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in the gas phase, and a Langmuir isotherm 
for gas mixtures to describe adsorption of 
these species during reaction (3), leads to 
a pressure dependence of the reaction rate 
other than that observed. This discrepancy 
probably arises from the irreversibility of 
the dissociation of adsorbed HCOOH. We 
prefer, therefore, to discuss the results in 
terms of published reaction mechanisms. 

The good fit over the whole range of 
pressures we interpret as indicating the 
same rate-determining step throughout. At 
low pressures the order of the reaction 
tends to 0.5. This makes a bimolecular sur- 
face reaction unlikely (4, 6), but the fol- 
lowing scheme (6) : 

HCOOH(g) + * + HCC;OH; (4 

HCOOH - (b) . HC?O+I;I; 

HC?O - CO,(g) + 5; (4 

5+7 - mg) (4 

can account for the pressure dependence of 
the reaction, In the above scheme, step (c) 
has been postulated to be rate-determining 
(1, 7), i.e., 

r = @HCOO. 

If this is the case, and (i) the equilibria (a) 
and (b) are not appreciably disturbed, (ii) 
if OHCOO z OH <<~HCOOH SO that OHCOOH = 

(~/K~)~Hcoo', then 

r = k K,l’ze r HcooH”2, 

and substitution from (2) gives 

r = k,K,“2[bp/‘(l + bp)]“*, 

which is Eq. (3) with k. = k,Kdl’* and y = 
0.5, i.e., close to ;1~~. 
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Infrared Study of Cation-Exchanged Mordenites and Y Faujasites 

Adsorbed with Ammonia and Pyridine 

il/lany reactions over synthetic zeolites 
as an excellent solid acid catalyst have been 
studied. In some cases, it has been found 
that the catalyst activity and the distribu- 
tion of the reaction products depended on 
the geometric relation between the zeolite 
pore system and the molecular shape (1,6). 
Disproportionation of alkylbenzenes over 
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synthetic zeolites has often been studied 
(5-8)) and in the case of disproportionation 
of ethyltoluenes over H mordenite catalyst, 
it has been shown that the distribution of 
produced trialkylbenzenes was affected by 
the pore size of the catalyst (7, 8). 

The authors have also reported previ- 
ously on the vapor phase disproportionation 
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TABLE 1 
ACTIVITY OF VAHIOUS C..ITION-EXCHANGED ZEOLITES IN DISPKOPORTION~ITION OF TOLUENE 

Yield’ (mol yo) 
Conversion - 

Ionic radius (A) $2, Exchanged (ml %I B s TMP” 

HZ - 93 57 43 42 5 
BeZ 0.31 72 2x 20 21 TI 
MgZ 0.65 x4 Tr’: TI Tr 0 
CaZ 0.99 85 0 0 0 0 
CdZ 0.97 73 0 0 0 0 
CeZ 1.12 79 15 4 4 0 
HY 81 35 2s 31 2 
BeY 0.31 83 20 16 17 1 
CaY 0.90 86 4 3 3 0 
CeY 1.12 x4 32 29 30 2 

a Reaction conditions: Temperature: 4OO”C, W/F: 90 g.hr/mol, carrier gas: NP (Nz/toluene = 5/l mol/ 
mol). The yield listed in Table 1 is based on 2 moles of fed toluene and is t,aken at the highest yield on 
process time. 

b B : benzene, X : xvlenes and TRIB : trimet hvlbenzenes. ” 
c Tr = Trace. 

of toluene over various cation exchanged 
mordenites and Y faujasites, and Tab!e 1 
shows the main results (6). It, is shown t’hat 
H mordenite (HZ) is the most active cata- 
lyst and divalent cation-exchanged morden- 
ites show almost no activity, with the ex- 
ception of Be which has an ionic radius of 
only 0.3 A. Ce mordenitc (CeZ) has a 
smaller activity than Be mordenite (BeZ), 
while Ce faujasite (CeY), shows a compa- 
rable activity to H faujasite (HY). How- 
ever, it has been found that divalent ca- 
tion-exchanged mordenites have a fair 
catalytic activity in dehydration of ethanol 
(9) and cracking of n-paraffins (10). Such 
selectivity based on the kind of exchanged 
cation might be explained by a hypothesis 
that the exchanged cations narrow the ef- 
fective pore radius of the mordenite, and 
hinder a relatively large molecule, such as 
alkylbenzenes, from diffusing into the 
channel. 

In order to prove this hypothesis, the 
interaction between the acid sites of these 
zeolites and ammonia, which has a small 
molecular dimension, or pyridine, which 
has a similar molecular size to the benzene 
ring, was measured by ir method. 

All infrared measurements were made 
with the cation-exchanged mordenites 
(based on Na Zeolon) and Y faujasites 

(SK-40) in the form of self-supporting 
wafers prepared by pressing 20 mg of fine 
powder (dried at 110°C 48 hr) in a 20-mm 
diam die at 400 kg/cm’. The wafers were 
electrically heated at 500°C for 1 hr while 
evacuated in the infrared cell. After cal- 
cination, the wafers were exposed to am- 
monia vapor under 40 Torr pressure at 
room temperature for 30 min, and were 
evacuated at 100°C for 1 hr, or thcp were 
exposed to pyridinc vapor under 15 Torr 
pressure at 100°C for 30 min, and were 
evacuated at 200°C for 1 hr. The spectra of 
the wafers mere recorded at room 
temperature. 

The ir spect,ra of H-, Be-, Ce- and Ca- 
exchanged zeolites were measured. These 
profiles on H and Ce zeolites were shown 
in Figs. 1 and 2, respectively. 

In the adsorption of ammonia, a &on? 
broad absorption band at. 1450 cm-*, which 
is formed by t,he interaction between am- 
monia and Brijnsted acid sites (11), was 
observed on each zeolite. Moreover, the ab- 
sorbance of the ammonium ion on these 
mordenites (H, Be, Ce and Ca) was similar 
to that on the corresponding faujasites. 
These results suggested that cation-ex- 
changed mordenites had a similar Briinsted 
acidity to the corresponding Y faujasites. 

In the cast of pyridine adsorption, the 
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FIG. 1. Infrared spectra of pyridine and am- 
monia adsorbed on HZ and HY. 

main three peaks, which were formed by 
the interaction between pyridine and the 
acid sites of zeolites at 1445 (Lewis acid 
site), 1490 (Briinsted and Lewis acid sites) 
and 1540 cm-l (Bronsted acid site), were 
observed on each Y faujasite. On HZ and 
BeZ, the absorbances at 1490 and 1540 cm-l 
were comparable to those on HY and BeY, 
respectively. However, the absorption band 
at 1445 cm-l did not appear on HZ and BeZ. 
These results showed that the Briinsted 
acid sites on HZ and BeZ did not convert 
to Lewis acid sites under heating at 5OO”C, 
and that a BrGnsted acid site of caticn-ex- 
changed mordenite was more stable toward 
dehydration to a Lewis acid site than the 
corresponding cation-exchanged faujasite. 
On the other hand, on CeZ and CaZ, the 
absorbances at these bands were much 
smaller than those on CeY and CaY, and 
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FIG. 2. hrared spectra of pyridine and am- 
monia adsorbed on CeZ and CeY. 

these absorbances on CaZ were still 
smaller than those on CeZ. These phenom- 
ena suggested that pyridine was restrained 
from diffusing to the acid sites in the 
channel of CeZ and CaZ, and they corre- 
sponded to the small activity of these cata- 
lysts in disproportionation of toluene. It 
was proved that the effect.ive pore radius 
of metal cation exchanged mordenite was 
smaller than that of proton-exchanged mor- 
denite. Compared with CaZ (ionic radius 
of Ca 0.99 A), CeZ (ionic radius of Ce 
1.1 A) had more activity and more sites 
possible to interact wit,h pyridine. These 
results could be explained by two reasons. 
One is that a trivalent cation (Ce3+) pro- 
duces stronger BrGnsted acid sites in a zeo- 
lite framework than a divalent cation 
(Ca2+), and another is that the number of 
trivalent cation would be less in the mor- 
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TABLE 2 
I~EACTION OF 0-XYLENB OVER CATION-EXCH.INGN L~ORDENITES” 

Catalyst HZ BeZ cez CaZ 

Reaction temperature (“C) 250 300 250 300 250 300 300 

Product composition (molch) 
Benzene 0.78 2.52 0.14 
Toluene 18.12 24.51 0.10 0.80 0.04 0.10 
Xylenes 61.23 41.73 98.63 96.55 98 x:2 9x. 10 99.01 
Trimethylbenzenes 18.53 25.61 0.60 0.11 
Tetramethylbeneenes 2.65 
Gas + residue 1.29 2.98 1.27 1.91 1.13 1.69 0.99 

Isomer distribution (7Q) 
Xylene 

O- 21.5 22.2 9x.2 73.7 99.94 99.61 99.96 
m- 54.8 54.9 1.7 21.X 0.06 0.39 0.04 
P- 23.7 22.9 0.1 4 5 

Trimethylbenzene 
1,3,5- 33.9 8 3 2 
1,2,4- 60.0 91.7 !Li 
1,2,3- 6.1 .i 0 :; 

a Reaction conditions; W/F: 90 g.hr/mol, carrier gas: N, (Nz/xylene = 51’1 moljmol). The listed value in 
Table 2 is taken at the highest conversion of o-xylene on process time. 

denite framework than that of divalent 
cation, and therefore, on the trivalent ca- 
tion-exchanged mordenite, toluene would be 
less hindered from diffusing into the chan- 
nel than on the divalent cation-exchanged 
mordenite. 

Recently, Csicsery (8) discussed the 
points that in disproportionation of alkyl- 
benzenes over HZ, the shape selectivity of 
the products depended on the geomet,ric re- 
lation between the pore system and di- 
phenylmethane-type intermediate. There- 
fore, the disproportionation of toluene over 
metal cation exchanged mordenites may 
also depend on the effect between the pore 
system and the intermediate. In order to 
make this possibility clear, isomerization 
of ortho-xylene, which is regarded as a 
monomolecular reaction, over various ca- 
tion-exchanged mordenites was studied. The 
results were shown in Table 2. The catalytic 
activity of each cation-exchanged morden- 
ite in isomerization of ortho-xylene showed 
a similar tendency to that in disproportion- 
ation of toluene. It was found that t,he 
isomerization over HZ and Be2 proceeded 
readily, but only very slowly, over CeZ and 
CaZ. These results suggested that the se- 
lective activity of cation-exchanged mor- 

denites in disproportionation of toluenc dicl 
not depend on the geomet,ric effect between 
the pore system of mordenite and any intcr- 
mediate, but on the effect that the diffusion 
of a raw material into the channel was prr- 
vented by the exchanged cation. 

From these result,s, it was concluded that 
the exchanged cation narrowed the effer- 
tive pore radius by sticking out from the 
channel walls of mordenite, and on the 
mordenite catalyst exchanged by a cation 
which had the relatively large ionic radius, 
toluene molecules were hindered from dif- 
fusing to the act,ive sites in the channel, re- 
sulting in little activity in the dispropor- 
tionation reaction. 
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