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The interest of research workers in recent years has been greatly aroused by zeolites 
of the pentasil family, which are distinguished by a high mole ratio SiO2/AI=03 (> 30) and 
specific topology of the skeleton. Zeolites of this type have proven to be highly effective 
catalysts in commercially important processes such as the production of aromatic hydrocar- 
bons and high-octane gasoline from methanol and low-molecular-weight olefins, conversions of 
alkylaromatic hydrocarbons, and many other reactions [i]. 

A promising direction in research in this field of catalysis on high-silica zeolites is 
the investigation of the relationship between the composition of the skeleton, the distribu- 
tion of the acidic centers, and the catalytic activity of these systems. Earlier, in the 
example of xylene conversions, differences in catalytic activity and selectivity were found 
when comparing zeolites with similar composition but different structure: mordenites and 
USSR analogs of the pentasil-family zeolites, with the code designations TsVK and TsVM [2, 
3]. 

Here we are reporting on a study of the catalytic properties of high-silica zeolites 
of the TsVK and TsVM types [4], an L zeolite, and mordenites in conversions of o- and m- 
xylenes (OX and MX). The results obtained on the catalytic activity have been compared with 
data on the acidity as determined from measurements of the heat of adsorption of NH3. 

EXPERIMENTAL 

In this work, we used the H forms of the zeolites. Specimens of the superhigh-silica 
zeolites were prepared by heating for 16 h at 540~ to decompose organic components and were 
then treated with an NH~NO3 solution to remove the Na. The dealuminized mordenites (DM) 
were prepared by treating the NH~ form with HCI solutions. In preparing the NH~ form of the 
L zeolite, the starting material was the K form. Before use in the catalytic experiments, 
all zeolite specimens were treated for 4 h at 500~ in a stream of air, and before the calori- 
metric measurements they were treated in vacuum for i00 h at 480~ The SiO=/AI203 mole ra- 
tion in these zeolite specimens varied from 5.2 for the L zeolite to 104 for the TsVK (Ta- 
ble i). 

Xylene conversions were studied in a single-pass flow system at atmospheric pressure 
[2]. The catalytic activity was characterized by the total conversion of xylenes. Also, 
by graphic differentiation, the initial rates were calculated for the conversion of xylenes 
into products of isomerization (ri) and disproportionation (rd). As a measure of selectivity 
we used the ratio of concentrations of products of disproportionation and isomerization 
(d/i). The initial hydrocarbon feed rates were 0.01-0.2 mole/h" g of catalyst. The experi- 
ments were performed in a stream of carrier gas (He). 

The heats of adsorption of NH3 (q) were measured at 30 ~ and 300=C in a Calvet type micro- 
calorimeter connected to a vacuum adsorption unit [5]. 

DISCUSSION OF RESULTS 

The data on the catalytic activity of the high-silica zeolites in OX conversion (Table 
i) show that the L zeolite, with an 80% degree of decationization, was completely inactive 
at 250~ even though at a higher temperature (360~ the conversion of OX on this zeolite 
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TABLE i. 
Catalysts (Uox = 0.01 mole/h' g) 
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was approximately 75%. Far more active were the TsVK and TsVM zeolites, among which the 
highest activity was manifested by the TsVK-I sample with a mole ratio Si027AI=O3 = 37. In- 
creases in this ratio to 68 and 104 gave lower activities. 

The conversion of OX at 250~ on the TsVM zeolite synthesized without any organic cat- 
ion was approximately one-half that on the TsVK-I sample, which contained the same amount 
of aluminum in the skeleton. Further investigation is required to resolve the question of 
how the method of synthesis influences the formation of the active centers of pentasil-fam- 
ily catalysts. 

A comparison of zeolites of different structural types indicates that the mordenite 
catalysts have the highest activity in xylene conversion. For example, with the decation- 
ized mordenite, the OX conversion at only 200~ was found to be 48.1%. After removal of 
approximately 20% of the A1 from this zeolite, the OX conversion increased to 76.6%. Among 
the mordenites, the highest activity has been observed for samples with an approximately 50% 
dealuminization [3], The mordenite catalyst DM-68 was lower in activity than the samples 
with higher contents of AI (DM-14 and DM-18) but was considerably more active than the TsVK-2, 
which had approximately the same composition. 

The data of Table 1 indicates substantial differences in the ratio of concentrations 
of reaction products from isomerization disproportionation reactions on zeolitic catalysts 
of different types. In the presence of the L zeolites and mordenites, the isomerization 
is accompanied by considerable disproportionation, the contribution of which to the overall 
conversion increases with increasing reaction temperature, amounting to 20-48%. A picture 
of the changes in selectivity of conversion is given by plots of the ratio of disproportiona- 
tion and isomerization product concentrations (d/i) as a function of the total conversion 
of OX (Fig. I). As can be seen from Fig. i and the data reported in [3], on the zeolites 
of the pentasil family, the OX is subjected mainly to isomerization; the formation of small 
quantities of toluene and trimethylbenzenes is observed only in the high-conversion region. 
On the mordenites, disproportionation products appear even at fairly low conversions; on 
the L zeoiites, even in the low-conversion region, the isomerization of the OX is accom- 
panied by considerable disproportionation. Also shown in Fig. 1 are comparative data for Y 
zeolite [6], on which the disproportionation products are formed in large quantities even at 
low conversions; at OX conversions of approximately 30%, the values of d/i are near unity, 
The high activity of the Y zeolites in the disproportionation of toluene has been noted pre- 
viously in [7]. 

From a comparison of the selectivities of the different zeolites at the same level of 
conversion of the original OX, we can conclude that the ratio of the isomerization and 
disproportionation rates is very much dependent on the structure of the zeolite skeleton. 
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Fig. i. Ratio of concentrations of prod- 
ucts from disproportionation and iso- 
merization of o-xylene (d/i) as a function 
of conversion: i) TsVK-2; 2) DM-68; 3) 
NH,KL; 4) REE-Y (data from [6]). 

According to data obtained by x-ray structure analysis~ the effective section of the 
wide straight channels in pentasils is no greater than 5.7 A~ for the mordenites it is ap- 
proximately 6.5 A, and for the L zeolites approximately 7.0 A; for the ~aujasites, the diame- 
ter of the entrance apertures to the large void spaces is close to 8.2 A [8]. The yields 
of disproportionation products increase in this same order. The absence of any disproportion- 
ation activity for the pentasils is probably related to the molecular sieve effect in the 
zeolites of this type. It has been suggested [6, 9] that disproportionation of OX is a bi- 
molecular reaction proceeding through the intermediate formation of compounds of the di- 
phenylalkane type. Apparently, the limited size of the channels and void spaces in the TsVK 
and TsVM zeolites can prevent the formation of such intermediate compounds, thus lowering the 
rate of this process and also the rate of desorption of the trimethylbenzenes that are formed. 
In the case of the wide-pore zeolites, the rates of formation and desorption of the dispro- 
portionativn products are probably not limited by the dimensions of the channels and void 
spaces. 

Another manifestation Of molecular sieve effects in the pentasils is found in the higher 
selectivity of p-xylene (PX) formation. A comparison of the PX yields in the isomerization 
of OX on the zeolites TsVK-2, DM-14, and DM-68 (Fig. 2) shows that at identical levels of 
conversion of the original isomer, the fraction of PX in the reaction products on the penta- 
sil type zeolite is considerably higher than on the mordenites. The distribution of MX 
isomerization products also proved to be different for the DM-68 and TsVK-2. As can be seen 
from Fig. 3, with the TsVK-2 catalyst, the concentration ratio PX/OX is considerably differ- 
ent from the equilibrium value, particularly at low conversions. For the dealuminized mor- 
denite, this ratio is constant and is essentially equal to the equilibrium value, over a 
broad range of MX conversions. 

The differences in distribution of the xylene isomerization products and in the reac- 
tion selectivity on the pentasils and the mordenites become more understandable if we ex- 
amine the results from the standpoint of a limitation on the reaction rate by diffusion into 
the bulk. For zeolites, reactions typically proceed in this regime, where the diffusion 
rate is determined by the shape and dimensions of the reacting molecules and the channels of 
the zeolite (configurational diffusion) [i0]. In such a case, the higher selectivity for 
the p-isomer can be explained by the higher diffusion rate in the channels of the pentasil 
in the case of the PX molecules,owhich have a smaller kinetic diameter (7.0 A) than those 
of the MX and OX molecules (7.6 A). Therefore, the PX molecules are more readily desorbed 
into the gas phase in comparison with the MX and OX, and the latter two molecules will stay 
longer in the zeolite pores and will be subjected to further isomerization. In contrast, 
in the channels of the DM, the diffusion rates of the PX, MX, and OX molecules are consid- 
erably higher than in thepores of the pentasil. Moreover, for all three of the isomers, 
the rates will show smaller differences from each other. As a result, we do not observe 
enrichment of the reaction products in the p-isomer on the mordenite catalysts. 

These results may be compared with data on acidity of the catalysts, as determined 
by adsorption calorimetry (Fig. 4). With increasing SiO=/Al=Os mole ratio in the zeolite 
skeleton, the strength of the acidic centers increases, and the number of these centers 
decreases. Bands with identical heat of adsorption are present in the spectra of zeolites 
of different compositions and structures. This means that the positions of the bands in the 
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Fig. 2. Yield of p-xylene (relative to hydrocarbon passed through) 
as a function of o-xylene conversion: i) DM-68; 2) DM-14; 3) TsVK-2 
(Tac t = 500~ 4) TsVK-2 (Tac t = 1000~ 

Fig. 3. Ratio of m-xylene isomerization products (PX/OX) as a func- 
tion of conversion: I) TsVK-2; 2) DM-68. 

spectra are not random, but are rather due to the existence of centers of different types in 
the zeolites. In the decationized L zeolite we can distinguish three types of strong acidic 
centers with heats of adsorption approximately I00, Ii0, and 120 kJ/mole; these centers are ab- 
sent from the original KL sample. The appearance of these centers is related to the forma- 
tion of strong acidity upon removal of the K + ions. In the H form of the mordenites, centers 
with q > 120 kJ/mole appear, these centers being absent from the NH4KL zeolite; also, there 
is an increase in the total number of acidic centers with q > 90 kJ/mole. The result is an 
increase in the total acidity and also in the number of strong acidic centers. Upon dealum- 
inization of the mordenites, the total number of acidic centers is reduced, but their 
strength increases. In the dealuminized samples, we do not find any centers with q < 120 
kJ/mole, but considerably stronger centers appear, with q > 140 kJ/mole. A comparison of 
the acidity spectra of the mordenites and pentasils shows that in the zeolites of these two 
types, strong acidic centers with q > 120 kJ/mole are present. However, in contrast to the 
mordenites, in the TsVK and TsVM type zeolites, we find no centers adsorbing NH3 with q > 
130 kJ/moleo The spectra of the TsVK and TsVM zeoiites are similar, although in the sample 
synthesized without an organic cation, no centers with q > 125 kJ/mole could be detected. 
The absence of such centers is probably responsible for the lower activity of the TsVM zeo- 
lite in OX conversion. The higher activity of the dealuminized mordenites in comparison with 
the other high-silica zeolites can be explained by the fact that the mordenites have acidic 
centers with q~ 140 kJ/mole. 

Thus, a comparison of the catalytic and acidic properties of zeolites differing in 
structure and composition leads us to the conclusion that there is a direct relationship 
between the activity in xylene conversion and the content of strong acidic centers. The 
concentration of acidic centers depends not only on the composition of the skeleton, but 
also on the conditions of pretreatment. In particular, one of the most important factors 
determining the catalytic properties of zeolites is the temperature interval of formation 
and destruction of the active centers. This interval can be determined by studying the re- 
lationship between the catalytic activity and the activation temperature (Tact) of a zeo- 
litic catalyst. From plots of the activity of mordenites as a function of Tac t (Fig. 5), 
it can be seen that in the 350-500~ region there is a sharp increase in activity, related 
to decomposition of NH~ + ions and dehydration of the zeolites. In the 500-550~ interval, 
the activity of the DM-14 sample changes but little. With higher levels of Tact, the OX 
conversion is much lower. This sort of change in the catalytic activity corresponds to the 
temperature regions for the existence of adsorbed water (< 350~ and NH4 + and OH groups 
(450-600~ [ii]. 

The sharp decrease in activity with Tac t > 550~ is probably related to removal of OH 
groups. It is known [ii] that as the A! is removed from a zeolite, the bonding strength of 
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Fig. 4. Acidity spectra of zeolites, 
calculated from heats of adsorption of 
NH~ at 30~ 

adsorbed water decreases, and its desorption from dealuminized mordenites is completed at 
100~ From a comparison of the curves shown in Fig. 5 for the DM-14 and DM-68, we can 

assume that with increasing degree of dealuminization, the thermal stability of the hydroxyl 
cover decreases with a decrease in the content of the OH groups that are the carriers of 
Br~nsted acidity. According to data obtained by diffuse scattering IR spectroscopy, the 
dehydroxylation of dealuminized mordenites proceeds at lower temperatures (< 480~ in com- 
parison with the dehydroxylation of the H form of mordenite (550-600~ [12]. The mechanism 
of dehydroxylation of dealuminized mordenite includes simultaneous removal of a nonacidic 
OH group bonded to Si atoms and a proton of an acidic OH group of the bridge type. The mor- 
denite skeleton is preserved up to at least 1000~ [ii]. 

In contrast to the dealuminized mordenites, the TsVK is characterized by a broader tem- 
perature interval for the formation and destruction of the active centers (Fig. 5, curve i). 
The increase in catalytic activity of this zeolite when it is calcined at 300-5000C is re- 
lated, the same as for the mordenites, to the decomposition of NH~ + ions at these tempera- 
tures and the appearance of acidic centers. Heat-treatment at 500-700~ does not change 
the activity; only after raising Tac t to 800~ is there a significant decrease in OX con- 

version. 

The conversion of OX at 250~ on the TsVK-2 sample calcined at 1000=C was no greater 
than 1%. This catalyst manifested appreciable activity only when the reaction temperature 
was raised to 300-4000C. Here we observed an increase in the selectivity with respect to 
PX formation. The yields of PX on the sample calcined at IO00~ at all levels of OX con- 
version, were considerably higher than on the catalyst calcined at 500~ (Fig. 2, curve 4). 
In previous studies, an analogous increase in PX selectivity was observed for TsVK-2 cal- 
cined at 1000~ in the aromatization of C4 olefins [13, 14]. The PX/MX ratio in the Ce 
alkylbenzene fraction was 2-4 times the equilibrium value. The observed change in selec- 
tivity can be explained by a reinforcement of diffusional hindrance for the OX and MX mole- 
cules in connection with the decrease in the zeolite pore diameter after high-temperature 
treatment. Such a narrowing of the channels may be due, in particular, to deposition of 
A1203 particles in the pores at the expense of the AI atoms removed from the zeolite skele- 
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Fig. 5. Total conversion of o-xyiene at 250~ (on three different 
zeolites) and concentration of acidic centers (in the case of the 
TsVK-2 zeolite~ as functions of catalyst pretreatment temperature: 
I) TsVK-2; 2) DM-68; 3) DM-14. 

Fig. 6. Acidity spectra of TsVK-2 zeolite calcined at different 
temperatures. 

ton at high temperatures. The conclusion as to partial dealuminization of pentasil type zeo- 
lites with the formation of AI--OH groups was also drawn in [15, 16] from a study of diffuse 
scattering IR spectra of the H form of ZSM-5 zeolite that had been heat-treated at 950oC. 

The changes in activity of the TsVK-2 zeolite with increasing Tac t correlate well with 
the results obtained in the measurements of acidity. From an examination of the acidity 
spectra of this catalyst, calcined at 480 ~ , 650 ~ , and 800~ (Fig. 6), it follows that during 
the course of heat treatment, the contents of both the strong and the weak acidic centers 
decrease. In the 480-650~ interval, however, these changes are small; the increase of Tac t 
to 800~ is accompanied by an almost threefold decrease in the concentration of the centers. 
Nonetheless, heat treatment, even under such severe conditions, does not eliminate the acidity 
completely. In the spectrum of the TsVK-2 that has been calcined at 800~ the concentra- 
tions of centers adsorbing NH3 with q = ii0 and 130 kJ/mole are 0.Ii and 0.04 mmole/g, re- 
spectively. These data are consistent with our previous conclusion that the catalytic ac- 
tivity of zeolites of the pentasil family comes from a small number of OH groups, which 
apparently enter into the composition of the active centers and can be removed as a result 
of destruction of these centers during heat treatment [13]. 

Thus, reduction of the A1 content in the skeleton by acid treatment (dealuminization) 
lowers the thermal stability of the hydroxyl cover, as is observed in the case of mordenite 
catalysts. On the other hand, as a result of direct crystallization of the zeolites with 
decreasing concentration of A1 in the skeleton, as in the synthesis of pentasils, the OH 
groups that are formed are more heat-resistant. 

According to the data from x-ray structure analysis, the skeleton of the DM and TsVK 
zeolites does not break down, all the way to Tac t = 1000~ However, the stability of cata- 
lytic activity is related more to the stability of the hydroxyl cover than to the thermal 
stability of the skeleton. For example, in an investigation of decationized L zeolites, it 
was shown that in the interval Tac t 300-450~ their skeleton does undergo partial break- 
down. Nonetheless, the catalytic activity in OX isomerization appeared only after calcining 
the samples at 400~ i.e., when the decomposition of NH4 + ions has been completed [17]. 

A comparison of the activity in conversion of xylenes with the distribution of acidic 
centers according to strength reveals certain relationships in the course of catalytic reac- 
tions on zeolites of different structural types. Differences in the pore structure provide 
an explanation for the selectivity of conversions and the formation of specific products. 
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TABLE 2. Content of Acidic Centers in High-Silica Zeolites 
and the Catalytic Activity of These Zeolites in o-Xylene 
Conversion 

Catalyst 
SiOdAl~03 SiO2/A~O3 

Number of Br~nsted centers (mmolesl  with Catalyt ic  act ivi ty at 250~ 
indicated heat  of mmotes/h �9 g .  107 
NH a adsorption, kl /  
mote 

. . " ' . t ionatfon 
J ~  ~O~lO [OX isomerization [OX dispropor- 

ca e la- ]m~n~t tion (experiment) / 

HM 
DM- 14 
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DM-68 
T~VM 
TsVK-2* 

iO 
14 
i8 
68 
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50 

0,0 
0,35 
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0,05 
0,03 
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0,23 
0,47 
0,34 

0,0 
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0,i2 
0,07 
0,0 
0,0 

0,50 
2,05 
2,56 
1,i0 
0,40 
t,00 

0,31 
~g7 

0,09 
0,50 
0,58 
0,20 
0,0 
O,O1 

*Heats of adsorption of NH3 determined at 30~ 

However, the level of catalytic activity must be determined by the concentration of active 
centers and also the ratio of numbers of active centers of different types. 

Calorimetric measurements of the heat of NH3 adsorption at 300~ [18] and a study of 
the IR spectra [12] provided a basis for determining, in each zeolite, the number of Br~n- 
sted acid centers of different strengths and the number of Lewis acid centers (Table 2). 
It was found that the decationized mordenite that had been heated at T~ 500~ did not con- 
tain any Lewis acid centers, which appeared only after removal of approximately 20% of the 
A1 from the skeleton. As the degree of dealuminization was increased, it was found that the 
concentrations of Lewis and strong Br~nsted centers pass through a maximum. The highest 
concentration of Lewis acid centers was found in the DM-14 sample, and the highest concentra- 
tion of strong BrCnsted centers in the DM-18. Measurements of the initial rates of OX iso- 
merization in the presence of the dealuminized mordenites with different SiO=/AI=O3 mole 
ratios shows that the DM-18 catalyst, which contained one-half the A1 in the original de- 
cationized sample, had the highest activity (Table 2). 

On the basis of the data on the acidity of the dealuminized mordenites, using the 
method of regional rates, we calculated the rate of OX isomerization on the acid centers of 
different types. Here it was assumed that the reaction proceeds at its own specific rate 
on the centers of each type, and that the contribution of these centers to the total rate 
is proportional to the number of centers and to the specific rate: rtot = Erin i. Since the 
HM zeolite contains only Br~nsted acid centers with q = 120-140 kJ/mole, it is easy to de- 
termine that their activity is 0.55" 10 -=3 mole/h" center. Deducting the rate on such cen- 
ters from the total rate of isomerization on the DM-14 zeolite, we can calculate the reaction 
rate on the Lewis centers: 8.8' 10 -23 mole/h' center. Such a calculation for the DM-18 
zeolite shows that on the Br#nsted centers with q = 150 • i0 kJ/mole, the isomerization rate 
is 20' 10 -23 mole/h" center. 

From these data we can calculate the rates of OX isomerization on DM-68, TsVM, and 
TsVK-2 zeolites and compare these results with the experimentally determined reaction rates. 
As can be seen from Fig. 2, the experimental and calculated rates of OX isomerization are in 
satisfactory agreement for these three catalysts. The calculation shows that the weakest 
Br~nsted centers are approximately 16 times less active than the Lewis centers, and approxi- 
mately 36 times less active than the strong Br~nsted centers. However, the contribution of 
the weak centers to the overall reaction rate cannot be neglected. In the TsVM zeolite, 
half of the total activity pertains to these centers; and in the HM zeolite, these centers 
completely determine the isomerization rate. 

These data also show that in zeolites of the pentasil type, there are acidic centers 
that are similar in heat of NHa adsorption and in catalytic activity to the centers present 
in dealuminized mordenites. The only differences between the zeolites of these structural 
types are (a) that the pentasils do not contain any strong Br~nsted acid centers with q = 
150 • i0 kJ/mole, and (b) the slightly higher catalytic activity of the mordenites. 

From these studies we can conclude that the isomerization of xylenes proceeds not only 
on Br~nsted centers, but also on Lewis acid centers, and that the reaction rate depends on 
the concentrations of centers of different types. 
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As regards the activity of these catalysts in xylene disproportionation and the dif- 
fering selectivity with respect to formation of the p-isomer, we find that in this particu- 
lar case, in addition to the role of theacidity, an important role is played by the pore 
structure of the zeolites, determining the presence or absence of diffusional hindrance 
for the molecules of the original hydrocarbons or the conversion products. In particular, 
the comparatively small decrease in the effective diameter of the channels when the change 
is made from mordenite to zeolites of the pentasil family leads to a considerable molecular 
sieve effect, manifested in a low disproportionation activity and a higher selectivity with 
respect to p-xylene. 

CONCLUSIONS 

!. On high-silica zeolites of the pentasil family, xylenes are converted to isomeriza- 
tion products with high selectivity. In the presence of wider-pore zeolites, the isomeri- 
zation is accompanied with a considerable degree of disproportionation, the contribution of 
which increases with increasing diameter of the zeolite pores. 

2. The hydroxyl cover in the pentasils has a far higher thermal stability than in the 
mordenites; and as a consequence, the pentasils retain high catalytic activities even when 
heat-treated at 700~ 

3. The acidic centers of zeolites of the pentasil and mordenite types are similar in 
heats of ammonia adsorption and in their specific activity in xylene conversion. 
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