THE STRENGI'H OF OH GROUPS IN NeHZSM~-5 ZEOLITES STUDIED BY IR
SPECTROSCOPY ‘ '

Je DATEN, Be Tuznik
Faculty of Chemistry, Jagiellonian University, 30-060 Cracow,
Kerasis 3%, Poland

ABSTRACT

The scid strength of OH groups in NeHZSM=~> zeolites increases
with the cation exchsange degree, It has been evidenced by the results .
of the studies of thermodesorption of pyridine and of the studies of
extinction coefficient of OH groups. ''his effect is rather unexpected
because in highly siliceous zeolites like ZSM-S, the concentration
of Ne'and H'is very low, the distances between them are long and
iafluence of the exchsnge Na* - HY on the properties of OH groups
should be neglegible. Two explenation of this dissgreement sre proposed.

INTRODUCTION

Acidity is 8 very importent parsmeter determining the catslytic
properties of zeolites. There are numerous methods of modification of
acldity of zaeolites, such as the modification of castion exchsnge
degree, change of Si/Al molsr restio, partisl dehydroxyletion, psrtisl
poisoning of acid sites etc. The effects of thess modifications on the
acid and catslytic properties of zeolites are reviewed in the Jacobs’
monogreph [ 1],

The pressnt peper concerns the modificetion of the acid pro-
perties of NaHZSM=~5 zeolites by the varistion of cation exchange degres.
In NsHY zeolites the inocrease of cation exchenge degree incredsed the
aumber of OH groups, their acid strength sad slso their catalytic
ectivity (for exsmple ref. 1=5).

In ZSM-5 zeolites, the situation is more complicated. T.p.ds
studies of NH, desorption showed thet ésﬂﬂes velues increase with
cation exchenge degree [6]. Similer situation was also observed in
mordoniteslj?] in which the tempersture of tep.d. peak of NH3 de~
sorption does also incresse with the cation exchange degree., All these
results suggeat that in ZSM-5 zeolites snd 8lso in mordeunites the

strength of acid sites incresses with the exchenge degree (similarly.
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gs in Y zeolitgg).

Contraryhia'NHHY zeolites, in ZSM-5 the catalytic sctivity do
not show the ssme trends ss the scidity. In n-hexsne crascking f6],
o=-xylene isomerization L8,9}, end in dimethylether conversion [91 the
rate constsnt incresse linesrly with the number of strong scid sites,
but no correlation was found b etween the rate of o~hexane cracking
and AH of NH3 desorption [61. Such lack of correlstion between thse
strength of scid sites and their catslytic activity was interpreted
assuming the existence of s threshold level for the acid strength
[61. Above this level the acid strength does not influeace any more
the catalytic ectivity of zeolites.

The aim of the present study was to follow the dependence the
acid strength of OH groups in NeHZSM=5 zsolites oo the cation exchauag
degree. In 8 previous study [ﬁo,1d], it hss been found that two kinds
of Br8nsted scid sites exist in NaHZSM-5 zeolites : 3609 cm~1 OH grou
being strong sites snd snother BrBnsted sites of lower scidity.

' The councentrations of both kinds of scid sites were determined.
In the present study the efforts were made to obtsin the informstion
concerning the propertiss of 3609 cm"1 OH groups oaly. The acid
strength of these OH groups was chasrscterized by the i.r. spectro-
scopic studies of pyridine thermodesorption snd by the comparison of
extinction coefficients of OH bends.

Two series of NeHZSM-5 zeolites were studied. One of them was
obteined by the ion exchange of psrent Ne form in the HCl solution
(HZ series) and another sre obtained by the exchange of Ns form in
NBANOB solution (NZ series).

EXPERIMENTAL

RaHZSM~5 zeolites were obtsined from s pasreat sodium form
("Utrazet") semple prepered at the Institute of Industrial Chemistry
(Wersaw), the composition of which was : Na1.7ﬁo.3[K5102)2(8102)9A]
(Si/Al ratio = 47, and Na/Al = 0.85).

Two series of hydrogen forms NaHZSM zeolites were prepsred :
one by the exchsnge of Na* into NH} ions in NH,NO; solutien and
another one by the exchange in HCl solutions. Various exchange
degrees were obteined by using various concentretioas of NH4N03 aad
HCl solutions. The highest concentrations of these solutions were 1 m
and 0.5 m respectively. After the ionic exchange, the zeolites were
weshed snd dried st 390 K,

In order to calculate the exchange degrees, the zeolites were
dissolved in HF solution &nd sodium content determined by stomic



absorption. The zeolites obtalned by the HCl treatment were denoted
8s : HZ-41, HZ-81, HZ~88 (exchange degree 41, B1, 88 % resp,), eud
the zeolites obtained by the NHuNO3 treatment and further decom-
position of NHZ ions ss : NZ-43%, NZ-83% (exchange degrees 43 and B3
TeSPe)e _

For the i.r. spectroscopic studies the zeolites were pressed
into thin wafers (3=10 mg/cmz). The wafers inserted into i.rs cell
were pretreated im vscuo at 450°C for 1 h,

At these conditions complete water desorption snd decomposition
of NHZ ions took place without any apprecisble dehydroxylatiqn.

Pyridine (POCh Gliwice, anslytical grede wes dried over KOH.
The i.re spectrs werse recorded with @ SPECORD 75 IR spectrometer.

The sccumulstion sud subtraction of spectrs were done with a KSR 4100
minicomputer wotking'on-lina with the spectrometer.

RESULTS
kdsorption of pyridine on NeHZSM=-5 zeolites. Two distinct OH

bands are present in the i.r. spectrum of NeHZSM-5 zeolites : at

%609 and %738 cm—1 o Adsorption of pyridine results in the formation
of PyHY ions (1545 cmf1), PyL and PyNa' complexes (1450 and 1444

cm"1 bands)e First portions of pyridine sorbed in zeolite rsact with
3609 cm~) OH groups forming PyH' ions. The intensity of 3609 ca~? oH
band decreases linesrly snd the intensity of 1545 cm'“ P:yH+ bands ine
creases lingarly with the smount of pyridine sorbed. After the coh=
sumption of 8ll 2609 cm."'1 OH groups the next introduced pyridine
molecules react with weaker Br¥usted acid sites forming additionally
PyH+ ions and 1545 cqu PyH+ band continues to increese.

The desorption of pyridine removes the molecules bonded with
wesk sites at first, PyH' bsnd diminishes, but 3609 cu™"! OH bend is
still absent, The pyridine molecules neutralizing 3603 cm"'1 OH
groups are removed st higher temperatures. The smount of PyH+ ions
decomposed by the desorption before the 3609 cm."1 OH band reappseared
was tsken 85 oorresponding to the amount of wesk Br8nsted acid sites,
snd the remainder of PyH* ions as corresponding to the amount of
2609 cm“1 OH groupse The concentrstion of both kinds of BrYnsted
acid sites was determined in NaHZSM-5 zeolites of various exchange
degrees [10,11].



i.r, studies of thermodesorption of pyridine. 1Iao order to

study the acid streagth of 3609 cm"‘;1 OH groups the smsall portions of

pyridine were sorbed et 440 K in the zeolite up to the disappearsnce
of this OH band (the excess of pyridine wss svoided). The spectrum
wes then recorded snd next the cell was connacted to the liquid
nitrogen trep snd hested to highar temperstures (in the resange 620 -
B20 K). After esch desorption step the cell was cooled down to 440 K
gnd the spectrum recorded. The lnbensities of 1545 cm'1 PyH+ band
were measured sfter the desorptions of two temperstures : st the tem~
perature at which 3609 cm."1 OH band begins to resppesr (Ao) snd after
the desorption st 792 K (5790). The ratio A790/5° represents the
froction of 3609 cm”~ ' OH groups which still hold pyridine after the
desorption at 790 K, These values which were tsken ss the measure of
the streagth of 3609 cm"'1 OH groups are presented st the Table., In
both series of zeglites HZ snd NZ the scid strength of 3609 cm“1
measured by the pyridine thermodesorption incresse with the cation
exchanze degres. '

The cslculstion of extinction coefficieat of 3609 cm

1 OH band

In order to calculate the values of integrated extinction coefficient
(IEC) at 3609 cm-1 OH bsnd, the values of the integrated inteansities
of these bsnds were messured in the spectra of freshly sctivated
zeolites., The concentrations of these OH groups were determined by
the pyridine sdsorption and desorption (as described sbove). The
velues of IEC of 3609 cm"1 OH bsnds celculeted in such a way are
presented in the Table. In both series of zeolites they increase with
the exchange degree of zeolites.

Tabls
5790/50 velues and integgated‘extinction coefficients of 3609 cm
OH groups '

1

Zeolite ¥ Bbooo/B, integr. exf; coeff.
' cm mol
N - 43 0,22 108
NZ - 8% 0.72 2.7
HZ =« 49 0.17 2e3
HZ - 81 0,40 2.8
HZ - 88 0445 2e¢/

X the velues of cetion exchenge degrees are givea in the symbols of

zeolites,



DISCUSSION

The information conceraning the acid strength of 3609 cm'1 OH
groups was obtained in the studies of pyridine thermodesorption snd
by the comparison of the velues of extinction coefficients.

The" rasults of the studies of pyridine thermodesorption (pre-
sented at the Table) show that the acld streangth of 3609 cm =1 OH
groups ingreases with the cation exchsnge degree of NaHZSN~S5 zeolitese
This statement is based on ths increase of 3790/3 values, which re~
presents the fraction of 3609 cm OH groups which still hold pyridine
after the desorption st 790 K.

The integrated extinction coefficient (IEC) of 3609 e OH band
does 8lso increase with the exchange degree, which can be interpreted
as the increaese of the acid strength of these OH groups, The vslues
of IEC of OH i.r. bands can be successfully used es the measure of the
streagth of OH groups, Seversl suthors [3,4,12—15] formulated the coo-
clusions on the strength of OH groups by the comparison of the values
of extinction coefficients and the results obtsined in such a way were
consistent with the result obtsimed by others methods. Recently the
quentum~chemical cslculations [16]‘showed thet in the clusters
HBAIOEBLH3 where the H atoms were succgasively substituted by fluorine,
the values of dipole moment derivative «aﬂh- iancrease with the
positive change on hydrogen in OH groups aﬁ% also with the lonicity

of 0 -~ H boad,

The results of the studiss of both thermodesorption of pyridine
and extianction coefficients lead to the seme conclusion that acid
strength of 3609 cm’1 OH'groups increese with the cation exchsnge
degree,

Such effect was alreasdy observed in NeHY zeolites [2—4] end was
interpreted 88 s consequence of an introduction of more electrophilic
protons instead of less electrophilic Na* ions. It results in sn ip-
cresse of the polasrization im neighbouring OH groups. The same pheno-
menon ¢sn be also explained in the terms of collective model of
ecidity of zeolites [47]; Hydrogen 13 more electronegetive than sodiunm
(electronsgativity 3455 snd 0.70 in the Senderson scsle) ; the in-
crease of cation exchenge degree incresses the sverage electronege-
tivity of zeolite and the positive change on hydrogen in OH groups.

In highly-siliceous zeolites as ZSM=-5 the same trends but of
much lower extent sre expected. In ZSM~5 (Si/Al = 47) the sverage
concentration of A1 is wuch lower then in Y (Si/Al = 2.5). The con-"
centration of Ma* and of protons is slso much lower, the distances
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between them much longer, sad therefore the exchange Na?t - H* should
have neglegible effect on the properties of OH groups. The same con-
clusion can be drown if consideriang the collective model of acidity
of zeolites. In ZSM=5, the exchange of all Nt to protons results in
much lower variation of eversge electronsgstivity (Asav = 0,033)
then in Y zeolite (ASav = O.54),

The results obtained at the present study are not in sgreement
with such previsions. The increase of the strength of OH groups in
NaHZSN=5 zeolites is quite remsrkable. Two explanstiouns of this dis-
sgreement can be proposed at present

1. in highly-siliceous zeolites like ZSM-5 the OH groups are stroo
ger acid sites then in Y. The O-H bond is more polarized end is
more sensitive to even very weak electrostatic influences.

2¢ in ZSM-5 zeolites the A1 distribution is not hemogensous, thers
are domaines of lower and of higher ALl coanceatration. In the
domaines of higher Al conceatration the inductive effects are
stronger end the exchsnge Ne* - H* iofluences the strength of
neighbouring OH groups. It should be motliced that seversl autho
reported non-homogengous Al distribution inside the crystals

[18,19] and smong the ZSM-5 crystels of verious shspes [19].
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