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IR spectroscopy of NH1-clinoptilolite after deammoniation at. 400°C shows a single 
hydroxyl band at 3620 cm-‘, slightly asymmetric to the lower wave numbers. The de- 
ammoniation is reversible and stoichiometric: for each NH,’ ion that decomposes 
an acidic hydroxyl group is formed in the lattice. At temperatures higher than 400°C 
dehydroxylation occurs: two lattice hydroxyls condense, water is evacuated, and 
Lewis acid sites are created. Comparison of the adsorption of NH, and pyridine on 
the H-clinoptilolite, shows that about 10% of the lattice hydroxyl groups are on the 
external surface. The catalyst is active for the isomerization of 1-butene. The isom- 
erization activity changes with the amount of hydroxyl groups on the external sur- 
face. Lewis acid sites are created at elevated temperatures, but have no secondary 
influence on the cata!ytically active Brprnsted sites. 

INTRODUCTION 

Although a great number of publications 
have appeared during the last decade deal- 
ing with synthesis, structure, and catalytic 
properties of zeolites, several types of zeo- 
lites are only rarely examined. One of these 
zeolites is clinoptilolite. The structure of 
this mineral and its relationship with heu- 
landite was subject to several contradictory 
explanations. Schaller (1) first described 
this type of zeolite in 1932. Mumpton (2) 
reported a comprehensive review concerning 
the occurrence, origin, and properties of 
clinoptilolite. He concluded that heulandite 
and clinoptilolite have the same alumino- 
silicate framework, but that the two min- 
erals are different as to their origin, cation 
content, and especially to their thermal 
stability. Indeed, heulandite transforms into 
heulandite B at, about 230°C and becomes 
amorphous at 350°C. Clinoptilolite remains 
stable up to about 700°C. 

Following Breger et al. (3) the chemical 
composition of natural clinoptilolite is 
X,0 *A1,03 * 10SiOa .3H,O, X being predomi- 

nantly K and Na, and only to a minor ex- 
tent Ca and Mg. The chemical composition 
of heulandite is CaO*Al,O,* (6 or 7)SiO,. 
2H,O. Most of the authors attribute the dif- 
ference in thermal stability to this differ- 
ence in Si:Al ratio. Merkle and Slaughter 
(da) determined the structure of heulandit,e, 
being the &-structural form of clinoptilo- 
lite. A stereoscopic drawing of the heuland- 
ite structure was published recently (4b). 
Clinoptilolite is monoclinic (C,) and con- 
sists of aluminosilicate layers formed by 
6-, 5-, and 4-membered rings of tetrahedra. 
The layers are in the ac plane and are 
cross-linked together by oxygen bridges. In 
this way, four kinds of channels are formed 
parallel to the ac plane in three different 
directions. Two kinds of channels are par- 
allel to the c axis and consist of lo- and 8- 
membered rings with internal dimensions 
of 7.05 X 4.25 A and 4.60 X 3.95 A, respec- 
tively. The third kind of channels is parallel 
to the a-axis and consist of g-membered 
rings with dimensions of 5.40 X 3.9Oii. The 
fourth kind of channels are formed by 8- 
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membered rings of tetrahedra (5.20 X 
3.9OA) and form an angle of about 50” 
with the a direction. 

Barrer, Papadopulos, and Rees (5) in- 
vestigated the exchange of sodium ions for 
alkylammonium ions in clinoptilolite. They 
could give a good interpretation of their 
results based on the structural parameters 
given by Merkle and Slaughter (4a). The 
ion exchange properties were investigated 
also for inorganic cations (6, 7). In both 
cases it was concluded that clinoptilolite has 
a double ion sieve ability, corresponding to 
the two kinds of channels with different 
dimensions. 

The H-form of clinoptilolite can be ob- 
tained after heat treatment of the NH,+- 
form or acid treatment of the natural 
mineral (12, 15). H-clinoptilolite shows 
significant catalytic activity for the isomeri- 
zation of olefins (8) and for t’he dehydration 
of methanol (9). Therefore, it seemed to be 
interest,ing to investigate in detail the hy- 
droxyl groups in clinoptilolite as the pos- 
sible active centers for catalytic reactions. 

In the study of faujasite type zeolites, 
infrared spectroscopy was shown to be a 
pertinent technique for studying hydroxyl 
groups (10, 14). This technique was used by 
Breger and Chandler (3) for the investiga- 
tion of the surface of clinoptilolite. On na- 
tural clinoptilolite containing predominantly 
monovalent cations, they could not det’ect 
structural hydroxyl groups, but could dis- 
criminate between loosely and tightly held 
water molecules. 

In this work, the properties of the hy- 
droxyl groups of H-clinoptilolite are corre- 
lated with the catalytic activity for the 
isomerization of 1-butene. 

EXPERIMENTAL 

Materials 

The clinoptilolite mineral used was from 
Tokaj, Hungary. The identification was 
made by Nemecz et al. (11). The sample 
contains 7&80% of clinoptilolite and about 
15% of quarz, some feldspar and volcanic 
glass as impurities. The chemical composi- 
tion of the natural mineral, the K+ form 
and the H-form are shown in Table 1. The 

K-form was prepared from the original min- 
eral by ion exchange with 2 M KNO, solu- 
tion at reflux temperature followed by 
thorough washing. The NH,+ form prepared 
in the same way, using a 2 .iW NH,NO, so- 
lution, was exchanged to about 70%. After 
washing, the samples were dried at 40°C. 
The NH,+ content of the sample was 1.3 
mEq gmmI. 

The external surface arca of clinoptilolite 
was determined by adsorption of Krypton 
at 78°K. The area was 26 m*gm-1 for both 
the K- and NH,-forms. The surface calcu- 
lated from toluene adsorption at 104°C was 
30 m2gmm1 (IS). 

Ammonia was from J. T. Baker with a 
purit.y of 99.5%. The butene isomers were 
Fluka purum grade. The gases were dried 
and further purified using the freeze-pump- 
thaw technique. Pyridine was Uvasol grade 
from Fluka and was distilled in vacua and 
dried over molecular sieve 5A before USC. 

Methods 

For the catalytic experiments a conven- 
tional circulation reactor of the static type 
with a, volume of 150 ml was used. Samples 
could be taken in a reproducible manner 
and were swept into the carrier gas of a gas 
chromatograph with catharometer detec- 
tion. The products were separated at 25°C 
on a 7 m column, with an inside diameter 
of 2 mm and consisting of 30% dibenzyl- 
amine on chromosorb P. The amount of 
catalyst used was between 0.01 and 1.00 
gm. The NH,-clinoptilolite samples were 
pretreated in t’he reactor at tem’peratures 
bet,ween 200” and 8OO”C, using a vacuum 
of 1c3 Torr. The reaction temperature was 
150°C and the butene pressure was 100 
Torr. The rate of the reaction was calcu- 
lated from conversion (in %)-contact time 
(in set X gm X mole-l) curves. These were 
linear up to a conversion of 15%. The cis/ 
trans ratio was constant in this region. 

The clinoptilolite samples used for infra- 
red investigation were ground in an agate 
mortar. Platelets for spectroscopic use with 
a diameter of 25 mm and a thickness of 
about 10 mg cm-2 were prepared by com- 
pressing the samples at a pressure of 1.1 
ton per square centimeter of film. The infra- 
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red cell used was fitted with CaF, windows sorbed, and the decrease in optical density 
and connected to a vacuum system. The at 3620 cm-l was followed as a function of 
spectra were recorded in the regions 1300- the time. After equilibrium was reached, the 
1700 cm-l and 26Of&3800 cm-l on a Beck- sample was outgassed at the same temper- 
man IR12 double beam grating spectrom- ature. Spectra were scanned at the temper- 
eter. The scan speed for the spectra used in ature of adsorption after each step. 
quantitative determinations was 20 cm-l 
min-I. The resolution was 1.5 and 2.6 cm-l RESULTS 

at 1350 and 3600 cm-l, respectively. The 
transmission of the samples at 1350 cm-l Surface Characterization 

was 40%. For t,he spectra scanned at tem- The wet NH,-clinoptilolite samples lose 
peratures higher than 5O”C, the rotating H,O and NH, molecules during the heat 
mirror after the sample was stopped to treatment at different temperatures. Figure 
eliminate emission of radiation from the 1 shows the infrared spectra of NH,-clinop- 
hot sample. tilolite after pretreatment at 25”, 125”, 

The NH,-clinoptilolite disks were out- 210”, 400”, and 550°C. The band at 1440 
gassed for 1 hr under a vacuum of 19’ Torr. cm-l corresponds to SHNH of NH,+ ions. 
The temperature was raised slowly to the The vNH bands are around 3200, 3050, and 
final outgassing temperature and held there 2850 cm-l. Residual water absorbs at 1625 
for 1 hr. The samples were cooled to room cm-l (SHOH) and at 3620 cm-l (vOH) . The 
temperature and spectra were scanned at band at 1440 cm-l decreases upon heating 
this temperature. Ammonia was adsorbed and disappeared completely after outgassing 
at room temperature at a pressure of 20 at 400°C. The band at 1625 cm-l decreases 
Torr, followed by degassing at the same up to about 300°C. The residual peak at 
temperature. Pyridine (10 Torr) was ad- 1625 cm-l remains nearly constant at higher 
sorbed at 150°C for 1 hr and the excess was pretreatment temperatures. After outgassing 
removed at the same temperature. The at 300°C a, band starts t’o develop at 3620 
Bronsted and Lewis acid site concentration cm-l. This band is sharp, has a half band 
was estimated in the NH, adsorption ex- width of 68 cm-’ and is slightly asymmetric 
periments from the intensity of the SNH,’ towards the lower wave numbers. A band at 
band around 1440 cm-’ and the SNH, band 3750 cm-l is always present, indicating the 
at 1625 cm-l, respectively. The adsorption presence of lattice terminating silanol 
of pyridine was also used to measure the groups or occluded silica part#icles. 
Bronsted and Lewis site concentration. The In Fig. 2, the dehydration and deam- 
bands at 1545 and 1450 cm-l are used for moniation process is shown with the pre- 
the two kinds of sites, respectively. The ad- treatment tem’perature, based on the inten- 
sorption coefficients of these bands are sities of the bands at 1625 and 1440 cm-l. 
determined by carrying out the same ad- For the NH,+ form the dehydration process 
sorption experiments in a Mettler thermo- is complete at 3OO”C, while for the K form 
balance on samples that contain ,only hy- residual water molecules are st,ill held on 
droxyl groups or Lewis sites (pretreated at the surface around 500°C. For the NH,- 
400” and 62O”C, respectively). In this way form the deammoniation becomes important 
the concentration of the Bronsted and Lewis at 200°C. At 400°C NH,+ ions can no 
sites could be determined fairly accurately longer be detected. Readsorption of NH, on 
(k5%). a sample, preheated at 4OO”C, shows the 

The butene isomers were adsorbed in the formation of NH,+ ions. Deammoniation of 
infrared cell ‘between 100” and 150°C at a the latter sample is in no way different 
pressure between 9 and 50 Torr. A spectrum from the first heat treat,ment. Figure 2 
was taken at reaction temperature, the fre- shows that the deammoniation-ammonia- 
quency scale was locked at 3620 cm-l (the tion process is completely reversible under 
maximum in the optical density of the hy- t.hese conditions. 
droxyl groups), the butene isomer was ad- The hydroxyl concentration (3620 cm-l) 
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FIG. 1. Infrared spectra of NH4+-clinoptilolite outgassed at 25°C (e), 125°C (d), 210°C (c), 4OO”C, (b), 
and 55O”C, (a). 

is a maximum at 400°C and thereafter de- At each outgassing temperature the OH con- 
creases linearly (Fig. 3A). When the NH,+ centration calculated from the 3620 cm-l 
sample is heated in air at 400°C no sub- band and from the 1440 cm-l band upon 
stantial differences in frequency and in- readsorption of NH, molecules are in good 
tensity of the hydroxyl groups are observed. agreement. In Fig. 3B it is shown that pre- 

% 
1cm 

meq. 
7 

- 1.30 
A V 

, O\Q, Ap---y---x- _ 
100 300 500 

pretreatment temperature Oc 

FIG. 2. Deammoniation and dehydration of the NH,form and dehydration of the K-form of clinoptilolite 
in vacua as a function of the pretreatment temperature. (A), Change in intensity of the 1440 cm-’ band in 
NHl+-clinoptilolite. (V), Change in intensity of the 1440 cm-r band after readsorption of NH, on a sample, 
previously outgassed at 400°C. (O), Change in intensity of the 1625 cm-’ band in NH,-clinoptilolite. (X), 
Change in intensity of the 1625 cm-’ band in K-clinoptilolite. 
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FIG. 3. Changes of the acidity of H+-clinoptilolite with the pretreatment temperature. Part A. (C), 
hydroxyl band at 3620 cm-‘; (V), Brensted sites determined by room temperature adsorption of NH3 
(1440 cm-’ band); (A), Lewis sit,e concentrat,ion (1625 cm-’ band of NH,); (p), The sum of the Brensted 
and twice the Lewis site concentration. Part B. The band shape of the hydroxyls at 3620 cm-r after (a) 
outgassing at 400°C and (b) at 550°C. Part C. Adsorption of pyridine at 150°C on H-clinoptilolite at different 
pretreatment temperatures: (X) Brensted pyridine (1545 cm-r) and (a), Lewis-bonded pyridine (1450 
cm-‘). Part D. The band shape of the hydroxyls: (a), after degassing at 400°C; (b), adsorption of pyridine 
at 150°C on (a); (c), the difference between (a) and (b). 

treatment temperatures higher than 400°C 
significantly affect the band intensity, but 
not the band shape. At the same time as 
the hydroxyl groups disappear, Lewis sites 
appear as shown by the appearance of a 
band at 1625 cm-l after NH, adsorption. 
This band shows a maximum at 55O”C, fol- 
lowed by a decrease in the number of these 
sites. 

After adsorption of pyridine only about 
9% of the hydroxyl groups disappear. This 
is at variance with the behavior of NH,. In 
Fig. 3D the behavior of the hydroxyls of a 
completely hydroxylated sample before and 
after pyridine adsorption is shown. Spec- 
trum c is the difference between spectrum 
a and b. It is clear that pyridine molecules 
react with a well-defined part of the hy- 
droxyl band. The concentration curve that 
gives the number of Brflnsted and Lewis 
sites at higher pretreatment temperatures 

(Fig. 3C), shows the same changes as the 
total number of sites titrated with ammonia 
but their concentration is about one order 
of magnitude lower. 

About 10 Torr of water was adsorbed at 
25”, 200”, and 400°C on the sample pre- 
treated at 550°C. In no case were changes 
in the hydroxyl peak at 3620 cm-’ observed. 
Lattice destruction seemed not to occur 
after this treatment. 

Adsorption and Isomerization of n-Butenes 
K-clinoptilolite has practically no ac- 

tivity for the interconversion of the three 
butene isomers. The activity of the NH,+- 
form rapidly increases with pretreatment 
temperature up to 3OO”C, remains constant 
to 45O”C, and declines at higher outgassing 
temperatures. At 650°C the activity is less 
than 10% of the maximum value. The de- 
pendence of the rate of isomerization (rlZ) 
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pretreatment temperature Y 

[ FIG. 4. The effect of the pretreatment tempera- 
ture of NHl+-clinoptilolite on the catalytic activity 
(rip) and selectivity (cis/trans ratio) of I-butene 
isomerization. 

of 1-butene into trans-butene on the pre- 
treatment temperature is shown in Fig. 4. 
The same figure shows the corresponding 
changes of the cis/trans ratio. The ratio de- 
creases slightly after deammoniation at 
higher temperatures, remains practically 
constant up to about 600°C and then 
rapidly increases. 

In the region of temperature and pressure 
invest’igated, the cis and trans isomers ad- 
sorb rapidly on the H-clinoptilolite. The 
adsorption is complete after 1.5 to 2 min- 
utes. The rate of adsorption of the trans 
isomer is two times faster than that of the 
cis-form. Figure 5 shows the hydroxyl 
groups before and after high temperature 
adsorption of cis-2-butene. Spectrum c is 
the difference between these two spectra. As 
in the case of pyridine adsorption, the hy- 
droxyl groups that disappear show a nar- 
row peak centered at 3620 cm-l. At the tem- 
peratures investigated (100” and 150°C) 
the same amount (30%) of the hydroxyls 
is consumed, and the amount does not de- 
pend on the pressure of the reactant. The 
decrease of the optical density at 3620 cm-l 
(Fig. 6) at different temperatures and pres- 
sures of butene shows a linear relation with 
t”. Only a small amount of the butene ad- 
sorbed can be removed at the temperature 
of adsorption. The initial hydroxyl concen- 
tration is restored after outgassing at 
400°C. 

DISCUSSION 

Nature of the Clinoptilolite Surface 

The NH,+ bands in NH,-clinoptilolite 
gradually decrease after outgassing at in- 
creasing temperatures. Within the sensi- 
tivity of the infrared method, the deam- 

I absorb. 

KLA, ,A 

--- ---___ __---- -- I I I I ----- --_-___ __ I I I --- 3610 3400 
cm-l 

3500 3400 3600 

FIG. 5. The changes in intensity of the hydroxyl band at 3620 cm-’ during adsorption of cis-2-butene 
(25 Torr at 150°C): (a), the H+-form outgassed at 400°C; (b), after adsorption; (c), the difference between 
(a) and (b). The insert between (a) and (b) shows the decrease of peak height at 3620 cm-r as a function 
of time. 



IR AND CATALYSIS ON CLINOPTILOLITE 449 

eak height 
arbitr. units 

FIG. 6. The decrease in peak height of the 3620 cm-l band on H+-clinoptilolite o ,ga.ssed at 400°C on 
adsorption of trans-2-butene as a function of square root of the time. (a), lOO”C, 9 Torr; (A), lOO”C, 
24 Torr; (0 ), 125”C, 23 Torr; (X ), 15O”C, 25 Torr. 

moniation seems to be complete at 4OO”C, 
and complete reammoniation is possible. 
This process may be schemat,ised as follows: 

NH: B 
O\ ,“\-/o\ ,O 

Si 
/ \ ,“‘\ Pi\ 

=NH, + 
o\si~o\ ,,,O\ ,O 

/ \ lA1\ 7, 

The hydroxyl band formed at 3620 cm-l is 
rather sharp and only slightly asymmetric 
to the lower wave numbers, indicating that 
to a great extent these groups are homo- 
geneous in nature. Together with the de- 
ammoniation, most of the physically ad- 
sorbed water is evacuated at 300°C. The 
dehydration of the K-form is much slower 
and even at 600°C small amounts of water 
can &ill be removed. The K-clinoptilolite 
does not contain residual OH groups. Since 
H-clinoptilolite still contains K+ ions, to 
an amount about 30% of those present in 
the K+-form, it might well be that small 
amounts of physically held water are still 
present, at temperatures higher than 300°C. 

Above 400°C the surface hydroxyls de- 
crease in intensity. At each temperature, the 
number of hydroxyls agrees very well with 
the number of protons that’ are capable of 
forming NH,+ ions. This means that, the 
hydroxyl band at 3620 cm-l (including the 
3560 cm-l hydroxyls) is the source of the 
Brflnsted acidity in H-clinoptilolite. Above 
4OO”C, as shown by the NH, titration, 

Lewis sites are formed at the expense of 
the hydroxyl groups. Up to 55O”C, the sum 
of the hydroxyl concentration and twice the 
Lewis site concentration remains constant. 
The chemistry of the dehydroxylation can 
be written 

Around 6OO”C, the number of Lewis sites is 
decreasing, too. At this temperature lattice 
destruction starts to occur. Readsorption of 
water at 200” or 400°C on a partially dehy- 
droxylated sample does not restore the 
original OH concent,ration but neither does 
it, produce lattice destruction. In contrast 
to hydrogen-Y zeolites (14) the hydro- 
thermal stability of the H-clinoptilolite is 
higher. This is in agreement with the higher 
Si/Al ratio of the clinoptilolite as compared 
to the Y zeolite. 

The dehydroxylation reaction was also 
followed by the adsorption of pyridine. 
With this method, similar changes in Br#n- 
sted and Lewis acidity as with NH, are 
observed. The number of Brgnsted sites de- 
creases and the number of Lewis sites in- 
creases up to 550°C. However, at each tem- 
perature not more than 10% of the number 
of sites titrated with NH, could be detected. 
Taking into account that ammonia is a 
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stronger base than pyridine, this indicates 
clearly that pyridine molecules cannot enter 
the channel system of clinoptilolite and that 
therefore they characterize the Brgnsted 
and Lewis sites on the external surface. At 
the same time it is shown that the external 
surface and the mass of the zeolite are hy- 
droxylated and dehydroxylated at the same 
rate. The pyridine molecules react with a 
well-defined part of the hydroxyls (Fig. 
3D). This amount is equal to about 0.1 mEq 
OH gl, absorbs at 3620 cm-l (does not in- 
clude the hydroxyls at, 3560 cm-l), and 
corresponds to the hydroxyl groups on the 
external surface. 

After adsorption of butene in the tem- 
perature range used for cat,alytic conver- 
sion, about 0.4 mEq OH g-l disappear. 
These hydroxyls absorb at 3620 cm-l and 
the band has a half-band width of 35 cm-l. 
These hydroxyls are probably the external 
hydroxyls and part of those locat’ed in the 
7.05 X 4.25 A channels, The resulting hy- 
droxyls (70%) absorb at 3560 cm-l and are 
probably distributed statistically over the 
three remaining types of channels. The 
thermal stability of the hydroxyls shows 
no difference with the location in the lattice. 

Active Sites for the Butene Isomerixation 

The adsorption of butene on part of the 
hydroxyls seems to be controlled by the 
diffusion of the butene molecules in the 
7.05 X 4.25 A channels. Indeed, the amount 

of hydroxyls that disappear on butene ad- 
sorption does not depend on the temper- 
ature of the sample nor on the pressure of 
the reactant. If the process were a physi- 
sorption characterized by a low activation 
energy, infrared spectrometry would be too 
insensitive to characterize this. However, it 
seems more probable that the butene mole- 
cules enter the 7.05 X 4.25 A channels. After 
the formation of a. carbonium ion some 
oligomerization can occur. The oligomer 
formed cannot leave the channels at the re- 
action temperature. The decrease in hy- 
droxyl concentration must therefore be due 
to a chemisorption process that is controlled 
by diffusion in the channels. This explana- 
tion is consistent with the observation that 
the rate of adsorption of trans-butene is 
greater than that of the cis-form. This ex- 
planation is support’ed by the fact that 
extrapolation of the conversion curves to 
zero contact time shows always about 1% 
conversion, although the starting material 
is a pure isomer. It is not excluded that 
oligomerization takes place also on the ex- 
ternal surface. If the product can desorb 
easily from the external surface, the hy- 
droxyl groups at this surface would not be 
poisoned to such an extent. Taking into ac- 
count all these argument’s, it seems that 
only the hydroxyl groups on the external 
surface, or a major part of them, are in- 
volved in the catalytic isomerization of bu- 
tene over H-clinoptilolite. This is subst,an- 

FIG. 7. Changes of r12 (A), Brensted (O), and Lewis acidity (a) as titrated with pyridine, in relative 
units as a function of the pretreatment temperature of NH&inoptilolite. 
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tiated by the data of Fig. 7. The Brprnsted 
and Lewis acidity on the external surface 
are compared with the rate (rl*) in relative 
units. At each pretreatment temperature, 
there is a good agreement between the num- 
ber of prot.ons on the external clinoptilolite 
surface and the number of active sites. The 
selectivity of the react’ion, as shown by the 
constant cis/trans ratio, is consta,nt in the 
300” to 600°C temperature region. This 
indicates that a certain number of active 
sites-external hydroxyl groups-is opera- 
tive, the nature of which remains unalt.ered 
in the 300” to 600°C pretreatment region. 
The concentration of Lewis sites has no 
influence on the nature ,of the hydroxyl 
groups remaining at each temperature on 
the surface. This is in contrast to the sit.ua- 
tion on hydrogen Y zeolites, for which it 
was post,ulated that the Lewis sites can 
have an inductive effect on the hydroxyl 
groups and increase their acidity (15). In- 
deed on hydrogen Y zeolites it was found 
that the cis/trans ratio and activation 
energy starting from 1-butene changed with 
the pretreatment temperature (16). 

external surface of the clinoptilolite which 
absorb in the infrared at 3620 cm-l. 
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