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The catalytic activity and selectivity of a series of A1PO 4 and A1PO4-metal oxide systems (A1203, 
TiO2, and ZrO2 with an A1PO4/metal oxide weight ratio of 3) were investigated at temperatures 
ranging from 673 to 873 K for the gas-phase microcatalytic alkylation of toluene with methanol. The 
results show that A1PO4's catalyst exhibits surface acid sites accessible to toluene molecules that 
are strong enough to alkylate in the presence of methanol. The methylation of toluene produces a 
mixture of xylenes (XY) as principal products, although 1,2,4- and 1,2,3-trimethylbenzenes (TMB) 
were also found to be dialkylation products for AlPO4-A1203 catalysts. The formation of TMB is 
associated with a parallel decline in o-XY and p-XY selectivity. Furthermore, in all cases, scarcely 
any side-chain-methylation of toluene to ethylbenzene (ETB) is found. The alkylation reaction 
follows the Bassett-Habgood kinetic equation for first-order reaction processes in which the surface 
reaction is the controlling step. The influence of the reaction temperature, pulse number, and 
toluene/methanol molarity upon the conversion of toluene and the selectivities of the products were 
investigated. The activity of A1PO 4 and A1PO4-metal oxide catalysts in the ring-methylation of 
toluene decreases in the order 

AIPO4-A1203 >> AIPO 4 > A1PO4-TiO 2 > A1PO4-ZrO 2. 

This order is relatively well interpreted in basis to the surface acid properties studied gas-chromato- 
graphically through the irreversible adsorption of pyridine at temperatures in the range 473 to 673 
K. This indicates that BrOnsted acidity decreases when A1203 is substituted by TiO2 or ZrO 2 in the 
A1PO4-metal oxide system. OPE (Optimum Performance Envelope) curves on product selectivity 
plots show that ETB and XY are competitive primary reaction products, while TMB are stable 
secondary reaction products. In all cases, the selectivity decreases in the order 

Sxy > STM B > SET B. 

© 1992 Academic Press, Inc. 

INTRODUCTION 

It is well known that A1PO4 are solid bi- 
functional acid-bases which catalyze vari- 
ous kinds of reactions. Thus, we have pre- 
viously reported their catalytic activity for 
reactions such as alcohol dehydration, al- 
kene isomerization, phenol alkylation, 
Beckmann rearrangement, alkylaromatic 
hydrocarbon cracking, Knoevenagel con- 
densation, etc. (1-10). Besides, the 
acid-base surface character and hence the 

1 To whom correspondence should be addressed. 

catalytic activity of A1PO4 are varied by em- 
ploying different preparation methods (2-4, 
11), thermal treatments (4, 12), doping ions 
(12-15), or by preparing A1PO4-metal oxide 
systems (16-24). In this last case, the 
changes in acid-base sites and reactivity 
largely depend on the metal oxide type 
(SiO2,  A120  3, TiO2, ZrO2, or ZnO), A1PO4/ 
metal oxide weight ratio, and post-synthesis 
thermal treatments. In this sense, higher 
surface acidity and reactivity are obtained 
for A1PO4-A1203 catalysts, especially when 
the amount of metal oxide is low. 

Because of their great industrial impor- 
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tance, the reaction of aromatic hydrocar- 
bons on acidic catalysts, especially zeolitic 
ones, has been the subject of extensive stud- 
ies. Thus, the catalytic ring-alkylation of tol- 
uene with small alcohols, and especially 
with methanol, is of great industrial impor- 
tance and commercially promising when 
this alkylation is conducted selectively to 
the para product (25). This is achievable 
with appropriately modified zeolites, espe- 
cially from the ZSM-5 family (26-33), with 
shape-selective effects. Furthermore, isom- 
erization, alkylation, and transalkylation 
may be superimposed on all of the primary 
alkylation reactions. The alkylation reaction 
mechanism involves an electrophilic attack 
on the aromatic ring by carbocationic inter- 
mediates, thus showing the influence of the 
catalyst's BrOnsted acid sites upon the reac- 
tion path (29, 30, 34-39). 

The benzene ring methylation of toluene 
that produces xylenes is sometimes accom- 
panied by side-chain methylation to styrene 
and/or ethylbenzene, especially when cata- 
lysts wth basic properties, such as MgO, 
MgO-TiO2, CaO-TiO> and alkali-cation- 
exchanged X and Y zeolites, are used (37, 
39-51). This reaction provides an example 
of cooperative acid-base catalysis (42--47). 
The simultaneous interaction of toluene 
with the acidic and basic site is essential for 
the effective promotion of the side chain 
alkylation of toluene; the basic sites deter- 
mine the selectivity through interaction with 
the methyl group while the acidic site stabi- 
lizes the adsorbed state. 

The methylation of toluene over metal or- 
thophosphate catalysts has only been 
treated by Sodesawa et al. (39), who studied 
the activity of BPO 4, Zr3(PO4)4, and 
Ca3(PO4) 2 catalysts. The first is the most ac- 
tive catalyst leading to xylenes in which 
ortho-isomer predominates. As compared 
to SiO2-A1203, BPO4 is less active but 
more ortho-selective. For Zr3(PO4) 4 and 
Ca3(PO4)2, only ethylbenzene is found. An 
acidity-activity correlation is reported in 
ring-alkylation as well as basicity-activity 
in side-chain-alkylation. 

The present paper describes, for the first 
time, catalytic activity and selectivity for 
the alkylation of toluene with methanol ex- 
hibited by A1PO 4 and A1PO4-metal oxide 
(A1203, TiO2, ZrO2) catalysts, with widely 
varying acid site numbers and acid-base 
characters. The aim of this study is to inves- 
tigate, on one hand, the BrCnsted acidity of 
the catalysts through their catalytic perfor- 
mance in the ring-methylation of toluene, 
since it is a well characterized, BrCnsted 
acid catalyzed, hydrocarbon transforma- 
tion. On the other hand, we also wish to 
obtain additional information about the hy- 
drocarbon reactions that can catalyze A1PO 4 
and A1PO4-metal oxide catalysts. Thus, we 
find here that A1PO4 and related systems 
(75 wt% A1PO4) act as catalysts in the ring- 
methylation of toluene but not in xylene 
isomerization or toluene disproportiona- 
tion. Also, side-chain-methylation is rarely 
found on all the catalysts. Alkylation reac- 
tion, have been carried out at different tem- 
peratures and molarities of toluene in meth- 
anol (0.1-2.5 M) in a. pulse reactor; the 
toluene conversion fit the Basset t-Habgood 
kinetic equation for first-order reaction pro- 
cesses. 

EXPERIMENTAL 

Materials 

Methanol, toluene, o-, m-, and p-xylene, 
1,2,3-, 1,2,4-, and 1,3,5-trimethylbenzene 
were high purity reagents (99 + %) and were 
used without further purification. 

Catalysts 

Fourteen different catalysts have been 
used: three aluminum orthophophates (AP) 
obtained by precipitation with aqueous am- 
monia (A), ethylene oxide (E), or propylene 
oxide (P), from aqueous solutions of 
A1C13 • 6 H20 and H3PO 4 (85 wt%), washed 
with isopropyl alcohol, dried at 390 K for 24 
h, and then calcined at 923 K for 3 h. 

Three aluminum orthophosphate-alumina 
(APA1, A1PO4/A1203 weight ratio = 3) sys- 
tems obtained by adding aluminum hydrox- 
ide, prepared by precipitation with aqueous 
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ammonia from an aqueous solution of alumi- 
num nitrate, to a reaction medium where 
the precipitation of A1PO 4, as above, was 
initiated by the addition of aqueous ammo- 
nia, ethylene oxide or propylene oxide (A, 
E, or P samples). In all three cases, the total 
precipitation of A1PO 4 is then carried out by 
the addition of aqueous ammonia. 

Three aluminum orthophosphate-tita- 
nium dioxide (APTi, A1PO4/TiO2 weight ra- 
tio = 3) systems and three aluminum ortho- 
phosphate-zirconium dioxide (APZr, 
A1PO4/ZrO2 weight ratio = 3) systems were 
obtained as APA1 systems by replacing alu- 
minum hydroxide with commercial TiO2 
(pure anatase, >99.9%, Aldrich Chemie) or 
commercial monoclinic ZrO2 (Aldrich 
Chemie, ceramic grade, 99.9%). 

An alumina (A1-A) prepared by the ther- 
mal decomposition of the hydroxide at 923 
K in air for 3 h. The hydroxide was precipi- 
tated from aqueous solutions of aluminum 
nitrate using aqueous ammonia solution. 

The AI-A and A1PO4-metal oxide sys- 
tems were washed, dried, and calcined the 
same as the A1PO 4 catalysts. 

The samples were designated by A1, AP, 
APA1, APTi, or APZr followed by a letter 
than indicates the precipitation medium 
(AI-A, AP-E, APAI-A, APTi-E, APZr-P, 
and so on). 

Commercial TiO2 and ZrO2 previously 
calcined at 923 K for 3 h were also used. 

Details on preparation, as well as on the 
characterization of all the catalysts, have 
been previously described (2-4, 12-15, 
18-23). The surface area, SBET, pore vol- 
ume, Vp, and pore-size distributions are col- 
lected in Table 1. 

Surface Acidity Measurements 

The surface acidity (sum of BrCnsted and 
Lewis sites) was measured by means of the 
gas-phase adsorption of pyridine (PY) using 
a pulse-chromatographic technique (52-54), 
according to a procedure described else- 
where (55). The pulse size was in the range 
corresponding to 0.1-0.5 monolayers in or- 
der to avoid difficulties if the adsorption was 

not rapid, as well as for a more precise de- 
tection of effluent peaks. The amount of irre- 
versible adsorbed pyridine was determined 
at 573 K. Besides, for the more active cata- 
lysts (APA1 systems), pyridine adsorption 
was carried out in the range 473-673 K. 

Catalytic Activity Measurements 

Alkylation reactions were conducted in a 
microcatalytic pulse reactor with an on line 
gas-chromatograph. The reactor was a verti- 
cally mounted stainless-steel tube of 4-mm 
inside diameter and 90-mm long. It was 
packed with alternating layers of quartz 
wool, and the catalyst (20-200 mg, -- 0.7 
mm) was placed between these layers. The 
vertical reactor was surrounded by a well 
insulated jacked heater. Temperatures 
(673-873 K) were measured with an Ni/Cr 
thermocouple(- + 1 K) with its tip placed on 
the reactor wall in the catalyst bed region, 
and the temperature was recorded continu- 
ously throughout the experiment and kept 
constant. Gas flow rates were controlled by 
the needle metering valve of the gas-chro- 
matograph. The carrier gas was ultrapure 
nitrogen (99.998%, H20 _< 3 ppm), deoxyge- 
nated and dried by molecular sieves. Its flow 
rate in the reactor was in the range 20-60 ml 
min- 1. Methanol/toluene molar ratio varied 
between 0.1-2.5 M (mostly 0.1 M), although 
the same toluene amount was injected in all 
runs. A fresh catalyst was used on each run, 
and before each run, the catalyst was pre- 
treated in situ heating under dried and deox- 
ygenated nitrogen (20 ml min-1) for 1 h at 
673 K. 

A blank test showed that there was insig- 
nificant thermal reactivity in the absence of 
the catalyst. 

The microcatalytic pulse reactor permits 
a simple quantitative study of first-order re- 
actions only, where the fractional conver- 
sion of reactant to products is independent 
of pressure. Besides, the rate of adsorption 
must be rapid with respect to the rate of the 
surface reaction, the latter being the rate- 
controlling step. 

Also, by using a micropulse reactor, a 
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Catalyst 

AP-A 
AP-E  
AP-P  
APA1-A 
APA1-E 
APA1-P 
APZr-A 
APZr-E 
APZr-P 
APTi-A 
APTi-E 
APTi-P 
AI-A 

TABLE 1 

Textural Properties of A1PO4, A1PO4-A1203, A1PO4-ZrO2, and 
A1PO4-TiO2 Catalysts 

SBE T Vp rp Pore-size distribution, Vol% 
(m z g 1) (ml g-l) (nm) 

>20 nm 10-20 5-10 2-5 <2 

109 0.48 8.8 4.6 8.1 32.6 50.2 4.6 
242 0.52 4.3 7.4 13.1 36.0 36.1 7.3 
228 0.75 6.6 7.1 6.1 18.1 54.7 13.9 
244 0.37 3.1 1.3 2.5 12.8 69.5 14.0 
242 0.54 4.5 7.2 18.8 26.3 37.5 10.4 
319 0.67 4.2 4.8 12.7 27.0 46.4 9.1 

82 0.71 17.3 13.5 55.2 21.1 9.7 0.5 
204 0.27 2.7 2.2 2.1 1.1 14.4 80.2 
193 0.69 7.1 5.7 13.0 14.2 58.6 8.4 
192 0.73 7.6 11.9 23.4 18.8 35.3 10.4 
198 0.74 7.5 6.5 12.6 15.9 57.9 7.1 
258 0.81 6.3 4.1 4.6 34.6 35.6 21.1 
151 0.31 4.1 9.7 3.3 0.4 22.1 64.5 

straight determination of reaction parame- 
ters (apparent rate constants and activation 
parameters) is limited to conversion levels 
below 20%, as methylation activity is ex- 
pressed by the total conversion to products 
which is only exact for low conversion 
where the equilibrium can be neglected. The 
rate parameters thus obtained are indepen- 
dent of the pulse shape and it can be as- 
sumed that the composition of the reaction 
mixture does not change significantly along 
the catalyst bed. Catalyst weights are cho- 
sen to give conversion levels below 20 
tool%. Points outside the limits are accepted 
if they do not affect the Arrhenius and Eyr- 
ing plots adversely. 

The analysis of the reaction products was 
carried out by gas-chromatography with 
flame ionization detection using a stainless- 
steel column with 3-mm diameter and 2-m 
length filled wth 5% SP-1200/1.75% Bentona 
34 on Supelcuport 100/120. The temperature 
of the column was 353 K and that of the 
detector was 473 K. Product identification 
was achieved by comparison with the reten- 
tion times of known standards purchased 
from Merck. The gas-chromatography sig- 
nals (suitably corrected for detector sensi- 

tivity) were used to calculate the total num- 
ber of moles in each product in the output 
stream. The total conversion (XToL) is de- 
fined as the sum of all aromatics except tolu- 
ene divided by the sum of all aromatics in- 
cluding toluene. 

RESULTS AND DISCUSSION 

Surface Acidity Measurements 

Pyridine adsorption experiments at differ- 
ent temperatures were carried out for the 
purpose of clarifying the acid property of 
APA1 catalysts. However, pyridine is not 
specific because it reacts with BrCnsted sites 
as well as with Lewis sites. Notwithstand- 
ing, as the alkylation reaction generates wa- 
ter, the conversion of Lewis acid sites into 
BrCnsted acid sites cannot be ruled out. 
Thus, the pyridine adsorption measure- 
ments still would be useful for surface acid- 
ity determination. 

The gas-chromatographic pulse technique 
shows a particularly attractive feature, 
which is that the measurements can be made 
on a large and representative sample of cata- 
lyst at temperatures close as that used in the 
catalytic process (52-54). 

The surface acidity in AP, A1, APA1, APTi 
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TABLE 2 

Surface Acid Properties of A1203, A1PO4, A1PO4-A1203, 
A1POa-ZrO 2, and A1PO4-TiO 2 Catalysts 

Catalyst Surface acidity (~mol/g) vs PY 

473 K 573 K 673K 

AP-A - -  15 - -  
AP-E - -  33 - -  
AP-P - -  23 - -  
APA1-A 118 41 12 
APA1-E 145 67 35 
APA1-P 155 70 30 
APZr-A - -  5 - -  
APZr-E - -  18 - -  
APZr-P - -  13 - -  
APTi-A - -  7 - -  
APTi-E - -  11 - -  
APTi-P - -  21 - -  
AI-A - -  10 - -  

and APZr  catalysts  is given in Table 2 as the 
amount  of  PY adsorbed at saturation at a 
given tempera ture .  As expected,  upon in- 
creasing the t empera tu re  the surface acidity 
gradually decrease  since only the strongest  
acid sites retain the adsorbed base.  Thus,  
the amount  of  PY retained at different tem- 
pera tures  measure  the acid strength distri- 
bution of  a given catalyst .  

The acidity measuremen t s  show that the 
total acid amount  value of APA1 catalysts is 
large compared  with that of  AP, APTi, and 
APZr  catalysts .  Besides,  the acidity distri- 
bution of  APAI catalyst  of  varying gelifica- 
tion medium shows that catalysts  obtained 
in oxiranes (ethylene and propylene oxide) 
are the mos t  acidic ones. Also, it can be 
seen that the surface acidity is a lmost  the 
same for  APA1-E  and APA1-P catalysts 
and, therefore,  their BrCnsted site popula- 
tion must  be a lmost  identical. However ,  for 
the APA1-P sample the acidity decrease,  as 
adsorpt ion tempera ture  increases,  is faster  
than that  for the APA1-E sample,  suggesting 
a lower  acid strength of  its BrCnsted sites 
and support ing the higher catalytic activity 
achieved with the APA1-E  sample in the 
alkylation of  toluene with methanol ,  reac- 

tion that requires the presence  of strong 
BrCnsted acid sites (see below). 

Alkylation Products and Rate Equation 

The alkylation of toluene with methanol  
on A1PO 4 and A1PO4-metal oxide catalysts  
produces  a mixture of  xylenes (where the 
ortho-isomer predominates)  as principal 
products ,  but in some cases dialkylation 
products  (1,2,3- and 1,2,4-trimethylben- 
zenes) were also found. In no case was the 
reaction accompanied  by  either dispropor-  
tionation of toluene into xylenes  and ben- 
zene or by the isomerizat ion of xylene iso- 
mers.  This was ascertained by performing 
additional catalytic runs with toluene or xy- 
lenes (o-, m-, and p-) in a cyclohexane  solu- 
tion (0.1 M toluene or xylene in cyclohex-  
ane) showing that no react ion takes place,  
even at the highest react ion tempera ture .  
These reactions required stronger acid sites 
than the methylat ion of  toluene (56-58). 

On the other hand, side:chain-alkylation 
of toluene to e thylbenzene was in all cases 
very small. An independent  study confirmed 
that, under  the exper imental  conditions of  
the present  study, methanol  without toluene 
was conver ted  into dimethylether  (DME) 
and no hydrocarbons  were  formed.  On the 
other hand, the yield of  D M E  decreased  due 
to the presence  of toluene. So unreac ted  
methanol  was always found in a high propor-  
tion. It  was also verified that D M E  was 
much less active than methanol  in the meth-  
ylation of a more  act ivated aromat ic  ring, 
like phenol  (6). So, we assume that D M E  is 
not a react ive intermediate.  

The toluene methylat ion react ion data in 
all A1PO 4 and AIPO4-metal  oxide catalysts  
were found to fulfill the B a s s e t t - H a b g o o d  
rate equation (59) for first-order reactions,  
in which the partial reactant  pressure  is low 
and the adsorpt ion rate is fas ter  than the rate 
of  the surface reaction, the latter being the 
rate-determining step. The B a s s e t t - H a b -  
good (59) equation for first-order react ion 
processes  was in the form 

In [1/(1 - X)] = kKRT(W/F)  (1) 
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tures.  

where kK is the apparent rate constant; k, 
the surface reaction rate constant; K, the 
adsorption equilibrium constant; X, the 
fractional toluene conversion; R, the gas 
constant; T, the reaction temperature; W, 
the weight of catalyst; and F, the carrier gas 
flow rate. 

The In [1/(1 - X)] vs F 1 plots, according 
to Eq. (1), for the methylation of toluene on 
the AP-E catalyst at different temperatures 
are shown in Fig. 1. The plots are linear and 
also pass through the origin, indicating a 
good fit of the data to Eq. (1) and so, the first- 
order process in the methylation reaction. 
Also, we have found that at the highest tem- 
perature in the study (i.e., 873 K), the data 
for different catalyst particle sizes below 0.7 
mm lie on the same plot. This indicates that 
the methylation reaction is not influenced by 
internal diffusion for catalyst particle sizes 
-<0.7 ram. So, the rate parameters for meth- 
ylation, obtained under the above condi- 
tions, are therefore free of mass transfer 
effects. Furthermore, the amount of catalyst 
corresponded to a similar area loaded in the 
reactor. The catalytic runs have also been 
carried out at different weight ratios of cata- 
lyst from the toluene introduced, showing 
that the fractional conversion of a pulse of 
reactant to products was independent of the 
pressure, which determined the first-order 
reaction process. This behavior also en- 
sured linear chromatography in the pulse 

T A B L E  3 

Alkylat ion of Toluene with Methanol  over  A P - E  

Catalyst:  Influence of React ion Tempera ture  a 

Temperature (K) 673 723 773 823 873 

XTo L (tool%) 0.9 1.9 3.9 7.4 13.3 
k K  106 (mol/atm g s) 0.23 0.46 0.92 1.64 2.78 
Products (tool%) 

Ethylbenzene 0.2 0.3 0.5 0.7 0.9 
Toluene 99.1 98.1 96.1 92.6 86.7 
p-Xylene 0.2 0.5 1.0 1.9 3.4 
m-Xylene 0.2 0.4 0.9 1.8 3.3 
o-Xylene 0.3 0.7 1.5 3.0 5.6 

Total xylenes 0.7 1.6 3.4 6.7 12.4 
Xylene selectivity 73.8 81.8 87.2 90.5 93.2 
Xylene composition (tool%) 

para- 30.7 29.8 29.0 28.3 27.7 
meta-  28.9 28.3 27.7 27.2 26.8 
ortho- 40.4 41.9 43.3 44.5 45.5 

Reaction conditions: catalyst weight, 237 rag; N2 flow rate, 
20 ml rain-l; pulse, 5 p,1 0.1 M toluene/methanol. 

mode, i.e., ensuring equilibrium chromatog- 
raphy. Thus, the first-order reaction process 
for the toluene methylation and the use- 
fulness of the Basset-Habgood equation 
(59), analogous to that for conversion in a 
steady-state flow reactor (under similar con- 
ditions), has been found. Measurements of 
catalytic activity have been performed at 
reaction temperatures between 673 and 873 
K at 50-K intervals. 

Position of the 98% confidence limit lines 
and the value of the coefficient of determina- 
tion (always over 0.99) for the regressions 
are used to check the adequacy of the data. 
The results obtained show that these are 
significant at levels over 1%. 

Effect of  Reaction Temperature on 
Product Distribution 

Results of a typical experiment are sum- 
marized in Table 3. Here the alkylation of 
toluene with methanol over AP-E catalyst 
appeared in the reaction temperature range 
673-873 K. 

Toluene conversion (XToL) is seen to in- 
crease as temperature rise to 873 K. The 
conversion increases mainly in XY, while 
the positional isomer distribution also 
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T A B L E  4 

A l k y l a t i o n  of  T o l u e n e  w i t h  M e t h a n o l  o v e r  A P A I - E  

C a t a l y s t :  I n f l uence  of  R e a c t i o n  T e m p e r a t u r e  ~ 

Temperature (K) 673 723 773 823 873 

XTOL (mol%) 0.7 2.1 5.2 11.4 21.5 
Products (tool%) 

Ethylbenzene - -  0.02 0.1 0.3 0.8 
Toluene 99.3 97.9 94.8 88.6 78.5 
p-Xytene 0.17 0.5 1.0 2.0 3.1 
m-Xytene 0.12 0.4 1.1 2.3 4.2 
o-Xylene 0.35 0.9 2.0 3.7 5.7 

Total xylenes 0.65 1.8 4.1 8.0 13.0 
1,2,4-TMB 0.03 0.2 0.7 2.3 5.9 
1,2,3-TMB 0.02 0.1 0.3 0.8 1.8 

Total TMB 0.05 0.3 1.0 3.1 7.7 
Xylene selectivity 92.3 86.6 78.9 70.0 60.4 
Xylene composition (mol%) 

para- 26.7 26.0 25.1 24.3 23.5 
meta- 21.4 23.6 25.6 29.0 32.2 
ortho- 51.9 50.4 49.3 46.7 44.3 

TMB selectivity 9.9 13.9 19.4 27.4 35.7 
TMB composition (mol%) 

1,2,4- 60.6 66.2 70.7 74.2 77.0 
1,2,3- 39.4 33.8 29.3 25.8 23.0 

° Reaction conditions: catalyst weight, 40 mg; N 2 flOW rate, 
20 ml rain t; pulse, 5 p.l 0.1 M toluene/methanol. 

changes. Thus, an increase in o-XY is found 
with reaction temperatures. Besides, o-XY 
is produced in excess of thermodynamic 
equilibrium values and XY selectivity fol- 
lows the order o- > p > m. This is to be 
expected since A I P O  4 and A1PO4-metal ox- 
ide catalysts are unable to catalyze XY 
isomerization. Besides, as the rate of meth- 
ylation increases at higher temperatures, the 
selectivity to o-XY over p-XY also in- 
creases. 

The same behavior is found for the other 
AP, APTi, and APZr catalysts. However, 
there is a behavior change in APA1 catalysts 
since they are able to dialkylate toluene. 
Thus, for APA1 catalysts (Table 4), an in- 
crease in TMB selectivity is found with re- 
spect to the reaction temperature. Among 
the TMB produced by dialkylation, the 
1,2,4-isomer, with the smaller cross section 
(7.6 A), is formed in the largest concentra- 
tion. On the other hand, 1,2,3-TMB, which 
is a substantial isomer present at thermody- 
namic equilibrium, was not found to be a 

dialkylation product in our experimental re- 
action conditions. 

The formation of TMB is associated with 
a decline in o-XY and p-XY selectivity, al- 
though XY distribution always follows the 
order o- > p- > m- and, furthermoe, Sxy ~> 
STMB. 

It should be borne in mind that the transi- 
tion state complex for the formation of TMB 
by the methylation ofp-XY, for example, is 
less bulky than the diphenylmethane type 
complex involved in the disproportionation 
of XY. Hence, steric requirements around 
the active site are less demanding in alkyl- 
ation reactions. 

Toluene~Methanol Molarity 

Results are summarized in Fig. 2 for tolu- 
ene alkylation over the APA1-E catalyst in 
which the toluene molarity in methanol var- 
ied between 0.1 and 2.5 while maintaining 
in all cases the same amount of pulsed tolu- 
ene (5 10 4 mmol). 

Toluene molarity in methanol has a con- 
siderable influence on toluene methylation 
activity (kK). Thus, on going from 0.1 to 2.5 
M, a sharp decrease is found in the produc- 
tion of alkylation products. This decrease is 
more notable as the reaction temperature 
increases. 

As far as the reaction selectivity is con- 
cerned, ETB and TMB selectivities de- 
crease while an increase in total xylene se- 
lectivity is observed (independent of the 
reaction temperature) as toluene molarity 
increases up to 2.5 M. 

On the other hand, the isomer distribu- 
tions of XY and TMB also change with tolu- 
ene molarity. Thus, for XY distribution, o- 
XY decreases and p-XY increases; how- 
ever, m-XY remains almost unchanged 
when the toluene molarity increases. Be- 
sides, the 1,2,4- isomer is favoured within 
the TMB fraction. 

Taking into account the strong decrease 
in toluene conversion due to the increasing 
toluene molarity and the fact that AP, APTi, 
and APZr catalysts are unable to dialkylate 
toluene, we have selected the 0.1 M solution 
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Fro. 2. Influence of toluene/methanol molarity on apparent rate constant (kK), product selectivity 
(S), and XY and TMB distributions for the methylation of toluene on APA1-E catalyst. (a) 0.1 M,(b) 
0.2 M, (c) 0.5 M, (d) 1 M, and (e) 2.5 M. Reaction conditions: N 2 flow rate, 20 ml min-~; pulsed toluene 
5 × 10 -4 retool. 

of toluene in methanol for the study of the 
toluene methylation performance exhibited 
by A1PO 4 and A1PO4-metal oxide catalysts. 
Furthermore, the greater STMB in APA1 sys- 
tems working at 0.1 M toluene/methanol 
allows for better development of the reac- 
tion network through the optimum perfor- 
mance envelope (OPE) curves (60), which 
represent the conventional selectivity be- 
havior of active sites present on a fresh cata- 
lyst (see below). 

Pulse number 

(a) ALP04, AIPO4-TiO2 and AIPO4-ZrO 2 
catalysts. Experiments of longer duration at 
823 K were carried out to determine the 
degree to which pulse number would affect 
toluene conversion and xylene selectivity 
during the alkylation of toluene with metha- 
nol. Results within the first 40 pulses indi- 
cated that XroL, SETs, and Sxv remained 

almost unchanged during repetitive pulses 
of 0.1 M toluene/methanol solution. How- 
ever, when considering the pulse number on 
XY distribution, the following behavior was 
observed in all cases: a slight decrease in o- 
XY together with an increase in m- and p- 
XY by increasing the pulse number. Similar 
behaviours were found for the remaining 
AP, APTi, and APZr catalysts. 

Thus, AP catalysts were slightly deacti- 
vated by coke deposition, maintaining sta- 
ble activity. 

Taking into account these results, the 
comparison of the toluene methylation 
performances exhibited by A1PO 4 and 
A1PO4-metal oxide (TiO 2 and ZrO 2) cata- 
lysts has been carried out within the first 10 
pulses for each reaction temperature. 

(b) AIPO4-AI203 catalysts. Results within 
the first 10 pulses showed that X~o L, SETS, 
Sx~, STMS, and XY and TMB distributions 
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FIG. 3. Apparent rate constants (kK) at different reaction temperatures for the ring-methylation of 
toluene on A1203, A1PO4, A1PO4-A1203, A1PO4-TiO2, and A1PO4-ZrO 2 catalysts. Reaction condtions: 
N 2 flow rate, 20 ml min-1; pulse, 5/xl 0.1 M toluene/methanol. 

reach a steady-state value, after the third 
or fourth pulse of 0.1 M toluene/methanol 
solution, which decrease only very slowly 
with a further increase in pulse number. So, 
the comparison of the toluene methylation 
performances exhibited by APA1 catalysts 
have been carried out after the third pulse 
(between third and tenth pulse) for each re- 
action temperature. 

Catalysts 

Data from activity comparison runs in 
standard conditions (N2 flow rate, 20 ml 
min- 1; pulse, 5/xl 0.1 M toluene/methanol) 
are collected in Fig. 3. The values of the 
apparent rate constants shown are obtained 
from the slopes of the linear plots -ln (l-X) 
vs F -1 for ring (Kxy or KXy+TMB ) and side- 
chain (KETB) methylation of toluene with 
methanol for all the catalysts studied. 

The A1203 (AI-A) that form part of APA1 

catalysts exhibits activity at the higher reac- 
tion temperatures (773-873 K), although 
with very low kK values (Fig. 3), showing 
100 mol% xylene selectivity and xylene dis- 
tribution in the order p : m : o of 26 : 24 : 50 
mol%. 

The single oxides TiO2 and ZrO2 are not 
effective in demanding the alkylation of tol- 
uene due to their extremely low surface 
acidity. 

The experimental data in Fig. 3 clearly 
show how the catalytic activity for ring- 
methylation of A1PO4 can be strongly modi- 
fied by the incorporation of a metal oxide. 
The most striking feature of the activity 
studies is that among the tested catalysts, 
the catalysts obtained through the incorpo- 
ration of alumina showed higher activity for 
the ring-alkylation of toluene to XY and 
TMB than did the other acid catalysts. This 
confirms that they have more BrCnsted acid 
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sites accessible to toluene molecules than 
the remaining ones do, since this reaction 
is known to be catalyzed by BrCnsted acid 
sites. 

The activity patterns in toluene ring- 
methylation, and hence the surface BrCn- 
sted acidity of A1PO 4 catalysts, follow the 
sequence 

A1PO4-A1203 >> A1PO 4 > A1PO4-TiO 2 
> AIPO4-ZrO2 

regardless of the precipitation medium. 
Thus, the preparation of APA1 catalysts re- 
sults in an increase in activity with respect 
to ring-methylate toluene, about 10 times 
higher than that for starting AP catalysts. 
However, when TiO2 is added to A1PO4, the 
activity of the APTi catalyst decreases by a 
factor of two while, when ZrO2 is added to 
A1PO4, this factor becomes four times lower 
in relation to the most active A1PO 4 catalyst 
(AP-E). 

Moreover, as can be seen from the data 
in Fig. 3, the rate constants of catalysts for 
the ring-methylation of toluene, and hence 
BrCnsted surface acidity, also depend on 
the precipitation medium, although the most 
important influence is that of catalyst com- 
position. Thus, in general, the catalytic ac- 
tivity is greater when catalysts are obtained 
with ethylene oxide than when they are pre- 
pared in propylene oxide or aqueous ammo- 
nia. The decrease in activity for AP catalysts 
was greater than that of APA1 catalysts and 
thus, the activity per unit mass of catalyst 
at a reaction temperature of 873 K was 2.5 
times lower than those in the AP-E sample 
at the same reaction temperature for AP-P 
or AP-A catalysts. The same sequence is 
found for APA1 catalysts although the de- 
crease factor was about 1.2. In any case, 
the increase in BrCnsted acidity confers a 
progressive ability to the APA1 catalysts is 
promoting dialkylation reactions to form tri- 
methylbenzenes also (see below). 

Figure 4 compares the performance of 
APA1-E catalyst to that of APAI-P 
APA1-A catalysts under comparable ex- 
tents of conversion. As can be seen in Fig. 

4 the three catalysts showed different selec- 
tivities. 

Thus, independently of the conversion 
level, the values of SSMB were found to in- 
crease and therefore that to Sxy decrease 
on going from APA1-E to APA1-P and to 
APAI-A catalysts. This SrM B increase on 
was mainly due to the decrease in the con- 
centration of o-xylene. So, the STMB in the 
methylation of toluene is higher on APA1 
catalysts with more acidic sites (higher kK 
values). Besides at low conversion (about 5 
tool%) approximately equal amounts of p- 
and rn-xylene were detected but, however, 
with increasing conversion the selectivity to 
m-xylene increased for all catalysts, so that: 

So.xY > Sm_xY > Sp_xY. 
On the other hand, when apparent rate 

constants for toluene side-chain methyla- 
tion are compared (Fig. 5), the order of ac- 
tivity encountered is 

A1PO4-A1203 > AIPO 4 > A1PO4-TiO2 
>- A1PO4-ZrO2 

and, in general, the activity did not vary 
with the precipitation medium. Besides, in 
all cases, apparent rate constants for side- 
chain methylation are very small. 

So, in A1PO4's catalysts, BrCnsted acidity 
determines the selectivity of the reaction 
because the ring-methylation of toluene is 
always predominant. Besides, the decrease 
in catalytic activity which is on going from 
APA1 to APZr is consistent with that of the 
number of acid sites measured by pyridine 
adsorption as well as with the decrease in 
BrCnsted acidity, as shown by IR spectros- 
copy through the decrease in OH band in- 
tensity (4, 14, 19-23). 

In this sense, 1H MAS NMR results (61) 
have shown that AP-E and AP-P catalysts 
present a considerable number of OH 
groups linked to phosphorous atoms. On the 
contrary, for AP-A catalysts, the amount 
of OH is lower. Moreover, in AP-E cata- 
lysts, the number of OH groups and amount 
of octahedral aluminum is not changed by 
calcination at temperatures in the 923-1073 
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K range while, in AP-P  and AP-A cata- 
lysts, calcination at 1073 K eliminates those 
OH groups located in the aluminum octahe- 
dra, leaving those located on phosphorous 
and leading to crystalline A1PO 4 with only 
tetrahedral aluminum. 

On the other hand, according to quantum- 
chemical theoretical investigation on acidic 
active sites on A1PO 4 catalysts, performed 
on both closed (62, 63) and opened (64) 
A1PO 4 model clusters, the P - O H  groups 
represent the most stable BrCnsted acid 
sites on A1PO 4 surfaces. At the same time, 
P-OH-A1 sites (bridged hydroxyl groups) 
exhibit the strongest acidity. However, their 
relative surface concentration with respect 
to P - O H  is very low and, therefore, the 
BrCnsted acidity of A1PO 4 is determined by 
P - O H  sites. In addition, the proton abstrac- 
tion energies for A1-OH groups indicates 

that these centres cannot be considered as 
strong BrCnsted sites but, however, might 
enhance the BrCnsted acidity in P - O H  
groups through H-bonding, as has been 
stated by Moffat et al. (64), On the other 
hand, surface exposed oxygens act like 
Lewis basic sites, because their electron 
density is higher than that of bridged oxygen 
(64), although weaker than the exposed oxy- 
gens of A120 3 (65). 

The temperature dependence of apparent 
rate constants, kK, for the ring-methylation 
of toluene has been studied according to the 
Arrhenius and Eyring equations. 

Table 5 sets out the results of apparent 
activation energies, Ea, and preexponential 
factors of the Arrhenius equation, In A, from 
linear plots In kK vs T -1. The table also 
includes activation enthalpies, A /~ ,  activa- 
tion entropies, AS ¢-, and activation free en- 
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tion temperatures for the side-chain methylation of tol- 
uene on A1PO 4, AIPO4-A1203, AIPO4-TiO 2 and 
A1PO4-ZrQ catalysts. Reaction conditions: see Fig. 3. 

ergies, AG ~ (at 823 K) obtained by plotting 
In kK/T vs T- 1. The values compiled in Ta- 
ble 5 refer to the overall ring-methylation 
process. 

A least-squares regression analysis 
shows, in all instances, correlation coeffi- 
cients over 0.99. A significance t-test, per- 
formed on the regression coefficients 
showed that these are significant at levels 
over 1%. This is a measurement of fit data, 
under all experimental conditions, for the 
linear plots of In kK vs T- 1 and In kK/T vs 
T -~. All values were reproducible to within 
about 9%. 

From the results in Fig. 3 and Table 5, it 
can be seen that significant changes in the 
apparent rate constants do not result in im- 
portant changes in activation energy and 
thus, the nature of the active sites involved 
in the methylation of toluene on A1PO 4 and 
A1PO4-metal oxide catalysts is the same. 
So, the differences between the activities of 
various catalysts are therefore due to differ- 

ences in the number and strength of active 
sites. 

On the other hand, the frequency factor 
values for AP and APA1 catalysts when ob- 
tained in ethylene oxide produce a higher 
number of active sites than the same cata- 
lysts obtained in propylene oxide or aque- 
ous ammonia. However, according to their 
increased values in activation energy, the 
active sites of these catalysts ought to be 
less active. Thus, the balance between the 
factor of (i) the amount of BrOnsted acid 
sites, and (ii) their activity, determines the 
high degree of catalytic activities in AP and 
APA1 catalysts obtained in ethylene oxide. 

Furthermore, the negative values of AS ~ 
(referred to the overall ring-methylation 
process) indicate that, on going from the 
ground state to the transition state, an exten- 
sive restriction must be considered. This 
highly ordered transitional state is consis- 
tent with a reaction mechanism whose slow- 
est step is the stabilization and immobiliza- 
tion of reactant molecules on acid active 
sites of the catalyst. Also, in Table 5 we can 
see that AS ~ changes slightly with respect to 
the catalyst. Besides, the reaction on A1PO4 
and A1POe-metal oxide catalysts can be 
considered entropy controlled since T2xS ~ is 
always higher than 2xH ~. Also, an approxi- 
mately constant 2xG # value is found in AP, 
APTi, and APZr, while in APA1 2xG ~ it is 
somewhat smaller. 

Reaction Selectivity 

In relation to the selectivity of the reac- 
tion, all catalysts are highly selective to the 
ring-alkylation of toluene in the generation 
of xylenes in AP, APTi, and APZr catalysts, 
and xylenes plus trimethylbenzenes on 
APA1 catalysts. Also, side-chain-alkylation 
to ethylbenzene is, in general, rarely found 
on any of the catalysts studied but, it 
strongly decreases even more as the reac- 
tion temperature of BrCnsted surface acidity 
increases (Fig. 6). 

With respect to toluene ring methylation, 
all catalysts produced an ortho-rich xylene 
product mixture. This xylene isomer com- 
position is similar to those of non-shape- 
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TABLE 5 

Activation Parameters for Ring-Methylation of Toluene over A1PO 4 and 
AlPO4-Metal Oxide Catalysts 

63 

Catalyst In A E a A/4 ¢ AS # AG/a 
(kcal/mol) (kcal/mol) (cal/mol K) (kcal/mol) 

A P - A  - 6 . 7  ± 0.1 12.1 -+ 0.2 11.7 -+ 0.1 -74 .4  _+ 0.2 72.9-+ 3.5 
A P - E  - 4 . 2  _+ 0.2 14.8 ± 0.3 14.4 -+ 0.2 -69 .5  ± 0.3 71.6 _+ 1.9 
A P - P  - 7 . 7  -+ 0.2 10.3 -+ 0.2 9.4 -+ 0.2 -77 .0  -+ 0.5 72.8 ± 2.4 

APAI-A - 0 . 7  _+ 0.2 17.3 ± 0.4 15.7 -+ 0.2 -63 .8  -+ 0.3 68.2 _+ 1.5 
APA1-E 0.5 -+ 0.1 19.1 _+ 0.6 17.4 + 0.5 -61 .3  -+ 0.6 67.8 -+ 2.8 
APA1-P 0.4 -+ 0.1 19.2 _+ 0.4 17.5 + 0.3 -61 .5  ± 0.4 68.1 -+ 2.5 

APTi-A -7 .1  + 0.3 12.2 -+ 0.5 10.7 -+ 0.4 -76 .3  -+ 0.4 73,5 _+ 3.9 
APTi -E  7.2 _+ 0.2 12.2 ± 0.4 10.6 -+ 0.3 -76 .5  ± 0.3 73.5 _+ 2.7 
APTi-P  - 7 . 3  -+ 0.2 11.1 -+ 0.4 9.6 -+ 0.3 -76 .7  -+ 0.3 72.7 _+ 2.9 

APZ r -A  - 4 . 2  -+ 0.8 18.2 _+ 0.9 16.7 ± 0.6 -70 .5  ± 1.0 74,8 -+ 4.0 
A P Z r - E  - 6 . 9  -+ 0.4 12.8 ± 0.7 11.3 -+ 0.5 -75 .9  ± 0.6 73.8 -+ 6.6 
APZr -P  5.0_+ 1.1 16.1 +- 1.8 14.6 -+ 0.3 -72.1  -+ 1,6 73.9-+ 8.8 

A1-A - 7 . 3  -+ 0.5 12.4 -- 0.8 9.5 -+ 0.4 -78 .5  -+ 0.7 74.1 _+ 9.2 

" At a reaction temperature of 823 K. 
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(e) 873 K. Reaction conditions: see Fig. 3. 
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selective catalysts such a s  S iO2-A1203  (28, 
66, 67) or Y-zeolites (67) and to the initial 
xylene isomer composition in the low- 
temperature Friedel-Crafts catalyzed meth- 
ylation of toluene (68). Besides, ortho-rich 
product distribution is obtained as required 
by the principles of aromatic electrophilic 
substitution (69). Also, molecular orbital 
calculations (70), carried out through the in- 
teraction of the methyl cation with toluene 
and by using the total charges and C~oMo 
coefficients of the carbon atom positively 
charged in the methyl carbocation and car- 
bon atoms in ortho, meta, and para posi- 
tions, show that thepara and ortho positions 
are energetically favored. 

On the other hand, among the TMB pro- 
duced on APA1 catalysts by the ring-dial- 
kylation of toluene, the 1,2,4- isomer is 
formed in the largest concentration. Also, it 
can be seen that with increasing reaction 
temperature the concentration of 1,2,4- 
TMB increases more strongly than the con- 
centration of 1,2,3-TMB, so that S1,2,4_TM B 
continuously increases with reaction tem- 
perature. Furthermore, on all APA1 cata- 
lysts, the selectivities follow the order 

Sxy > SrMB ~> SETB 

so that APA1 catalysts exhibit the lowest 
SzT~ of all the catalysts studied. 

As far as the selectivity behaviour of 
products is concerned, we have constructed 
the corresponding OPE (Optimum Perfor- 
mance Envelope) curves by plotting the 
fractional conversion to each of the reaction 
products against the total conversion (XT) 
for different weight ratios of the catalyst 
with respect to the toluene introduced, as 
has been described by Ko and Wojciechow- 
ski (60). The OPE curves represent conven- 
tional selectivity behavior of the active sites 
present on a fresh catalyst and whose slope 
at origin represents the initial selectivity for 
that product. 

In this sense, the microcatalytic pulse 
technique is more advantageous than the 
conventional continuous flow technique in 
several ways. The catalyst/reactant is high 
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FIG. 7. OPE curves for toluene alkylation: fractional 
conversion at a particular reaction product as com- 
pared to toluene conversion (XToL) for A P - A  catalyst. 

whereas the stay of the reactant in the cata- 
lyst bed is very short. Thus the activity loss 
of the catalyst can be discarded for any par- 
ticular pulse. 

The product profiles, in toluene methyla- 
tion, can be separated into two groups. The 
first one, which includes AP, APTi, and 
APZr, (i.e., those catalysts in which the ben- 
zene ring of toluene is mono-alkylate), ex- 
hibits product profiles like those shown in 
Fig. 7 for AP-A catalyst. The second one, 
which includes APA1 (i.e., the catalyst in 
which toluene is ring-dialkylated), shows 
OPE curves similar to what appeared in Fig. 
8 for APA1-P catalyst. In the latter case 
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FIG. 8. OPE curves for toluene alkylation: fractional 
conversion at a particular reaction product versus tolu- 
ene conversion (X,roL) for APA1-P catalyst. 
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for obtaining the product distribution as a 
function of the conversion (up to 30 mol%), 
experiments were performed using different 
catalyst weights. 

The product profiles for toluene monoal- 
kylation, Fig. 7, show that ETB is formed 
by the direct alkylation of the methyl group 
since ETB is present from the onset of reac- 
tion. Likewise, xylenes form at the onset of 
the reaction indicating that the XY are also 
formed by direct alkylation, i.e., they are 
primary reaction products. Thus, for AP, 
APTi, and APZr catalysts in the range of 
conversions studied, ETB, o-XY, m-XY, 
and p-XY are competitive stable primary 
reaction products coming from toluene 
through a parallel reaction network with 
first-order kinetics, since they have OPE 
curves that are straight lines at origin. They 
are, therefore formed at a constant rate in 
relation to feed conversion, and neither dis- 
appear nor accumulate due to secondary 
products. A primary product is defined as 
that which is produced from the reactant, 
no matter how many surface intermediates 
are involved in its formation. In these cata- 
lysts, side-chain- and ring-alkylation follow 
parallel reaction paths without xylene isom- 
erization or disproportionation. 

In the alkylation of toluene with methanol 
on APAI catalysts, the OPE curves (Fig. 8) 
indicate that ETB and XY are formed at the 
onset of the reaction. Therefore, they are 
primary products. However,  while ETB and 
m-XY are stable products (OPE curves that 
are straight lines passing through the origin), 
o- and p-XY are unstable primary products 
since they participate in the formation of 
1,2,3- and 1,2,4-TMB. Besides, in our ex- 
perimental conditions these latter products 
seem to be stable secondary products (60). 
So, TMB arises from the secondary alkyl- 
ation of o- and p-XY. 

Taking into account the above results, the 
reaction of toluene with methanol on A1PO4 
and A1PO4-metal oxide catalysts seems to 
proceed according to a reaction network 
where ring- and side-chain alkylation follow 
parallel reaction paths, the side-chain-meth- 

ylation being, in all cases, scarcely found. 
Protonation of methanol on the BrCnsted 
acid site to form the corresponding methyl- 
carbenium ion, transfer of the methyl group 
to the aromatic ring of the adsorbed toluene 
followed by transfer of proton back to a 
catalyst BrCnsted site accounts for the pro- 
duction of xylene isomers (all competitive 
primary products). The rate-determining 
step is most likely the interaction between 
the methylcarbeniun (methoxonium) ion 
and the weakly adsorbed toluene. This is in 
accordance with the mechanism proposed 
for alkylation of toluene with methanol in 
liquid acidic media (69) and in non-shape- 
selective catalysts (28, 66, 67). Besides, on 
catalysts with higher surface BrCnsted acid- 
ity, further alkylation of o- and p-XY is also 
found (Fig. 9). 

The concentration of methoxonium ions 
increases with increasing Br~nsted acidity 
and hence the rate of alkylation of toluene 
increases. Thus, by incorporation of AI203 
to A1PO4 there is an increase in the number 
of BrCnsted acid sites with enough strength 
to be active in toluene methylation. How- 
ever, the increase in the number and 
strength of acid sites (resulting in higher tol- 
uene conversion), generated by A1203 
incorporation is not strong enough to 
catalyse either xylene isomerization/dispro- 
portionation or toluene disproportionation. 
Notwithstanding, the high ortho/para ratios 
and the high quantities of meta isomer ob- 
tained indicated that in all cases the alkylat- 
ing agent is a highly reactive species and 
exhibits low positional selectivity. 

CONCLUSIONS 

The present results provide evidence that 
surface BrCnsted acid sites of A1PO4 as a 
heterogeneous catalyst can be affected sub- 
stantially by the nature of the loaded metal 
oxide. Thus, the incorporation of AI203 to 
A1PO 4 modifies the amount and strength of 
the sites performing an increase in the num- 
ber of BrCnsted sites which results in cata- 
lysts whose catalytic properties in the ring- 
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methylation of toluene are better than those 
of A1PO4 catalysts. So, these A1PO4-AlaO 3 
systems strengthen the solid BrCnsted acid- 
ity of A1PO4. Besides, when A1PO4 is loaded 
with TiO 2 or ZrO 2, in neither of the two 
cases did the activity exceed that of pure 
A1PO 4. Thus, the catalytic rates increases at 
worst by about 30 orders of magnitude in 
going from A1PO4-ZrO2 to the AIPO4-A1203 
catalysts. Moreover, although BrCnsted 
acid sites on A1PO4 and A1PO4-A1203 are 
strong enough to produce the ring-methyla- 
tion of toluene to xylenes in the former case, 
and xylenes plus trimethylbenzenes in the 
latter, they were not able to catalyse either 
xylene isomerization or toluene dispropor- 
tionation. 

The changes in activity are similar to the 
changes in the acidic characteristics. The 
catalytic activity of APA1 catalysts thus can 
be relatively well interpreted in terms of the 
surface acidity measured gas-chromato- 
graphically through the adsorption of PY at 
different temperatures. 

Further work toward a better develop- 
ment of the acidic and catalytic properties 
of AIPO4-A1203 catalysts through their im- 
pregation with fluoride or sulfate anions is 
in progress. In this respect, previous results 
have shown that catalysts with a 2.5 wt% 

of fluoride ion exhibit higher reaction rates 
even at lower reaction temperatures than 
unmodified A1PO4-A1203 ones. 
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