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The modification of ZSM-5 by metals is generally performed by methods such as ion-exchange, impregnation, chemical 
vapour deposition and physical mixing. In this work a silica fibre pre-impregnated with Ga and Zn has been used during the syn- 
thesis by which Ga-ZSM-5 and Zn-ZSM-5 zeolite catalysts were prepared. The synthesised zeolite catalysts were characterised 
by an X-ray powder diffractometer, a scanning electron microscope, an X-ray fluorescence spectrometer, a solid state NMR, an 
energy dispersive X-ray analyser and a sorptomatic 1900. The acidity of the catalysts was determined by temperature programmed 
desorption of ammonia. The reaction of n-butane to aromatic hydrocarbons was carried out over the H-ZSM-5, Ga-ZSM-5 and 
Zn-ZSM-5 catalysts and it was observed that these catalysts exhibited high catalytic activity in the conversion of n-butane and for- 
mation of aromatic hydrocarbons. The effect of temperature on the conversion of n-butane and formation of aromatic hydrocar- 
bons was studied at 713, 743, 773 and 803 K with a space velocity (WHSV) of 2.5 h -1. The effect of time on stream on the n- 
butane conversion and formation of aromatic hydrocarbons over the synthesised catalysts was investigated at 803 K for 4.5 h. 
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1. I n t r o d u c t i o n  

Zeolite catalysts are extensively being used in petro- 
leum refining, as well as in the petrochemical and chem- 
ical industries. In many  industrial processes, zeolites 
are employed as catalysts in their acid form. However, 
in recent years a number of  new processes have been 
developed which are based on metal loaded zeolite cat- 
alysts. In processes like hydrocracking, selectoforming, 
dewaxing, hydroisomerization of  C6-C5 alkanes, and 
hydroisomerisation of  Cs aromatic hydrocarbons,  zeo- 
lite catalysts loaded with metals are used [1-3]. The rela- 
tive abundance of  propane and butane and large 
demand for aromatic  hydrocarbons make it economic- 
ally attractive to produce aromatic hydrocarbons by 
means of  the aromatisat ion of  propane and butane. The 
product ion of  aromatic  hydrocarbons such as benzene, 
toluene and xylene from light alkane over Ga, Zn and Pt 
modified ZSM-5 zeolite catalysts has been widely inves- 
tigated [4,5]. The Ga, Zn and Pt modified ZSM-5 type 
zeolites exhibit very high catalytic activity in the trans- 
formation of  light hydrocarbons into aromatics because 
of  their unique shape selectivity, channel dimensions, 
low coke format ion and acidic properties. The mode of  
introduction of  metal into the zeolite is of  crucial impor- 
tance to many  of  these processes because of the disper- 
sion of  metals in the zeolite and their interaction within 
the zeolite f ramework or on external surfaces. Metal 
modified zeolite catalysts are extremely useful for reac- 
tions such as aromatisation, oxidation, dimerisation, 
oligomerisation and cyclisation because of different 

states of  the metals, their mobility and their high catalyt- 
ic activity [6,7]. Zeolite structures also affect the electro- 
nic properties of  metals incorporated into them and 
this property of  zeolites has been studied by Boudar t  et 
al. [8,9]. Metals are generally incorporated into zeolites 
by methods such as ion-exchange, impregnation and 
physical mixing. Taking into account the efficiency of  
metal uptake and its uniform distribution in zeolites 
these methods have both advantages and drawbacks. In 
this paper we report  a novel method of  preparat ion of  
Ga-ZSM-5 and Zn-ZSM-5 catalysts for the conversion 
of  n-butane into aromatic hydrocarbons.  In the method 
a metal impregnated silica fibre is used during the pro- 
cess of  synthesis to modify the ZSM-5 zeolite with Zn 
and Ga metals. 

2. Exper imen ta l  

2.1. Catalyst preparation 

2.1.1. Na -Z S M-5  zeolite synthesis 
The Na-ZSM-5 zeolite was synthesised in the labora- 

tory according to the method described in ref. [9] with 
slight modifications. Three different solutions, A, B and 
C, were prepared by mixing the appropriate amounts  of  
reagents required for the zeolite synthesis. Solution A 
was prepared by dissolving sodium silicate (Merck) in 
distilled water, solution B was prepared by dissolving 
aluminium sulphate (Merck) and te t rapropylammo- 
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nium bromide (Fluka) in dilute sulphuric acid (Merck), 
and solution C was prepared by dissolving sodium chlor- 
ide (Merck) in distilled water. Solution A and solution 
B were added slowly and simultaneously to solution C 
under conditions of vigorous stirring. Immediately after 
the formation of a white gel, the pH of the gel solution 
was measured. After solutions A and B had been added 
to solution C, the gel solution was further stirred for 2 h 
at room temperature. The prepared gel was then trans- 
ferred to a 300 ml autoclave (Parr) equipped with a 
Teflon cup. The synthesis was performed in an oven at 
423 K. After the completion of the reaction, the content 
of the autoclave was cooled, washed and filtered. The 
zeolite was then dried at 373 K for 12 h and the Na- 
ZSM-5 zeolite was obtained after calcination at 813 K 
for 8h. 

2.1.2. Introduction of gallium and zinc during synthesis 
of  the Na-ZSM-5 zeolite 

The Ga-ZSM-5 and Zn-ZSM-5 zeolites were pre- 
pared by addition of gallium and zinc during the process 
of zeolite synthesis using gallium and zinc impregnated 
silica fibres. The silica fibre was obtained by burning a 
hybrid textile containing 30% silicic acid and 70% cellu- 
lose [10]. The hybrid textile also known as Visil fibre 
was provided by Kemira Ltd. The silica fibre, after 
being burnt at 1173 K temperature, is free from cellu- 
lose and has the same form and dimensions as the pre- 
cursor viscose-silicic fibres. The silica fibre was 
impregnated with an aqueous solution of Ga(NO3)3. 
9H20, cut into small pieces and suspended in a solution 
containing sodium silicate and water. Two solutions, A 
and B, were prepared; solution A consisted of an 
organic base tetrapropylammonium bromide, alumi- 
nium sulphate and dilute sulphuric acid, and solution B 

consisted of sodium chloride dissolved in distilled 
water. The solution containing silica fibre and solution 
A were added to a beaker containing sodium chloride 
solution. The solutions were added gradually with stir- 
ring and a white gel formation took place instanta- 
neously. The pH of the gel solution was regulated very 
carefully and the stirring was continued for 4 h. The gel 
was transferred into an autoclave equipped with a teflon 
cup and the synthesis was carried out in a preheated 
oven at a temperature of 423 K. When the synthesis was 
completed, the crystalline products from the autoclave 
were quenched, washed and filtered. The synthesised 
zeolite was dried and calcined to remove the organic 
compound. Zn containing ZSM-5 zeolite catalyst and 
the Na-ZSM-5 zeolite containing unimpregnated silica 
fibre were prepared in a similar way as the Ga-ZSM-5 
zeolite. The Na-ZSM-5, Ga-ZSM-5 and Zn-ZSM-5 
modified zeolites were further ion-exchanged with a 
NHaC1 solution at room temperature for 24 h and 
washed free of C1- ions with distilled water. The cat- 
alysts were then dried at 353 K for 12 h and calcined at 
803 K for 8 h. The zeolite catalysts prepared according 
to the above methods are denoted Ga-ZSM-5-DS, Zn- 
ZSM-5-DS and H-ZSM-5-SF. 

2.2. Catalyst characterisation 

The H-ZSM-5-SF, Zn-ZSM-5-DS and Ga-ZSM-5- 
DS zeolite catalysts were analysed for phase purity by 
using an X-ray powder diffractometer (Philips pw 1830) 
with Cu Ka  radiation. The X-ray powder diffraction 
pattern obtained was found to agree well with those 
reported in the literature for Na-ZSM-5 (figs. 1 and 2). 
Consequently, the Ga and Zn introduced into ZSM-5 in 
this way did not destroy the basic structure of  the Na- 
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Fig. 1. X-ray powder diffraction pattern of H-ZSM-5-SF zeolite catalyst. 
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Fig. 2. X-ray powder diffraction pattern of Ga-ZSM-5-DS zeolite catalyst. 

ZSM-5 zeolite. The morphology of the zeolite catalysts 
was investigated by means of scanning electron micros- 
copy (Leica Cambridge Stereoscan 360). The SEM 
micrograph of the prepared zeolite catalysts shows the 
typical crystal size and form of the ZSM-5 zeolite. The 
SEM micrograph of H-ZSM-5-SF is given in fig. 3. The 
Si/A1 ratio of the zeolite was determined by solid-state 
N M R  (Bruker) and was found to be 39. The specific sur- 
face area of the H-ZSM-5-SF, Ga-ZSM-5-DS and Zn- 

ZSM-5-DS zeolite catalysts was measured by nitrogen 
adsorption using a Sorptomatic 1900 (Carlo Erba 
Instruments) and found to be 351,372 and 384 m2/g, 
respectively. The adsorption isotherm and specific sur- 
face area obtained are typical of those found for solids 
with microporous structures. The Ga and Zn content of 
the modified ZSM-5 was determined by an X-ray fluor- 
escence analyser X-MET 880 (Outokumpu) and was 
found to be 1.6 and 1.5 wt%, respectively. 

Fig. 3. SEM micrograph of H-ZSM-5-SF zeolite catalyst. 
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2.3. The temperature programmed desorption of 
ammonia 

The number of acid sites and their strengths are 
important factors in influencing the catalytic activity of 
the prepared zeolite catalysts for the reaction of n- 
butane. The investigation of the acidity of H-ZSM-5-SF, 
Ga-ZSM-5-DS and Zn-ZSM-5-DS was performed by 
determining the TPD of ammonia using a mass 
spectrometer (Carlo Erba Instruments) equipped with a 
QTMD detector. The TPD of ammonia was carried out 
after activating the sample of 0.1 g in a pyrex reactor for 
1 h at 773 K in helium flow. The sample was cooled to 
373 K and ammonia adsorption was performed for 45 
min. The physically adsorbed ammonia was removed by 
flushing with helium at 373 K for 1 h. The ammonia 
was thermally desorbed at a heating rate of 10 K/min in 
a helium flow (60 ml/min) from 373 to 873 K. The de- 
sorbed ammonia was detected by the QTMD detector 
and the signals of AMU 17 (ammonia), 14 (nitrogen) 
and 18 (water) were continuously monitored by the mass 
spectrometer. The comparison of the TPD curves of the 
H-ZSM-5-SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS cat- 
alysts reveals that a high temperature peak corresponds 
to the desorption of ammonia from structural OH 
groups. The acid sites represented by a low temperature 
peak have considerably lower acidic strength and are 
assumed not to play a major role in the transformation 
of hydrocarbons. The number of Ga 3+ and Zn 2+ cations 
at exchangeable sites does not influence the number of 
acid sites significantly. The TPD ammonia curve for the 
Zn-ZSM-5-DS catalyst is given in fig. 4. 

2.4. Catalyst testing 

The prepared H-ZSM-5-SF, Ga-ZSM-5-DS and Zn- 
ZSM-5-DS zeolite catalysts were tested for the conver- 
sion of n-butane into aromatic hydrocarbons. The reac- 
tion was carried out in a continuous flow fixed-bed 
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Fig. 4. TPD of ammonia curve of Zn-ZSM-5-DS zeolite catalyst. 

reactor operating at atmospheric pressure. The reactor 
was packed with 0.5 g of catalyst, which was kept in place 
with glass beads, sand and quartz wool before and after 
the catalyst bed. The reactor was placed in a vertical 
oven and the reaction was carried out at atmospheric 
pressure. The reactant n-butane (99.9% purity, AGA) 
was preheated to 343 K prior to the entry into the reac- 
tor. The reactant was fed into the reactor with a space 
velocity (weight hourly space velocity, WHSV) of 2.5 
h -1. The flow rate of N2, which was used as the carrier 
gas was 36 ml/min. The reactor output was fed to the 
GC via tubing and a control valve, both of which were 
heated to ensure that all  of the products would remain in 
the gas phase. The cracking and aromatic products 
were analysed on-line by a gas chromatograph (Varian 
3700) equipped with a GS-alumina fused-silica PLOT 
A1203-KC1 capillary column and a FID detector. 
Hydrogen was analysed by a gas chromatograph (Mik- 
rolab 82-22) equipped with a molecular sieve packed col- 
umn and a TCD detector. Prior to the catalytic testing, 
the contribution made by thermal cracking was investi- 
gated in an empty reactor at the highest reaction tem- 
perature, 803 K; it was observed that the thermal 
cracking was negligible. The flow diagram of the catalyst 
testing system is given in (fig. 5). 

3. R e s u l t s  a n d  d i s c u s s i o n  

The different characterisation techniques confirmed 
that Ga and Zn introduced into ZSM-5 by this method 
have not affected the structure of the zeolite which was 
found to be identical to the ZSM-5 structures reported in 
the literature. It was assumed that most of Ga and Zn 
introduced in such a way is situated in the channels, 
channel intersections of ZSM-5, and some of it was also 
situated in the ion-exchange position and on the external 
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Fig. 5. Catalyst testing system: (1) reactant feed (n-butane), (2) cartier 
gas (nitrogen), (3) water bath, (4) pressure regulator, (5) mass flow con- 
troller, (6) reactor and oven, (7) thermoeouple, (8) GC (FID), (9) GC 

(TCD), (10) integrator and (11) computer. 
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surface of the zeolite. (The exact location of Ga and Zn 
in the ZSM-5 zeolite structure is still under investiga- 
tion.) The energy dispersive X-ray analysis revealed that 
a larger amount of Ga than Zn cations were situated on 
the external surface of the ZSM-5 zeolite, which could be 
due to the larger atomic radius and valence state of Ga 
as compared to Zn. The acidity measurements of H- 
ZSM-5-SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS catalysts 
by the TPD of ammonia indicated similarity in their 
acid strength; however, the introduction of cations in 
large quantity by this method and subsequent pretreat- 
ment by hydrogen may affect the acidity of the Ga and 
Zn modified ZSM-5 zeolite catalysts. 

The effect of temperature on the conversion of n- 
butane over H-ZSM-5-SF, Ga-ZSM-5-DS and Zn- 
ZSM-5-DS catalysts was investigated at temperatures of 
713, 743, 773 and 803 K with a WHSV of 2.5 h -1. The 
catalysts were pretreated with dry air for 3 h and in a 
flow of nitrogen for 30 rain prior to the catalytic activity 
measurements. The transformation of n-butane over H- 
ZSM-5-SF, Zn-ZSM-5-DS and Ga-ZSM-5-DS catalysts 
produced gaseous and aromatic products such as hydro- 
gen, methane, ethane, ethene, propane, propene, 
butenes, benzene, toluene, xylene and ethylbenzene. The 
observation that similar products were obtained for Ga 
and Zn modified ZSM-5 zeolite catalysts further con- 
firmed that the support of both the metals had the ZSM- 
5 structure. The conversion of n-butane over H-ZSM-5- 
SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS increased with 
increasing temperature and maximum conversion over 
all the three catalysts was obtained at 803 K (fig. 6). The 
formation of aromatic hydrocarbons over these cat- 
alysts also increased with increasing temperatures and 
was maximum at the highest temperature investigated, 
803 K (fig. 7). Besides the gaseous and aromatic prod- 
ucts small amounts of non-aromatic hydrocarbons of 
C5-C6 were also formed. Toluene constituted almost 
50% of the aromatic hydrocarbons formed while ben- 
zene, xylene and ethylbenzene formed the rest. In xylene 
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Fig. 6. Effect of temperature on the conversion of n-butane over H- 
ZSM-5-SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS zeolite catalysts. 
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Fig. 7. Effect of temperature on the formation of aromatic hydrocar- 
bons over H-ZSM-5-SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS zeolite 

catalysts. 

distribution p-xylene and m-xylene were favoured in 
comparison with o-xylene. The Ga-ZSM-5-DS and Zn- 
ZSM-5-DS catalysts exhibited higher catalytic activity 
and transformation into aromatic hydrocarbons than 
the H-ZSM-SF catalyst. The main function of Ga and 
Zn was the dehydrogenation of n-butane and cycloole- 
fins, whereas Bronsted acid sites promoted the reactions 
of cracking and oligomerisation. It was also observed 
that hydrogen pretreatment of the Ga-ZSM-5-DS and 
Zn-ZSM-5-DS catalysts brought about an increase in 
the n-butane conversion and aromatic hydrocarbon for- 
mation as compared to the oxidised form of Ga and Zn 
modified ZSM-5 catalysts (table 1). The positive behav- 
iour of the reduced catalysts could be explained on the 
basis of the better dispersion of Ga and Zn in the ZSM-5 
zeolite structure prepared by this method. 

The effect of time on stream was studied at 803 K for 
4.5 h and it was found that the catalysts were stable for 
n-butane conversion (fig. 8) and aromatic hydrocarbon 
formation (fig. 9). The visual observation of the reactor 
revealed that the catalysts did not turn black and were 
thus resistant to coke formation. Of the three catalysts, 
the Ga and Zn modified catalysts were more stable than 
the H-ZSM-5-SF catalyst, indicating that Bronsted acid 
sites of the proton form catalyst deactivated due to 
coke formation faster than the modified ZSM-5 zeolite 
catalysts. 

Table 1 
Conversion of n-butane and formation of aromatic hydrocarbons 
over oxidised and reduced Ga-ZSM-5-DS and Zn-ZSM-5-DS zeolite 
catalysts at 773 K 

Catalysts Aromatics (mass%) Conversion (%) 

Ga-ZSM-5-DS (oxidised) 39.25 67.54 
Ga-ZSM-5-DS (reduced) 44.63 76.34 
Zn-ZSM-5-DS (oxidised) 31.25 61.23 
Zn-ZSM-5-DS (reduced) 35.78 68.32 
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Fig. 8. Effect of time on stream on the conversion of n-butane over H- 
ZSM-5-SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS zeolite catalysts. 

4. C o n c l u s i o n s  

H-ZSM-5-SF, Ga-ZSM-5-DS and Zn-ZSM-5-DS 
zeolite catalysts have been prepared using Ga and Zn 
impregnated silica fibres. The hydrothermal synthesis of 
ZSM-5 containing Ga and Zn impregnated silica fibres 
by the above-mentioned method offers a new possibility 
of metal introduction, especially for those cations which 
are large in size and difficult to introduce by methods 
such as ion-exchange. The catalysts synthesised con- 
sisted of Br0nsted and Lewis types of acid sites with uni- 
form dispersion of Ga and Zn cations. The catalysts 
were found to be very active for n-butane conversion and 
for transformation into aromatic hydrocarbons. The 
Ga and Zn cations balanced together with Br0nsted acid 
sites were the active sites for this reaction. The deactiva- 
tion due to coke formation was very low for the Ga and 
Zn modified zeolite catalysts. 
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Fig. 9. Effect of time on stream on the formation of aromatic hydrocar- 
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catalysts. 
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