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Abstract--Alkylation of toluene with methanol has been studied in a fixed bed reactor with a con- 
tinuous flow system. As a promoter, heteropoly acids and their metal salts were impregnated on Y-zeolite. 
Catalyst impregnated with lower am,~unt of heteropoly acid showed higher initial activity, and the catalytic 
activity was enhanced by more eleclronegative metal ion of heteropoly acid salt impregnated on Y-zeolite. 
Catalyst calcined at lower temperature showed higher initial activity, bul its deactivation rate was faster than 
that calcined at higher temperature. Catalyst impregnated with BiPMol204~ ~ showed a good activity and a 
good regeneration ability of catalytic activity. 

INTRODUCTION 

p-xylene is an important compound for polyester 
fiber industry because of great demand for oxidation to 
terephthalic acid [1,2]. 

It is known that the benzene-ring alkylatJon of toluene 
with methanol to produce xylenes is catalyzed by solid 
acids [3]. Many workers have reported the use of zeolite 
cataJ[ysts for alkylation reactions with methanol [4-6]. 
Recently, Yashima reported that p-xylene could be ob- 
tained selectively by using highly active zeolite, and that 
this selectivity was due to the presence of Br6nsted 
acidity [7]. Bhat also proposed that the formation of 
p-xylene was greatly influenced by Br6nsted acidity and 
narrow pore structure [8]. 

It has been shown that Y-zeolite is more acidic than 
X-zeolite, H-mordenite or silica-alumina in the first part 
of this series work [9]. Therefore, Y-zeolite was chosen 
as a main catalyst, and modified by impregnation with 
heteropoly acids to enhance the selectivity of para 
isomer in the mixed xylene product. Heteropoly com- 
pounds have recently attracted for various industrial 
processes. 

Because of only about 24 % p-xylene in the total mix- 
ed xylene at thermodynamic equilibrium, separation- 
isomerization process must be repeated many times. 

** To whom all correspondenCe should be addressed. 

Direct alkylation of toluene with methanol is, therefore, 
prevailing progressively to produce high yield of 
p-xylene, which is a relatively simple and economical 
method [6]. 

Based on the reasons mentioned above, we had 
selected acidic Y-zeolite as a main catalyst and chosen 
direct alky|ation method. 

The purpose of this study is to obtain p-xylene selec- 
tively and to compare the catalytic activity of the various 
cation-exchanged heteropoly acids impregnated on 
Y-zeolite catalysts. 

EXPERIMENTAL 

I. Preparation of Catalysts 
Many workers have reported that Y-zeolite has good 

activity in alkylation reaction. It has been shown that 
the activity of various zeolite catalysts for atkylation of 
toluene with methanol is high iu the following order: 
HY>HX>HM [9]. Y-zeolite is known to be more acidic 
than X-zeolite and as an effective catalyst in alkylation 
[10]. With the above reasons Y-zeolite was chosen as 
main catalyst employed in this study. 

H3PMo12040-xH20 (H3PMo) was prepared according 
to the literature [11]. One mole of MoO 3 (144 g) was 
placed in a flask equipped with a stirrer and a reflux 
condenser, and 1400 ml of water was added. To the 
above was then added 9.57 g of 85% H3PQ, and the 
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Table 1. Thermal behavior of heteropoly compounds. 

Compound Hydration Number (x/mole) Dehydration Temperature (~ Decomposition Temperature !~ ) 

HsPMo,zO,0 

BiPMo,a(),Q 

b'ePMo**O,o 

CoHPMo,~O,0 

NiHPMo,20,0 

H, SiMo,,O,o 

H31~ O,0 

H4 :'3iW,zO,o 

16. 5 88 120 432 432 

12, 5 76 107 128 418 418 

i[6. 4 118 145 224 443 443 

13. 5 86 156 233 414 414 

17.3 86 116 187 246 447 447 

9. 0 80 128 373 373 

5. 4 78 110 218 445 445 

7. 7 82 95 205 452 452 

solulion was brought to boiling and kept for 3 hrs with 
vigorous stirring. The green color developed during this 
perir was removed by addition of a few drops of 
bromine water. The mother liquor was then concen- 
trated to a volume of 100 ml by evaporative boiling for 3 
to 4 hrs. Upon cooling, the concentrate developed 
yellow crystals, which were then filtered and air-dried 
for approximately 130g o[ final product. H4SiM%~ 
O40-xH20 (H4SiMo), H3PWI2040'xH20 (HaPW), and 
H4SiW12040xH20 (H4SiW) were prepared following up 
Tsigdinos' [11]. Rosenheim and Jaenicke's [12], and 
North's method [12], respectively. 

flY-zeolite was prepared by conventi,mal ion ex- 
change of NaY-zeolite using NH4CI solution. Solution of 
heteropoly acid was kept over 10 -3 M of concentration to 
pre',,ent it from hydrolysis [13]. The considered 
heteropoly acids and their metal salts were impregnated 
on HY-zeolite by conventional impregnation method. 
Thermal behaviors of various heteropoly compounds 
prepared in this work are presented in Table 1. 
2. Structural Analysis of Heteropoly Acids 

']'he results of DTA and TGA for H3PMo prepared in 
this work are shown in Fig. 1 which is similar to 
previous works [14]. The other heteropoly acids and 
their salts showed similar results. As shown in TGA 
curve of Fig. 1, H3PMo begins evolving water at about 
80~ suggesting desorption of species adsorbed on the 
substrate. Two other weight changes are observed at 
about 130 and 420~ These changes are supposed to be 
due to removal of coordinated water and due to destruc- 
tion of Keggin structure resulting in formation and 
removal of water, respectiveily. 

Infrared spectra of heteropoly compounds used KBr 
pellet method were examined to understand their bond- 
ing states. They were consistent with Rocchiccioli- 
Delt=heff et al. I151 suggesting our heteropoly con> 
pounds employed in this work to have the typical Keg- 
gin ~,tmcture. Characteristic bands of all compounds ap- 
pemed in the range of 1100-700 cm -~ . 
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DTA and TGA of heteropoly 12-molybdo- 

phosphoric acid. 

X-ray diffraction analyses of various heteropoly com- 
pounds prepared in this work were carried out to con- 
firm them to have Keggin structure, and all the spectra 
showed their most strong peak at 2 ~ -  8 ~ and several 
peaks at 7 to 10 ~ of 20 which are characteristic peaks of 
Keggm structure [16]. 

From the above analytic results, all the heteropoly 
compounds prepared in the present study are supposed 
to have Keggin structure and to be enough for research 
in viewpoint of their purity and crystallinity. 
3. Apparatus and Procedure 

The experiment was carried out in a fixed bed type 
reactor with a continuous flow system at atmospheric 
pressure. Before reaction, each catalyst was calcined at 
250~ in N 2 stream for 3 hrs and brought to a reaction 
temperature in situ. 5 g of pellet-typed catalyst was posi- 
tioned in the fixed bed pyrex reactor (r cm • 57 cm) 
which was electrically heated. Temperature was meas- 
ured with a alumel-chromel thermocouple buried at the 
center of catalyst bed. The mixture of toluene and 
methanol having a desired mole ratio was then fed into 
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Fig .  2. F l o w  d i a g r a m  for a i k y l a t i o n  of  t o luene .  

the catalyst bed by a mass flow meter. Products were 
analyzed periodically by 30 rain interval using a gas 
chromatograph (Packard, Model 438) equipped with a 
stainless steel column of 4~4 m m x  4 m. Packing mate- 
rial was Bentone-34 (5 wt%) and DNP (5 wt%) on 
Chromosorb W. Carrier gas was N 2 and oven temper- 
ature was 80~ The flow diagram of apparatus used in 
this work is shown in Fig. 2. 

RESULTS A N D  D I S C U S S I O N  

1. R e a c t i o n  C o n d i t i o n  
The effect of temperature on the yields of total xylene 

and p-xylene over HY-zeolite has been studied from 200 
to 350~ The results appear in Fig. 3. The yield of total 
xyleae increases with increasing temperature, and that 
of p-.xylene maximizes at about 300~ Above 400~ 
the experiment was not carried out to prevent catalyst 
employed from being decornposed. At hlgh tempera- 
ture, the formation of m-xylene is enhanced suggesting 
that isomerization among isomeric xylenes, which off- 
curs via movement of methyl group step by step is ac- 
celerated with temperature 14]. Selectivity of p-xylene 
shoves maximum at 300~ in the temperature region 
employed in this study, but the amount of ,:racking also 
increases correspondingly. Therefore, reaction temper- 
ature was chosen of 275~ which is the center value bet- 
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Fig. 3. Effect  of t empera ture  on the  y i e lds  of 

tota l  and p - x y l e n e ( s p a e e  veloci ty:  0 . 7 2  

l/g. eat .  hr, t o l u e n e / m e t h a n o l  = 1). 
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on various  H3 P M o / H Y - z e o l i t e  c a t a l y s t s  

a t  2 7 5 ~  velocity: 0. 72 l/g- c a t . h r ,  

t o l u e n e / m e t h a n o l  ~ 1). 
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Fig. 5. Yield of p- xylene vs. time- on-stream on 

various H~PMo/HY-zeolite catalysts at 

275~ velocity: 0. 72 l/g-cat.hr, 
to luene/methanol~ 1). 

ween 250~ showing difficulty of cracking and 300~ 
showing maximum selectivity of p-xylene. The mole 
ratio of reactants was 1:1 (toluene:methanol) and space 
velocity was fixed at 0.72 //g-cat- hr, as selected as an 
optimum condition in earlier work [9[. 
2. Effect of the Amount  of H a PMo Impregnated 

The catalytic activity of HY-zeolite impregnated with 
heteropoly acid, H3PMo, is presented in Figs. 4 and 5. At 
the initial reaction stage, yields of total xylene and 
p-xylene decrease with increasing the amount of H3PMo 
impregnated, but after 3 hrs the highest activity is 
shown on 2.00 wt%-impregnated catalyst even if the ac- 
tivity gap is very small. This suggests that 0.78 wt%- 
impregnated catalyst gives a nice dispersion state of 
H 3 PMo on the zeolite while the two higher impregna- 
tions do worse ones with rather a pore blocking as re- 
ported by lzumi [17] that the lower amoun~ supported 
gives the better dispersion state from the results of X-ray 
diffraction and by Breck [18] that in the case of zeolite 
support a nice impregnation is difficult due to its own 
pore size distribution. As reaction proceeds activity 
decrcases sharply mainly due to well-known coke for- 
mation whose rate is bigger on the catalyst with a better 
dispersion which gives higher exposure to react easily. 
Afte[ a certain reaction period (about 3 hrs) the 2.00 
wt%-impregnated catalyst which has medium disper- 

sion and medium pore blocking shows the highest equi- 
librium activity supporting the above discussion of 
dispersion and blocking concept. 
3. Effect of Metal Cation Exchanged in HaPMo 

Metal cation-exchanged heteropoly acids were im- 
pregnated on the zeolite, and their activities are 
presented in Figs. 6 and 7. Each metal salt was im- 
pregnated by 1.18, 1.09, 1.19 and 1.44 wt% for Bi 3+, 
Fe 3+, Co 2+ and Ni 2+ salts, respectively depending on 
their different impregnating abilities. The acid not 
cation-exchanged was impregnated by 0.78 wt % as used 
for Figs. 4 and 5. In Fig. 6, the initial yield of total xylene 
increases with the order of electronegativity of substi- 
tuted metal cation backing u p  Ai who reported in his 
work [19] that the acidity of heteropoly acid salt was de- 
eply related to the electronegativity of the substituted 
metal cation. 

Niiyama et al. reported that catalytic active site might 
be metal cation in an acid-catalyzed reaction because 
the metal cation was supposed to form a proton by re- 
sidual water from the following process[20]: 

M "+§ mH20~ [M (H20) ,,] n+ 

[M (H~O)~,_, (OH)) ~ . . . . .  +H* 

In alkylation of toluene with methanol, one mole of 

30 

�9 Bi3+PMo/HY 
0 Fea*PMo/HY 

Co~*HPMo/HY 
2~ Niz+HPMo/HY 
A H,PMo/HY 
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Fig. 6. Yield of total xylene vs. time- on- stream 

on heteropoly 12-molybdophosphoric acid 

and its various saits /HY-zeol ite  at 275 

~ velocity: 0. 72 l/g- cat. hr, toluene 

/methanol = 1). 
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toluene and one mole of methanol produce, one mole of 
water which may influence to the acidity of catalyst as 
mentioned above. That is, the results of Fig. 6 are con- 
sistent with the relative strength of polarizing power 
which is stronger with the higher charge density of lhe 
substituted metal cation. It is known that the stronger 
polarizing power produces the more protons [21, 22]. 
From that results of Fig. 6, as expected, Bi- and Fe-salts 
having larger cationic charge than the other metal ca- 
tions showed higher activities in the early stage of reac- 
tion. and this result agrees well with Kwak and Lee [9]. 
The fast deactivation rate of Fe-exchanged salt might be 
due to water produced during reaction, which influ- 
ences to the secondary structure between metal cation 
and heteropoly anion in the case of relatively highly 
soluble salt like Fe-exchanged salt. In Fig. 7, the initial 
yield of p-xylene for Bi-exchanged salt is relatively low 
suggesting that its isomerization activity is high as con- 
firmed from the experimental result of 50% of m-xylene 
in the product�9 
4. F~fect of  Central  a n d  C o o r d i n a t e d  A t o m s  in 
H e t e r o p o l y  Ac id  

1"he activities of various heteropoly acids as a pro- 
moter are shown in Figs. 8 and 9. All the catalysts used 
in this experiment were impregnated with the consid- 
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[] �9 H~PMo/HY 
O [] total xylene 

~'~ 20 �9 �9 p-xylene 
0 

N 10 
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Fig.  8. Yields of total  and p-xylenes on H3PMo 

/HY-zeolite and H, SiMo/HY-zeoli te  at 

275~  (space velocity: 0. 72 l/g. cat-hr,  tol- 

uene /methanol  = l).  
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2 7 5 ~  (space  velocity: 0. 72 l/g- cat.hr,  

toluene / methanol = 1). 
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ered heteropoly acids by 2.0 wt%. The initial activity 
was ordered as follows; H4SiW > H4SiMo > H:~PW > 
H3PMo. Even though the acid strength of H3PMo is 
much stronger than that of H4SiW [171, the initial activi- 
ty was higher on H4SiW which was reported to have the 
same structure parameters as ,of aluminosilicate [13]. 

Methanol which is one of reactants is smaller in size 
and c~ore polar compared to the other reactant, toluene, 
so it is supposed to have higher affinity to the heteropoly 
anior.. Therefore, as reported by Okuhara eta].  [23], 
methanol molecules presumably react more easily in 
the bulk of heteropoly acid contacting directly with the 
central atom of the acid. This suggests that methanol 
molecules adsorb too strongly to react more easily on a 
catalyst having P as a central atom than on one having 
Si because P is more electronegative than Si. resulting in 
a lo~er activity in the case of P. 
5. Effect  o f  C a l c i n a t i o n  T e m p e r a t u r e  

The catalyst impregnated with Fe-salt which has 
relatively high activity in the early stage of reaction was 
chosen in order to know the dependence of calcination 

temperature on the activity of xylene formation. As 
shown in Fig. 10, the activity was higher on a catalyst 
calcined at lower temperature. This suggests that hy- 
drated water of the catalyst still remains at low calci- 
nation temperature till 250~ and it increases acidity of 
the cataiysl as discussed in section (3). The result 
agrees well with Ai's [18]. Ai reported that the acidity of 
heteropoly acid decreased drastically above 350~ of 
caMnation temperature in an acidic catalytic reaction 
resulting in a decrease of activity only with a constant 
surface area. In the case of catalyst calcined at 150~ 
deactivation is most rapid suggesting rapid coke forma- 
tion due to relatively severe reaction in virtue of the 
strongest catalytic activity. 
6. R e g e n e r a t i o n  of  D e a c t i v a t e d  C a t a l y s t  

Coke formation is a well-known phenomenon in at- 
kylation reaction. After running for 6 hrs, each deac- 
tivated catalyst was generated by calcination at 350~ 
for 8 hrs under air stream of 1000 cc/min. In the case of 
two catalysts impregnated with BiPMo and FePMo 
which were relatively high in activity, Bi-catalyst was 
deactivated relatively slowly and Fe-catalyst was done 
fasl as shown in Figs. 6 and 7. After running for 1 hr, the 
regenerated Bi-catalyst showed 15.0% of total xylene 
yield (17.8% for the fresh Bi-catalyst), whereas the 
regenerated Fe-catalyst showed activity below detection 
lilnit (14.5% for the fresh Fe-catalyst). This suggests that 
the structure of Fe-catalyst was changed irreversibly due 
to complete dehydration during rapid deactivation. 

CONCLUSION 

l. The optimum amount of H3PMo impregnated is bet- 
ween 0.78 and 5.80 wt% suggesting a competition 
between dispersion and pore blocking for the 
catalytic activity. 

2. Catalysts impregnated with BiPMo and FePMo show 
relatively high activities due to high polarizing 
power, and the latter is deactivated fast due to high 
solubility of Fe-salt. 

3. The initial activity is higher on a catalyst calcined at 
lower temperature but its deactivation rate is faster, 
and the initial activity as a function of central atom of 
heteropoly acid is ordered as follows: H4SiW ]> 
H4SiMo > H3PW > H3PMo. 

4. Catalyst impregnated with BiPMo is deactivated 
more slowly than that with FePMo, and the former is 
regenerated easily to 80%plus of the fresh catalyst 
whereas the latter is scarcely regenerated below 
detection limit. 
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