal cations( or acid-
ic sites).

2. Experimental

ZSM-5 zeolites( Si0,/Al0:=43.5 and 72.1) were
obtained from TOSOH and were converted into the
ammonium form( NH,-ZSM-5) using the procedure
described by Jacobs] 14]. Ag-ZSM-5 was made by
exchanging with a silver nitrate solution at room
temperature for 48 h. The content of exchanged Ag
cations in ZSM-5 was controlled by changing the in-
itial concentration of silver nitrate solution. The cat-
alysts were pressed, crushed and sorted into grains
of 16~32mesh. The reaction was carried out with a
continuous flow reactor operating at atmospheric
pressure. The catalyst was packed in the reactor
(10mm L D. silica tubing) placed in a vertical fur-
nace, and was then heated in a stream of air at
773K for 90min. By this treatment, it was assumed
that NH,-ZSM-5 form would be converted into the
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proton form( HZSM-5). Gaseous reactants such as
n-butane and 1-butene were fed into the reactor
through a flowmeter. The effluent gas was with-
drawn periodically and analyzed with gas chroma-
tography equipped with a flame ionization detector.
Aliphatic and aromatic hydrocarbons were deter-
mined in a 2 m-long Porapak Q column and a 30 m
-long OV-101 capillary column. Conversion, yield
selectivity and product distribution were expressed
on a carbon number basis, unless expressed other-
wise.

3. Results and Discussion

The reaction of 1-butene over HZSM-5, Zn-ZSM
-5 and Ag-ZSM-5 was carried out, and their total
conversions and product distribution are summa-
rized in Table 1. The yield of aromatic hydrocar-
bons appreciably increased by introducing silver or
zinc cations into ZSM-5. The selectivity to aroma-
tics also increased ; 53.6%, 84.5% and 83.6% over
HZSM-5, Ag-ZSM-5 and Zn-ZSM-5, respectively.
Instead, the selectivity to undesirable products(eth-
ane and propane) decreased by introducing these
Zn and Ag cations. The produced aromatic hydro-
carbons were mainly toluene and xylenes. The ben-
zene fraction in the aromatics was greater over Zn-
ZSM-5 than HZSM-5 and Ag-ZSM-5.

The results obtained in the transformation of iso-
butane over HZSM-5, Zn-ZSM-5, Ga-ZSM-5 and
Ag-ZSM-5 are given in Table 2. The total conver-
sions were slightly higher over Zn-, Ga-, and Ag-
ZSM-5 than over HZSM-5. The selectivities to
aromatic hydrocarbons were 4.0%, 52.8%, 31.6%
and 66.5% over H-, Zn-, Ga- and Ag-ZSM-5
respectively. The small production of lower alkanes
like propane was observed over Zn- and Ag-ZSM-
5 in comparison with HZSM-5. The great enhance-
ment of the yield of aromatic hydrocarbons sup-
ports the idea that metal cations enhance the rate
of the aromatization of alkanes and alkenes.

In Table 3, the total conversion and product dis-
tribution in the transformation of n-butane over H-
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Table 1. Transformation of 1-Butene over HZSM-5, Zn-ZSM-5 and Ag-ZSM-5 Catalyst

959

Catalyst ; HZSM-5 Ag-7ZSM-5 Zn-HZSM-5®
Temperature(K) 773 773 773
Conversion( % ) 96.7 99.1 994
Yield of aromatics( % ) 51.8 83.7 83.1

Product distribution( % )
CH, 04 0.1 2.3
CHs 12 0.3 19
CH, 6.1 29 2.0
CHs 12.2 39 34
CHs 98 32 24
CHs 2.5 0.7 04
n—C4Hl ot iSO‘C4H1 0 96 34 33
C5+aliphatics 46 1.0 05
aromatics 536 84.5 83.6

Aromatic distribution( % )
benzene 52 38 115
toluene 25.0 23.6 457
xylene+ethylbenzene 51.0 50.1 35.8
9+ aromatics 18.8 225 70

Reaction conditions ; 1-butene=34.2kPa, W/F=4.2g hmol’

Table 2. Transformation of Iso-Butane over HZSM-5, Zn-ZSM-5, Ga-ZSM-5 and Ag-ZSM-5 Catalyst

(a)80% Ag ion-exchanged (b)3wt% Zn loading

Catalyst ; HZSM-5 Zn-ZSM-5 Ga-ZSM-5 Ag-ZSM-5
Conversion( % ) 264 89.2 66.5 712
Yield of aromatics( % ) 11 477 210 473

Product distribution( % )
CH, 71 8.6 8.3 1.0
CHs 25 6.6 2.7 0.8
CH, 12.8 29 6.9 5.9
C:Hs 300 11.0 230 8.8
C:Hs 22.3 55 10.6 81
C.Hs 6.1 58 80 25
n-CHyo+iso-C,Hio 105 59 58 4.3
C5+aliphatics 47 09 3.1 24
aromatics 40 528 316 66.5

Aromatic distribution( % )
benzene 205 19.9 239 89
toluene 49.6 374 52.0 31.1
xylene+ethytbenzene 299 36.3 24.1 41.0
C9+aromatics 0 64 0 19.0

Reaction conditions ; 773K, iso-butane=34.2kPa, W/F=4.2g h mol™!, 80% Ag ion-exchanged and 3wt% Zn,

Ga loading.

ZSM-5, Zn-ZSM-5 and Ga-ZSM-5 at 773 K are
listed. The main products over H-ZSM-5 were
lower alkanes such as propane. Over Zn-ZSM-5

and Ga-ZSM-5, aromatic hydrocarbons were the
main products. The selectivity to propane decreased
considerably when Zn cations were introduced into
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Table 3. Transformation of n-Butane over HZSM-5, Zn-ZSM-5 and Ga-ZSM-5 Catalyst

Catalyst ; HZSM-5 Zn-ZSM-5 Ga-ZSM-5
Conversion( % ) 447 383 58.0
Yield of aromatics( % ) 32 176 16.4

Product distribution{ % )
CH; 43 5.8 50
CH, 99 7.2 71
CH, 9.3 4.7 6.2
CsHs 445 8.0 32.6
C:Hs 95 95 79
iso-C4Hio 49 75 6.2
CiHs 74 10.2 4.6
C5+liphatics 30 1.2 2.1
aromatics 72 459 28.3

Aromatic distribution( % )
benzene 14.9 28.1 19.2
toluene 412 414 477
xylene+ ethylbenzene 394 278 28.6
(9+aromatics ~ ° 45 2.7 45

Reaction conditions ; 773K, n-butane=34.2kPa, W/F=4.2g h mol™', 1.2wt% Zn and 1.9wt% Ga loading.

HZSM-5. The production of hydrogen increased
sharply after introduction of zinc or gallium cations
to H-ZSM-5, indicating that these cations serve as
dehydrogenation catalysts. In Table 1~3, the impor-
tant differences in the transformation of n-butane,
iso-butane and 1-butene over HZSM-5 and Zn-,
Ga-, Ag-ZSM-5 are the sclectivities for propane
and aromatics.

As for the mechanism of the formation of aro-
matic hydrocarbons, Poustmal 15] has proposed a
mechanism involving Bronsted-acid centres as
active sites. Here, he proposed that aromatic mole-
cules were formed from alkene oligomers by succes-
sive deprotonation and hydride transfer to car-
benium ions. With this mechanism, the formation of
one molecule of aromatic hydrocarbons inevitably
accompanies the formation of three molecules of
alkane. In the results of Table 1~3, the molar ratio
of alkanes to aromatics in the products over acidic
HZSM-5 was high, indicating that the scheme pro-
posed by Poustma is operative. On the other hand,
the lower alkane/aromatics ratio of the products
and the enhancement of the aromatic yield over
Zn-, Ga- and Ag-ZSM-5 are clear evidence that a
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mechanism other than the one described above is op-
erative. One possibility is that zinc and silver spe-
cies work as a dehydrogenation centre. In the pres-
ence of Zn, Ga or Ag cations, alkenes may undergo
direct abstraction of a hydrogen atom{or ion) to
form allylic species. Aromatic hydrocarbons may be
formed by the successive abstraction of hydrogen
atoms from higher alkenes or direct coupling of two
allylic species with simultaneous production of
hydrogen molecules. However, the mechanism of
the activation of lower alkanes and the role of
metal cations in the aromatization have been well
established by Ono et al[8-10, 11, 12]. In the trans-
formation of butanes and butenes, the general path-
way of the conversion over ZSM-5 zeolites can be
summarized as follows.

Firstly, if there exist no metal cations such as zinc
and silver, lower paraféns undergo cracking over
Brénsted sites of the zeolites to éive lower olefins
and smaller paraffins. Among smaller paraffins,
methane and ethane are the end products, since
they are not reactive under the reaction conditions.

Lower olefins formed by cracking of alkanes
dimerize to yield higher olefins which undergo
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lower paraffins ;

cracking to regenerate lower olefins. Isomerization
of olefins proceeds simultaneously with dimerization
and cracking over acid sites. The combination of
these reactions leads to the formation of a variety
of olefins. Then, repeated hydride abstraction and
deprotonation of higher olefins yield aromatics.
Since the formation of one molecules of aromatic
hydrocarbons accompanies the formation of three
molecules of alkane, the yield of aromatics is limit-
ed. Secondary, in the presence of zinc, gallium or
silver cations, alkenes may undergo direct abstrac-
tion of a hydrogen atom( or ions) to form allylic spe-
cies. Aromatic hydrocarbons may be formed by the
successive abstraction of hydrogen atoms(or ions)
from higher alkenes or by direct coupling of two
allylic species with simultaneous production of hydro-
gen. All elementary reactions found over HZSM-5
also proceed over Zn-, Ga- or Ag-ZSM-5 by action
of Bronsted-acid sites. But, in contrast to the con-
version over HZSM-5, the yields of lower alkanes
were very small over metal-ion containing ZSM-5,
indicating that the incorporation of zinc and silver
species does not generate acidic centres capable of
catalysing hydride-transfer reactions. Since the
dehydrogenation path with metal cations does not

CnH2n+2(n:376) 5
H*(cracking)
lower olefins ; H higher olefins; | H 1
C2H4 CsHs C.Hs G CnHZn( n=6—9 ) i
Ga, Zn, Ag Ga, Zn, Ag E
( dehydrogenation) ( dehydrogenation )
allylic species ;
dienes coupling
CH, =
C.Hs aromatic compounds

result in the simultaneous formation of alkanes,
there is essentially no limit to higher yield of aroma-
tics. This explains the higher yield of aromatic
hydrocarbons over Zn-, Ga- or Ag-containing zeo-
lites. In the transformation of lower alkanes like bu-
tane, metal cations should play the same role.
Alkenes formed by cracking of alkanes can be ef-
fectively transformed to aromatic hydrocarbons by
the dehydrogenation activity of these cations. Con-
sequently, it is clear that there exist two types of
activation of the reactant alkane molecules over Ga-
and Zn-ZSM-5, dehydrogenation by the action of
Ga, Zn or Ag cations and cracking on Brénsted
acid sites. Thus, relative contribution of the two
types of activation seems to depend on both the na-
ture of a reacting alkane and the primary reactions
over acid sites.

‘The changes in the product distribution over Ag-
ZSM-5 with on-stream time in the transformation
of 1-butene and iso-butane are summarized in
Table 4 and Table 5 respectively. The important fea-
ture of 1-butene and iso-butane reactions observed
over Ag-ZSM-5 was the small yield of methane and
propane at 1 h. The yield of aromatics decreased
but that of methane, ethane and propane increased

J. of Korean Ind. & Eng. Chemistry, Vol.5, No.6, 1994
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Table 4. Conversion of 1-Butene over Ag-ZSM-5 with Reaction Time

Catalyst ; 100% ion-exchanged Ag-ZSM-5(Si0.,/AL0,=72.1)

Temperature{ K) 773 773
Reaction time( h) 1 3

Conversion( % ) 9738 97.2
Yield of aromatics( % ) 729 55.8

Product distribution( % )
CH, 0.1 04
CHs 0.2 1.1
CH, 2.3 5.3
C:Hs 5.7 117
C:Hs 6.9 8.4
CHs 16 22
n‘C4H10+ iSO‘CA,Hlo 6.0 94
C5+aliphatics 26 41
aromatics 745 575
Aromatic distribution( % )

benzene 56 55
toluene 26.5 328
xylene+ethylbenzene 375 469
9+ aromatics 304 14.7

Reaction conditions ; 1-butene=34.2kPa, W/F=4.2g h mol™'

Table 5. Conversion of Iso-Butane over Ag-ZSM-5 with Reaction Time

Catalyst ; 55.4% ion-exchanged Ag-ZSM-5(Si0,/Al,0;=435)

Temperature( K) 773

Reaction time( h) 1 2 4 6
Conversion( % ) 717 68.5 54.1 438
Yield of aromatics( % ) 473 449 225 169

Product distribution( % )
CH, 1.0 13 2.7 36
CHs 08 09 16 18
CH 59 57 9.0 96
CiHs 88 10.1 18.2 21.1
C:Hs 8.1 8.0 127 138
CiHs 43 43 6.7 73
1’1‘C4H10 2.5 26 4.3 46
C5+aliphatics 2.3 16 33 3.3
aromatics 66.5 65.5 415 349
Aromatic distribution( % )

benzene 8.9 79 140 133
toluene 311 26.9 38.3 36.3
xylene+ ethylbenzene 410 41.3 345 333
C9+ aromatics 19.0 239 13.2 17.1

Reaction conditions ; iso-butane=34.2kPa, W/F=4.2g h mol™'

93 A5 A6 3E, 199
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with increasing on-stream time. Ag-ZSM-5 was
much more effective than HZSM-5 in the aroma-
tization of butanes and 1-butene. The difference in
the product distribution between HZSM-5 and Ag-
ZSM-5 is brought about by the differences in the
acid strength of two catalysts. The silver cations
were reduced by hydrogen which was produced dur-
ing the dehydrogenation of hydrocarbons. There-
fore, Ag-ZSM-5 becomes more acidic with pro-
longed reaction time and the increase in the yield of
the lower alkanes can be assigned to the increase in
the acid strength of the catalyst. Over acidic zeo-
lites, oligomerization and cracking become more
prevailing, so that various type of olefins are
formed in the zeolite pores, and various types of
hydrocarbons can be formed from a variety of
allylic species.

In order to obtain the information on the change
in the acidic properties of Ag-ZSM-5, X-ray
diffractograms of the fresh and the used catalyst
were taken and are shown in Fig. 1. As shown in
this figure, the formation of Ag metal was found
after using Ag-ZSM-5 as a catalyst for 6 h in the
transformation of iso-butane. These result indicate
that silver cations were reduced to Ag metal with
resulting in the formation of acidic OH groups by
hydrogen which was produced during the dehy-
drogenation of iso-butane.

Z0 +Ag*+1/2H, —— ZOH+Ag

where ZO~ denotes the oxygen anion of the zeo-
lite framework.

As described ahove, the hifunctional nature of the
catalyst is important for aromatization of olefins.
The acidic sites are responsible for oligomerization
of olefins and the metal cations are responsible for
dehydrogenation of olefins or oligomerized products.
Acidic sites are also responsible for cracking of
oligomers and for hydrogen transfer reactions.
Therefore, when the acidic nature of the catalyst is
modified, the overall catalytic processes in the zeo-
lite cavities would be greatly changed and the selec-
tivities to the products would be altered. To observe

s o @ : Silica sand
N : Ag metal

Reaction for 6h

Fresh Ag-ZSM-5

50 (20)

Fig. 1. X-ray diffractograms of Ag-ZSM-5 cata-
lysts before and after use in the transforma-
tion of iso-butane to aromatic compounds.

10 20 30 40 50

the effect of acidic properties of HZSM-5 by intro-
ducing Ag cations, the reaction of 1-butene over
ZSM-5 catalyst with different amount of Ag was
carried out and their total conversion and product
distribution are shown in Fig. 2. The selectivity to
aromatic hydrocarbon was 84.5%, when the proton
in HZSM-5 were exchanged by Ag cations at 80%
level. The higher selectivity to aromatics was ob-
tained with 80% ion-exchange of Ag cations as
compared to 100% Ag-ion exchange. This result in-
dicates that the difference in the acidic properties
should have a great influence on the reaction path-
way of the aromatization. In addition, the transfor-
mation of 1-butene was carried out over Ag-ZSM-
5 catalyst which was pretreated in a stream of
hydrogen at 773 K for 2.5 h. The product distribu-
tion and the yields of benzene, toluene and xylenes
were very similar to those obtained over HZSM-5 ,
and the results are shown in Fig. 3. This result also
suggests the formation of acidic sites with silver
metals by the reduction of Ag* ions.

Temperature programmed desorption spectra of
ammonia revealed that the acid strength of HZSM-
5 was considerably reduced by introducing Zn and
Ag cations. Ga-ZSM-5 is more acidic than Zn-ZSM
-5 and Ag-ZSM-5. This is reflected in the product
distribution. The yields of lower alkenes are very
high over Ga-ZSM-5 as compared to Zn-ZSM-5
and Ag-ZSM-5. These alkenes are the primary

J. of Korean Ind. & Eng. Chemistry, Vol.5, No.6, 1994
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77]
30
204
10+
0

HZSH-5 Ag-ZSM-5(40)Ag-ZSM-5(80)Ag- ZSM—E( 100)

Fig. 2. Product selectivity(A) and the distribution
of aromatic hydrocarbons (B) in 1-butene
transformation over HZSM-5 and Ag-ZSM-
5 with different degree of Ag cation-ex-
change. Reaction conditions ; 773k, pressure
of 1-butene=34.2kPa, W/F=4.2g h mol'.

products, and they are formed by a rapid conver-
sion of butenes. The contribution of acid sites may
be reduced in the case of less acidic Zn-ZSM-5.
Since propane is formed via hydride transfer reac-
tions, the higher acidity of HZSM-5 and Ga-ZSM-5

33, A5 A6 3, 1994

70
(A)
59.9
60
504
-
:—2: 404
=
g 301
@
%]
204
104
0.4 09
C G C G C nC C C aromatic
is0-C, aliphatic
(B)
23%
toluene
47%
xylene+
ethylbenzene 5%
benzene

24%

C9+aromatics

Fig. 3. Product selectivity (A) and the distribution
of aromatic hydrocarbons (B) in 1-butene
transformation over Ag-ZSM-5 which was
pretreated in the stream of hydrogen at
773K for 2.5h

leads to the higher production of propane as shown
in Table 1~3.

The infrared spectra of pyridine adsorbed on
HZSM-5, Zn-ZSM-5 and Ag-ZSM-5 were mea-
sured. All the samples were treated at 773 K for 1.5
h in an air stream and degassed at the same tem-
perature for 1.5 h. Pyridine vapor was exposed to
the samples at 473 K for 1 h and then evacuated at
473 K for 1 h. The results are shown in Fig. 4. In
the case of HZSM-5, only the bands due to pyri-
dinium ions were observed but no bands due to pyri-
dine molecules interacting with Lewis acid sites
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b

1700 1600 1500 1400
Wavenumber/cm™

Fig. 4. FT-IR spectra of pyridine adsorbed on
HZSM-5, Na-ZSM-5, Zn-ZSM-5 and Ag-
ZSM-5 zeolite.

were observed. Over Na-ZSM-5, the bands due to
pyridinium ions were not observed, and a band ap-
peared at 1494cm™', which was attributed to pyridine
molecules interacting with Na™ cations. For Zn-ZSM-
5 and Ag-ZSM-5, the formation of Bronsted acid
sites was confirmed by the presence of a band at
1548cm™'( pyridinium ion) and a band at 1454cm™
was observed, which was plausibly due to pyridine
molecules interactig with Zn or Ag cations.
Temperature dependence of product distribution
in 1-butene conversion over Ag-ZSM-5(SiO,/ALO;

80
60
L
S
5 404
8
L
oS
204
0 i 1. [ | 3 [ (R I )|
G G ¢ G € nC Cf Cf armatics

iso—C,

Fig. 5. The change in selectivities to hydrocarbons
with increasing reaction temperature in the
transformation of 1-butene over Ag-ZSM-5.
Reaction conditions ; pressure of 1-butene=
34.2kPa, W/F=4.2g h mol™*.

=72.1) is shown in Fig. 5. The general features in
the product distribution over Ag-ZSM-5 were simi-
lar to those obtained over Zn-ZSM-5 by Ono et al.
[12]. The yield of aromatics increased with increas-
ing reaction temperature up to 773 K and it
reached to 84.5% at 773 K. The distributions of
aromatic hydrocarbons were as follows on the basis
of carbon number ; benzene 3.8%, toluene 23.6%,
xylene + ethylbenzene 50.1% and C9+ aromatics
22.5% . In this case, xylenes were the main prod-
ucts This indicates that the aromatics may be
formed by the direct coupling of two butene mole-
cules. The variety of the aromatic hydrocarbons in
the products must be a reflection of the distribution
of alkenes in the system. This in turn implies that
the oligomerization of 1-butene and the aromatiza-
tion are much faster than the interconversion
among alkenes.

3. Conclusions

The results described above may be summarized

J. of Korean Ind. & Eng. Chemistry, Vol.5, No.6, 1994
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as follows.

1. The yield of aromatics appreciably increased
by introducing Ag* cations into ZSM-5 catalyst in
the aromatization of butanes and 1-butene.

2. The selectivity for propane decreased considera-
bly when Ag' cations were introduced into ZSM-5.

3. Ag" ions in ZSM-5 were reduced to Ag® with
resulting in the formation of acidic OH groups, and
the higher yield of propane was obtained over
hydrogen-reduced Ag-ZSM-5.

4. The yield of aromatics increased with increas-
ing reaction temperature up to 773 K.
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