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Abstract Infrared spectroscopic studies of a series of samples have been
carried out obtained by calcination of hydrogen form of montmorillonite in tem-
perature range 20—800°C. The IR spectra were recorded using high-temperature
wacuum cell. Particular attention was paid to determine the function of proton in
calcinated hydrogen form of the mineral under cxamination.

The analysis of infrared spectra obtained indicates the possibility of existence
of positive hydronium ions in crystal lattice of the samples studied, even after their
calcination in temperature range 300—650°C. This is manifested by the presence of
absorption bands in the region 9400—3550 cn—! (related with vy and vy vibrations) and
of maxima 1430 and 1570 cm— (probably related with v, vibrations).

Polarized water molecules, strongly bound by very active Lewis centres, are
important factor contributing to proton acidity of the samples examined since at
temperatures higher than 300°C they loose their molecular character due to delocali-
zation of protons in them.

It was also assumed that calcination at temperatures higher than 500°C results
in reaction between proton, liberated during deprotonization of hydronium ion, and
the crystal lattice of samples in question, leading to the formation of Si-OH groups
showing acidic properties.

INTRODUCTION

Acidic properties of clay minerals, determining the course of nume-
rous adsorption and catalytic reactions — both in natural and industrial
processes, are actually subjected to large-scale investigations. These pro-
perties are conditioned by the presence of acidic centres of Bronsted and
Lewis type at the surface of the minerals in question. Surface activity of
these substances depends not only on the number of these centres, but
also on their strength and distribution as well as on accessibility to reac-
ting molecules.

* Academy of Mining and Metallurgy, Institute of Geology and Mineral De-
posits, Cracow (Krakow, al. Mickiewicza 30).
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In order to find the cause of, sometimes, strong proton acidity of cal-
cinated hydrogen- and ammonium-forms of dioctahedral smectites, mani-
fested in some catalyctic reactions (Briickman et al. 1976), we have to
determine precisely the function of protons in these froms of minerals.
This problem is still controversial and the state of protons migrating into
the interior of layers of H- or NHg-forms of clay minerals during thermal
activation is diversely interpreted by various authors.

On the basis of infrared spectroscopic studies of thermally activated
samples of ammonium- and hydrogen-rectorite and of a series of H- and
D-forms of smectite, Russel and White (1966) and Russell and Fraser
(1971) have found that protons, leaving exchange positions, are locating
at oxygens and hydroxyls, showing uncompensated negative charge and
coordinated by cations heterovalently substituted in tetrahedral or octa-
hedral layers. Stability of this groupings was explained by assuming the
formation of the following arrangements:
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The existence of such groupings is manifested by appearance of ab-
sorption bands in the IR spectra of calcinated hydrogenand ammonium-
-forms of dioctahedral silicates in the region 3470—3530 cm—1 (Russell,
White 1966; Russell, Fraser 1971). In these authors opinion, these maxima
are due to stretching vibrations of octahedral OH groups perturbed by
interaction with protons. ’

Another interpretation of reaction mechanism between protons and
crystal lattice calcinated forms of montmorillonite was proposed by
Wright et al. (1972). In these authors opinion, absorption bands at ca.
3470 em~*, appearing after calcination of synthetic ammonium mixed-
-layer mica/smectite substance, would be due to vibrations of hydroxyl
groups perturbed by location of protons in loose tetrahedral space formed

by neighbouring (OH, OH) pairs of octahedral lavers whi h -
sented as the following simplified scheme: ) goicic L
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appearing in the region 2200—3500 cm-
within these tetrahedral spaces.

Another explanation of the function i
; i L of proto - 3
$or‘1llllon1te calcinated at temperatures abc?ve 3?)?);8 }\Lafsrrpflri):gser:?iori)ty
Seisc1e1%\; an Ovchalx.'enko (1975) on the ground of NMR studies. The pre-
narrow line (AH = 0.5 E), persisting during thermal activation
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up to temperature ca. 600°C, is supposed by these authors to be due to the
existence of protons not localized in definite electron-donoric centres but
freely diffusing within crystal lattice of minerals. However, the mecha-
nism of this peculiar mobility of protons in solid state was not yet
explained by these authors.

The essential aim of this study was to establish the factors deter-
mining the acidic nature of calcinated hydrogen forms of dioctahedral
smectites on the ground of experiments carried out with H-montmorillo-
nites from Chmielnik deposit. It was intended to define the mechanism
of interaction between protons and crystal lattice of montmorillonite
during its calcination, and to propose a model of acidic from which would
be consistent with surface activity of this substance.

EXPERIMENTAL

Hydrogen form of montmorillonite studied was obtained by treating
natural washed sample of this mineral, collected from Chmielnik deposit,
with 0.05 n solution of hydrochloric acid. Cation exchange ca pacity of the
sample examined relative to hydronium ions was found to be 90 mval per
100 g.

Infrared absorption spectra of the samples examined were recorded
using UR-10 (C. Zeiss Jena) spectrophotometer. The specimens were pre-
pared as films sedimented on aluminium foil and pressed at 1000 kG/cm?.
The films thus obtained were placed in a vacuum cell allowing to get
spectra in temperature range 20—650°C. The vacuum of approx. 102 tor
was applied. Selected samples were subjected to the action of H,O, D,O
and pyridine vapours. Samples treated at 700 and 800°C were prelimina-
rily heated for 2 h in electric furnace and subsequently calcinated in va-
cuum cell at 600°C under lowered pressure.

RESULTS

Infrared absorption spectra for samples of H-montmorillonite fromr
Chmielnik obtained by thermal activation in temperature range 25—800°C'
using vacuum absorption cell are presented in Figures 1 (a—h). They
display some specific features, characteristic only of hydrogen or ammo-
nium calcinated forms of dioctahedral smectites. Broad diffused band in
the region 2400—3500 cm~1 occurs within wide temperature range. It
disappears but at activation temperatures approx. 700°C (Fig. 1g, h).

Dehydroxylation process results in a decrease of intensity of this band
due to stretching vibration of octahedral OH groups at 3630 cmf‘. Partly
dehydroxylized forms of sample studied are characterized by fine struc-
ture of this band in the region 3600—3700 cm~* (maxima ap 3620 and
3670°C) as well as by distinct asymmetry of this band, its diffusion to-
wards lower wave numbers in the region 3450—3600 cm~! (Fig. 1 d—q).
Besides, in the IR spectrum of the H- form there appears maxima at 1430
and 1570 cm~! of medium intensity. The latter is fairly distinct at tempe-
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ratures 260—300°C after considerable dehydration of sample. These ma-
xima disappear at temperatures 600—700°C i.e. simultaneously with dis-
appearance of the plateau in the region 2400—3500 cm~1 (F%g. 1). o

Another diagnostic feature of the H- form of montmorillonite is its
hydratation, persisting till high temperatures (up to ca. 550°C) Qesplte
evacuation of vapours at the pressure of ca. 10-3 mm Hg. Absorption re-
sulting from deformation of H,O molecules occurs at 1630 cm—1. Corres-
ponding stretching vibrations represent a component of the wide plateau
in the region 3000—3500 cm~1. It should be emphasized that spectra re-
corded at temperatures higher than 300°C display lack of maxima resul-
ting deformational vibrations of H,O as well as distinct diminishing of
the absorption plateau, particularly in the region 3000—3500 CIngs
(Fig. 2 a—e).

IR spectra of calcinated samples show the presence of a band at
3750 em~—! which is getting more distinct and intense after nearly com-
plete dehydration of octahedral OH groups (Fig. 1 f—h). It is assigned to
stretching vibrations of OH in silanol groups. Absolute evaluation of in-
tensity changes of this band within wide temperature range is difficult
because of variation of background line in the region approx. 3700 cm—!
caused by dehydroxylation of octahedral OH groups.

IR spectra presented in Figure 3 are documenting the changes in ab-
sorption caused by sorption of pyridine vapours on Lewis and Bronsted
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Fig. 1. IR-spectra of H-montmorillonitg samples representing various degrees of
calcination
a — rozm temperature, b — 200°C, ¢ — 300°C, d — 400°C, e — 500°C, f — 600°C g 700°C
14 T < Z i

h 800°C. During the experiment samples were dehydrated by evacuation to lols mm Hg u';
-quartz vacuum cell. Spectra were recorded at room tem
and 800°C (h) were preliminarily heated for 2h in electric
in vacuum cell at 600°

perature. Samples treated at 700 (g)

furnace and subsequently calcinated

C under lowered pressufe. Sample prepared in the form of thin selfsup-
porting film
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Fig. 2. IR-spectra of montmorillonite samples recorded et elevated temperatures
a — 200°C, b — 300°C, ¢ — 400°C, d — 500°C, e — 580°C. Specira were recorded under pressure
lowered to 1073 mm Hg in quartz vacuum cell. Sample prepared in the form of thin selfsup-

porting film

centres. The former results in appearance of 1445, 1470, 1495 and
1598 cm~—! maxima whilst the latter of the 1455, 1495, 1550 and 1635 cm~—1!
ones. Besides, this adsorption is the cause of occurrence of some variations
in the course of bands characteristic of acidic form of montmorillonite.
We observe a distinct increase of intensity of bands resulting from stret-
ching vibrations of octahedral hydroxyl. Besides, it looses, to some extent,
the formerly mantioned fine structure and is getting more sharp, showing
a maximum at 3760 cm~1, Moreover, asymmetry of this band in the region
3450—3600 cm~?t also disappears. Depending on the conditions of adsorp-
tion of pyridine, the shape and intensity of 2400—3500 cm~' band is
slightly different. It seems that adsorption of pyridine vapours also causes
some increase of intensity of bands resulting from vibrations of H,O
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Fig. 3. IR-spectrum of H-montmorillonite sample (calcinated at 600°C) after pyridine
adsorption (room temperature vapour pressure for 12h at 150°C followed by 1h
evacuation at 180°C)

Spectrum were recorded in vacuum cell at 25°C; sample prepared in the form of thin selfsup-
porting film
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molecules and particularly those from deformational ones — ca. 1600 (on
as well as from stretching vibrations of these molecules in the region
3000—3500 cm~2.

Hydrogen montmorillonite samples calcinated at temperatures ca.
700°C display chemisorption ability of water. This is consistent with ob-
servations carried out for similar minerals by Granquist and Kennedy
(1967) and by Wright et al. (1972). Rehydration of sample taking place at
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Fig. 4. IR-spectrum of H-montmorillonite sample (calcinated at 600°C) after rehydra-
tion in ambient conditions during 3 days (humidity 40%)
Sample in the form of selfsupporting film

temperature 25°C and relative humidity of air 40% leads to the results
presented in Figure 4. Besides, we observe an increase of intensity at
3670 cm~! band resulting from stretching vibrations of structural hydro-
xyls‘and, particularly, in the region above 3000 cm~—! as well as an in-
crease of intensity of 1630 cm~! band caused by deformational vibrations
of water molecules.

DISCUSSION

 As foll.ows from the above presented results of our study, some revi-
sion of opinions concerning crystallochemical function of hydrogen in cal-
cinated hydrogen forms of dioctahedral smectites is needed. It is necessary
to present a model of acidic form of this mineral which would be consis-
tent with their surface activity during some catalytic reactions and ad-
sorption precesses.

The existence of hydronium ions, or of their hydrates. 1 1 i
exchapge pos1t10n§ of the clay minerals in question,};as beéenoza:}ilcziiicg‘i
long time ago and is not questioned (Kubisz 1968, Bokji, Arkhipenko 1977)
During hea.tl.ng of hydrogenium form of smectites, these ions occupy ex-
change positions not longer than till temperature of 200—300°C is rea-
ched. Afterwards, spontaneous migration of protons into the interior of
layers takes place. As follows from the shape of IR adsorption spectra
:(S%B%sgnteg in Fig. 1), 1o matter of increasing activation temperature above
2 ‘Snt up to ca. 650°C _w1th simultaneous evacuation of water vapour

e substance under examination preserves diagnostic features characte~
ristic of hydronium ion from spectra (Fig. 1 ¢—g). Analogical behaviour
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has been observed in the case of ammonium forms of fluorinated montmo-
rillonite during their IR spectroscopic study (Fijal, in press). In IR spec-
tra of samples of H-form of montmorillonite calcinated within wide tem-
perature range, fundamental absorption bands caused by essential struc-
tural elements of montmorillonite are accompanied by some characteristic
bands diagnostic exclusively for this cationic form. They are represented
by: broad and diffused absorption band forming plateau in the region
2400—3500 cm~! and small maxima at 1430 and ca. 1570 cm~!. It was as-
sumed that all the above maxima are due to vibration of hydronium ion.
The first of these bands (2400—3500 cm~1!) display some increase of inten-
sity in the region 3000—3500 cm!~ because of coincidence with stretching
vibrations of H,O molecules which in a hardly removable residual form
are bound in the sample till ca. 500°C (Fig 1). Interpretation of the bands
under consideration can be made on the ground of numerous published
spectroscopic data, documenting the existence of hydronium ion or of its
hydrates in minerals or synthetic inorganic compounds.

According to Kubisz (1968), Bokij and Arhipenko (1977) and other
authors opinions we may assume that the most probable absorption
regions in IR spectra connected with vibrations within this complex ions
are as follows:

1. 2400—3550 cm~! bands corresponding to wholly symmetric vibra-
tions v; of A; class and to streatching degenerated ones of E class. In the
above authors opinion, these bands should be distinctly broad and diffu-
sed.

2. 1255—1705 cm~1 vibrations v, of E class.

3. 785—1175 cm—1 — vibrations v, of the A, class.

Consequently, the bands in the region 2400—3500 cm~! (v;, v3) and at
1430 and 1570 cm~! (probably v,) can be accepted as spectroscopic eviden-
ce of existence of complex hydronium ion in calcinated hydrogen form of
montmorillonite. The region of v, vibrations is not diagnostic because
of coincidence with very intense bands resulting from vibrations of silica-
-oxygen groupings.

On the basis of our experiments and of earlier data reported by
Wright et al. (1972) it is concluded that the intensity of 2400—3500 cm—!
band decreases and is displaced towards lower wave numbers after iso-
topic H/D exchange (Fig. 5 a—b). This is a direct evidence that this band
results from vibrations of proton-containing grouping. The existence of
mobile, acidic protons at the surface of calcinated hydrogen form of mopt—
morillonite is also proved by test reaction with pyridine vapours, carried
out using dehydrated sample under vacuum conditions at temperature
600°C (Fig. 3). The presented IR spectrum indicates that though pyridine
sorption reaction has been carried out under extremely anhydrous con-
ditions (no adsorption of molecular water — Fig. 1), some part of molecu-
les of this organic base is combined with the sample as py.ridmlum cations,
containing some acidic protons of the sample tested. It is observed that,
depending on the condition of sorption i.e. on hydration degree or tem-
perature, the amount of pyridine molecules bound in the form of pyridi-
nium ions is different. This is caused by competition for protons between
adsorbed substance and the layers of acidic form of clay mineral (Yariv,
Heller-Kallai 1973) and only strong bases are capable to keep the majo-
rity of protons when samples are heated under vacuum conditions.
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In the case under consideration, adsorption of pyridine at the surface
of sample is followed by a complex of reactions taking place within the
acidic form which can be documented by spectroscopic studies. So e.g.
there occurs an increase of intensity of stretching vibrations of OH ions.
This band is getting more sharp with a maximum at 3675 cm~* and does
not show diffusion in the region 3450—3600 cm~* characteristic of so called
perturbed hydroxyls. When comparing the spectra of the sample studied
before and after adsorption of pyridine (Fig. 1 f and 3) we observe a dis-
tinctincrease of absorption in the region 3000—3550 cm~! caused by sor-
ption of organic base. We have, however, to take into account (to sub-
tract) adsorption caused by C-H vibrations of pyridine in the region
3000—3250 cm~—!. Besides, sorption of pyridine causes a decrease of asym-
metry of the band, showing maximum at 1575 cm~—1, assigned to v, vibra-
tions of hydronium ion in the region of lower wave numbers and an in-
crease of intensity at 1600 cm~1! caused, to some extent only, to C-C vibra-
tions of pyridine.

On the ground of the above data it is assumed that migration of some
acidic protons of hydronium complex to the molecules of organic base re-
sults in the formation of equivalent amount of molecular H,O, causing ab-
sorption due to stretching and deformational vibrations of H,O in the re-
gion 3000—3500 cm~' and ca. 1600 em~1. Moreover, sorption of pyridine
causes a change of shape of the band resulting from stretching O-H vi-
brations within silanol groups at 3745 ecm~1. Consequently, we observe
considerably lower intensity and some broadening of this band (Fig. 3).
So, the Si-OH groups are an additional source of acidic protons in calcina-
ted samples of hydrogen form of montmorillonite.

The possibility of formation of complex, positive hydronium ions in
ML, el o

) 1 1 S yers (in temperature ran
%00—3_00 C) together with hydroxyls of octahedral sheet agcording to tﬁi
following scheme:
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Consequently, migration of protons into the interi
' : 1 ne interior of layer Id ini-
gﬁsrdz?ydroxgrllgtlonlof Oé:tahedral OH groups, in accordan}::el;ict(;lueiriligv

vallons of Russel and White (1966) This deh X i

) : _ ¢ ydroxylation should b
?gsﬁg]pz%lqdhliy a change in coo_rc.hnation of octahedral thions which fol(j
Sir%ce %g et al. (1972) opinion, are getting coordination numb’er 5.
0 - g teialuie. of disappearance of interlayer spacing and collapsing
ystal lattice, we cannot fix the sites of hydronium ions thus for-

46

med in exchange positions, it is advised to localize them either in hexago-
nal free spaces of tetrahedral layers or in analogical vacances of octahe-
dral ones. Direct interaction of protons with hydroxys of octahedral la-
vers, manifested by appearance of bands connected with perturbed OH
groups in the region 3470—3600 cm~1, reported in earlier papers (Russell,
White 1966, Russell, Fraser 1971, Wright et al. 1972) and observed in this
study (Fig. 1), suggests localization of complex hydronium ions in free oc-
tahedral positions within partly dehydroxylized crystal lattice of clay mi-
neral.

Thermal stability of hydronium ions in crystal lattice of calcinated
smectite is determined by several factors, conditioned both by crystallo-
chemical properities of this ion and by its position in free spaces of crys-
tal lattice of the silicate under examination. This ion shows high energy
of total hydration, ranging from 270 to 415 kcal/mol (on the average
300 kcal/mol — Kubisz 1968). Besides, protons of this ion display distinct
tendency to form strong hydrogen bonds. So e.g. the hond energy of H,OF
ion with water molecules in its trihydrate amounts to 44 — 49 kcal/mol
for each water molecule. Consequently, we have to assume hydrogen in-
teraction with oxygens surrounding hydronium ions, additionally incre-
asing its thermal stability and causing perturbance of O-H bond length
in hydroxyl groups.

The data presented in earlier publications (Russell, White 1966, Wright
et al. 1972) and in this paper (Fig. 1 f, g) indicate higher stability of so
called perturbed octahedral hydroxyls relative to the remaining OH ions.
This phenomenon can be explained by contribution of the latters to hy-
drogen bonds with hydronium ion. Thermal stability of the latter should
be lower than that of NHs one, but taking into account its stabilization
in vacances of octahedral layer by hydrogen bonds, it may exceed the sta-
bility of ammonium. So e. g. the presence of maximum at 1420 cm~* (cha-
racteristic of NH ion) in IR spectrum of ammonium form of montmoril-
lonite from Chmielnik was found to occur (under identical temperature
conditions) till 580°C. An additional factor, increasing temperature sta-
bility of the complex hydrogen ion, are diffusion barriers acting during
removal of H,O originated during deprotonation of H;O* ions and the
fact that hydronium ion is quadrupol in character.

The postulated existence of hydronium ion in calcinated products of
the discussed sheet silicates can be the basis of explanation of thgir, SO-
metimes distinct, acidic properties. Their particular activity e.g. in cra-
cking processes (Bruckman et al. 1976, Fijat 1977, 1.978 -1in p}'ess) can be
explained by high mobility of proton of hydronium ion, gspec1ally in sys-
tems where hydrogen bonds occur. Proton inirabond jumps along hy-
drogen bonds formed between these ions and hydroxyl groups qf octahe-
dral, oxygen atoms and H,O molecules may explain (following Eigen
et al. 196’2, Kubisz 1968 and other authors suggestions) acidic nature of the
substances examined.

It is well known that hydronium ion and its hydrates do not show ri-
gid structure. Excessive mobile proton forms definite configurations of
complex hydrogen-oxygen ions in any short time mteryals: Dynamics of
this model can be characterized by assuming statistical in time and space
probability of distribution of this ion in crystal lattice of the solid (Ku-
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‘bisz 1968). It should be remembered that depending on local structural
.conditions and on the field exerted by cations in montmorillonite crystal
lattice, hydronium ion can be modified to different degree i.e. to show
a transitional character between H,O and H;O+.

As follows from the above data, the presence of mobile protons, not
localized after calcination at 600°C (suggested by Vasiliev and Ovcharen-
ko 1975 on the ground of NMR spectra of H-montmorillonite) can casily
be explained by assuming the possibility of existence of hydronium ions in
crystal lattice of a solid. It seems that the occurrence of hydronium ions
in the structure under consideration is limited by thermal stability of the
system formed by coupling between hydrogen-bond protons and hydro-
xyl groups of octahedra. Particular thermal stability of perturbed hydro-
xyls has been already emphasized. Deprotonaticn of hydronium ions pro-
bably causes reaction of protons with neighbouring (OH, OH) pairs, with
which they were bound earlier (according to scheme I), leading to dehy-
droxylation of octahedral hydroxyles. As follows from presented data,
further increase of temperature causes subsequent reaction of protons
with crystal lattice of montmorillonite resulting in the formation of ad-
ditional silanol groups (Fig. 1f, g, h). This is manifested by an increase of
intensity of 3470 cm~! band observed in temperature range 500—700°C.
It is well known that thermal stability of silanol groups is higher than
that of octahedral hydroxyls. Consequently their absorption bands occur
even in IR spectra of samples heated at 800°C (Fig. 1h). Reaction leading
to the formation of these groups can proceed as follows:

| |
(I1) —Si—O0—Al + H;0 = —Si— OH + Al* 4 H,0
‘ L3NG LN

The mechanism of this reaction also suggests the possibility of formation
of strong acidic Lewis centres. They would be represented by positively
charged AL** jons, showing no coordinational saturation and thus dis-
playing ability of partial rehydration and rehydroxylation, similarly as
H-montmorillonites calcinated at 700—800°C (Fig. 4). When treated with
H,0 or D,O vapours and, particularly, at higher temperatures, the hydro-
xyl groups connected with octahedral cations are regenerated. This is ma-
nifested by reappearance of adsorption band in the region 2400—3550 cm—1

(Fig. 5 a, b and Fig. 4). This reaction would be presented schematically as
follows: ‘

H
2% A | N
(111) AYPHOSH + H,0' 0 ioALEOH o+ 04
78) 4 '

Consequently, the reaction I—III re i i
isequently, [ present experimentally evidenced
vgrlablllty of surface properties and, particularly, of acidic (})’neswdeggfl—
ding on the mode of activation of sample — calcination temperat,ure ac-
cessibility to water vapours etc. :

Another factor determining proton (Bron idi

e A % ! sted) acidity of th
it“dled Is their ability to bind strongly the H,O )molecu{es, eve(; Sa%cniﬁlge}f
emperatures — up to ca. 550°C, Thig is manifested by the presence of
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Fig. 5. IR-spectra of H-montmorillonite samples heated preliminarily at 600°C and
subsequently deuterated using D,O vapour at 25°C, then calcinated
a — spectrum of H/D-montmorillonite sample evacuated at 200°C, b — spectrum of H/D-mont-
morillonite sample evacuated at 600°C. IR-spectra were recorded in vacuum cell at 25°C. Sample
prepared in the form of thin selfsupporting film

absorption bands in the region 1600—1650 cm~! due to deformational vi-
brations of these molecules even in IR spectra of calcinated samples at
500°C (Fig. 1a). Stretching O-H vibrations of water molecules are su-
perposing on the band assigned to vibration of hydronium ions causing
adsorption in the region 3000—3500 cm—1.

There are several causes of considerable stability of H,O in calcinated
samples of the hydrogen form in question. The existence of broken bonds
at the edges of layers and the resulting presence of coordinationally not sa-
turated Al and Mg atoms favour the binding of water molecules at these
centres. It seems, however, that water liberated during dehydroxylation is
not immediately expulsed through free space of montmorillonite lattice,
but its removal requires overcoming diffusion barriers and delivering suf-
licient activation energy. Migration of these molecules, even at elevated
temperatures and continuous evacuation of vapours for several hours, is
a slow process. This phenomenon is also due to possible stabilization of
cations in octahedral layers which after dehydroxylation show coordina-
tion number 5. Moreover, hydrogen interaction with hydronium ions and
coordination by means of Lewis centres render difficult rapid diffusion
of these molecules at temperatures lower than 500°C.

Strong polarization of water molecules situated in Lewis centres (its
presence is confirmed by pyridine test) results in delocalization of pro-
tons in these molecules causing, in turn, an increase of Brensted acidity
of the sample studied. In fact, IR absorption spectra of hydrogen form
examined at various temperatures (Fig. 2 a—e) document disappearance
of molecular properties of water above 300°C. As follows from compari-
son of the spectra recorded at 200 and 300°C, at temperatures approx.
300°C the band in the region 1600—1650 cm~! (corresponding to deforma-
tional vibrations of H,0) become diffused and disappear, similarly as thosg
in the region 3000—3500 cm~! resulting from stretching vibrations. This
phenomen is due to delocalization of protons. We may, thus, assume that
water molecules bound by calcinated hydrogen forms cf montmorillonite
display instability of chemical character at elevated temperatures, sho-
wing tendency to liberate protons and pass into an intermediate stage be-
tween H,0 and H;O*.
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ented facts may suggest an increase of acidic properties
of s?rfp?ss? ‘;i I<Zer1(.esi>’00°c what is ‘Zonﬁrmed.by catglytic activjty oﬁ acidic
forms of montmorillonite in cracking reaction whlch are optimal in tem-
perature range 300—350°C (Briickman et al. 1976, qugl ) :
Another factor, contributing to general proton acidity of the examined
form of montmorillonite, is the presence of silappl groups. The stre_ngth
of these acidic centres, being a measure of mobility of protons of Sl'-QH
groups, is (at normal temperatures) considerably lower relative to acidity
of hydronium ions but will, probably, increase vs_nth raising temperature.
The possibility of acidic action of silanol groups is confirmed by IR spec-
trum after pyridine adsorption (Fig. 3). It is supposed that because of the
size of pyridine molecule, as well as due to porous structure of' granular
aggregates of calcinated forms of montn’_xorlllomte, participation of a’ll
the Si-OH groups in reactions with organic base molecules is not possi-

ble.
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Jerzy FIJAL, Stanistaw OLKIEWICZ

JON HYDRONIOWY JAKO PRZYPUSZCZALNA PRZYCZYNA
KWASOWOSCI WODOROWYCH FORM MONTMORILLONITU
PODDANYCH KALCYNACJI

Streszczenie

Przeprowadzono badania spektroskopowe w podczerwieni serii probek
uzyskanych przez kalcynacje wodorowej (hydroniowej) formy montmo-
rillonlt}l z Chmielnika w temperaturach 20—800°C. Widma rejestrowano
przy uzyciu wysokotemperaturowej kiuwety prozniowej. Szczegdlng uwa-
ge zwrocono na ustalenie funkeji protonu w wodorowych formach bada-
nego mineratu poddanych kalcynacji.

Na podstawie analizy spektrogramow przyjeto mozliwo$é istnienia
kompleksowych, dodatnich jonow wodorowo-tlenowych (hydroniowych)
w sieci krystalicznej montmorillonitu, takze po kalcynacji w temperatu-
rach 300—650°C. Spektroskopowym przejawem egzystencji jonu hydro-
niowego w kalcynowanych substancjach jest obecnosgé pasm absorpcji:
2400—3550 cm~1 (od drgan v; i v;) oraz maksiméw 1430 i 1570 cm~1 (praw-
dopodobnie od drgan vy).

Waznym czynnikiem uczestniczacym w kwasowosci protonowej bada-
nych probek sa silnie zwigzane przez mocne centra Lewisa, spolaryzowane
drobiny H,O, ktére w temperaturach 300°C i wyzszych zatracajg drobino-
wy charakter w wyniku delokalizacji protonu tych czasteczek.

Przyjeto takze, iz wynikiem kaleynacji w temperaturach powyzej
500°C jest reakecja protonu, wyzwalanego w trakcie deprotonacji jonu hy-
droniowego, z siecig krystaliczng badanej prébki, co prowadzi do utwo-
rzenia grup Si-OH o wlasno$ciach kwasowych.

OBJASNIENIA FIGUR

Fig. 1. Spektrogramy pr6bek reprezentujacych rézne stadia kalcynacji H-formy
montmorillonitu z Chmielnika, rejestrowane w kiuwecie prézniowej pod ci§-
nieniem 10— mm Hg. Temperatura kalcynacji 2
a — pokojowa, b — 200°C, ¢ — 300°C, d — 400°C, e — 500°C, f — 600°C, g — 700°C,
h — 800°C. Widma g—h odpowiadajg prébkom wygrzewanym wstepnie przez 2h, w pie-
cu elektrycznym, a nastepnie kalcynowanym w kiuwecie prézniowej pod obniZzonym
ciSnieniem w temperaturze 600°C. Preparat sporzadzono w formie cienkiej btonki

Fig. 2. Spektrogramy H-montmorillonitu rejestrowane w temperaturach podwyzszo-
nych
a — 200°C, b — 300°C, ¢ — 400°C, d — 500°C, e — 580°C. Widma rejestrowano w kiuwe-
cie prézniowej pod ci$nieniem 10-3 mm Hg. Preparat sporzadzono w formie cienkiej
blonki

Fig. 3. Spektrogram H-formy montmorillonitu (prazonej w 600°C), na ktérej sorbo-
wano pary pirydyny w temperaturze 150°C przez okres 12h (prezno$é par
pirydyny odpowiadala temperaturze pokojowej)

Nadmiar pirydyny ewakuowano w lemperaturze 180°C przez okres 1h. Stosowano Kkiu-
wete prézniowa; preparat w formie cienkiej btonki ¥

Fig. 4. Spektrogram H-formy montmorillonitu (kalcynowanej w GOO?C), poddanej hy-
dratacji na powietrzu o wilgotnoéci wzglednej 40%, przez 3 dni
Preparat w postaci cienkiej blonki
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Fig. 5. Spektrogramy H-formy montmorillonitu {kalcynowanej w 600°C) traktowanej
parami D;O przez okres 24 h
a — spektrogram H/D-formy po ewakuacji par w 200°C, b — spektrogram H/D-formy
wygrzewanej w 600°C. Widma rejestrowano w temperaturze 25°C, w kiuwecie proznio-
wej pod cisnieniem 10~ mm Hg. Preparat wykonano w formie cienkiej blonki

Focu @HSAJ, Cranucaas OJIBKEBHY

MOH OKCOHUS KAK BEPOSITHAS NMPHYHHA
BOJOPOJHbIX ®OPM MOHTMOPMJIJIOHHUTA,
KOTOPBIE MOJABEPTA/IHCbH KAJIbUKWHALLHH

Pesowme

Buian nposenerst MK cnexTpockonnueckue HCCAeA0BaHHsA CPEAH obpas-
1LOB, TOJYUYEHHBIX NYTEM KaJbHHHALH BOAOPOAHON (oxkconneBoit) Gopmbl
MonTMopuasonnta npu temneparype 20—800°C. CnekTpbl ObUIH PErHCTH-
POBaHbl MYTEM HCIIOJb30BAHHS BLICOKOTEMNEPATYPHOIH KIOBETDI. Ocobennoe
BHIMAHME YAeJdSI0Ch YCTaHOBIeHHI0 (YHKIHH NPOTOHA B BOAOPOAHbBIX (OP-
MaxX H3YUYaeMOro MHHepaJia, KOTOpble MOABEPrajHCh KalbLHHAUHH.

Ha ocHOBAaHMI aHAJH3a CIEKTOTPAaMM MPHHSITO BO3MOXHOCTb CYLIECTBOBA-
JHsl KOMIJICKCHBIX, MOJOMKHTEJAbHBIX BOAOPOMHO-KHCIOPOAHBIX HOHOB (OKCO-
11eBbIX) B KPHCTAJIJIHUYECKOIT PeméTke MOHTMOPHIJIOHHTA, TOXKE Mocje KaJb-
unnaiaun npn temnepatypax B 300—650°C. CnekTpasbHbIM PH3HAKOM
CYLeCTBOBAHMSI OXOHHEBOrO HOHA B KaJbUMHOBAHHBLIX BEILECTBAX SBJISETCH
nprcyTCTBIE nosoc norvoutenus: 2400—3550 cm—1 (13-3a KoaeOaHHH v H vy)
1 makcumyMoB 1430 n 1570 cM~! (npeAnoJoXKHTeNbHO 113-3a KOIeOaHHH vy) .

OueHb BaykKHBIM (DAKTOPOM, KOTOPHIH TPHHHMAET yuacTie B IPOTOHHOH
KHCJIOTHOCTH OOPA3IoB, SIBJSIIOTCS CIHJIBHO CBSI3AHHbIE MOLIHBIMH LEHTPAMH
Jiepica noJisipu3oBanubie Mosieky.sl H,0, Koropbie npu Temneparypax s 300°C
1 BhIIE YTPauHuBaiOT MOJCKYJASPHBI XapakTep H3-3a JHJIOKAJH3aLHH NPOTOHA
ITIX MOJEKY.JI.

BolI0 NPHHATO TOXKE, UTO CJEACTBHEM KaJbUHHAUHH TPH TeMOepaTypax
ppiie 500°C sBJsieTcst peakiHsi NPOTOHA, OCBOOOXKAAIOWIErocst BO BpeMsl Ae-
NIPOTOHHPOBAHHST OXOHHEBOTO HOHA, C KDHCTAJJIHYECKOH pPeleETKOH H3y-
yaemMo oOpasiia, uTo MPHBOAHT K oOpasoBanHio rpynn Si-OH ¢ KHCIOTHBIMH
CBOMCTBaMHU.

OBbACHEHHUA K GPHTIYPAM

@ur. 1. UK-cnekTpbl 06pasiloB NpeACTaBASAIONIHX PA3/HUYHble CTaAHH KajbliiHauin H-¢dop-
Mbl MOHTMODHJIIOHHTA H3 XMeJIbHHKA, PErHCTPHPOBAHHbBIC B BAKYYMHOH KIOBETE MPH
aapaennn 10— Hg. TemnepaTypbl KajgblLHHALHH
a — KoMHaTHas, b — 200°C, ¢ — 300°C, d — 400°C, e — 500°C, f — 600°C g — 700°C,
h — 800°C. Cnektpnl g—h COOTBETCTBYIOT 00pasuaM [peaABaPHTENLHO nporpesaemMpim 2 h
B 57CKTPOMCUH, a MOTOM KajlbUHHOBAHHRIM B BaKyyMHOM KIOBETe NDH CHHXCHHOM JaBJICHHK
i Temnepatype B 600°C. Ilpenapat Gbin NpHroToBAeH B OPME TOHKOR NAGHKH

®ur. 2. UK-cnektpsl  H-Gopmbl  MOHTMODHIJIOHHTA, pPErHCTPHPOBAHHBIE B  NOBBILEHHBIX
TeMmeparypax
a — 200°C, b — 300°C, ¢ — 400°C, d — 500°C, e — 580°C. CneKTpsi GbIIH PErHCTPHPOBAHLL

B BaKyyMHOil KioBete mpH AaBacunu B 1073 MM Hg. Ipenapat Gwin npurorosiex B dopme TOH-
KO NAEHKH
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@ur. 3. UK-cnektp H-opmbl  MOHTMOpHIIOHHTA (KaJIbUHHHPOBAHHOH NPH TeMnepatype

Our.

Dur.

4.

IS

0.

500 © a K i

bO?S(%), Ha KOTOPO# OBl COPGHPOBaKHbl MHPHAHHOBbIE Mapbl MpH Temneparype

B C };Te;lleﬂl{e 12h (raBaenyie napa NHPHAHHA COOTBETCTBOBAIO KOMHATHOM TEM-

nepatype). Mannmnee xoanuecTBo mupuiMHA Obli0  yAa ;
P! J AaJIeHO TNpH  TeMmneparype

B 180°C B Teuenne 1h ) . s

[Ipuyensnacs, BakyymHasi KIOECTa; npenapart Obia APHIOTOBJAEH B (OPME TOHKOI NJIAEHKH

MK-CHOEKTp H-opmbl  MOonTMOpHIIIOHNTA (KaJbUHHHPOBAHHOM MpH  TeMmmepatype
B 600°C), xoropas NOABEpranach rHApaTauiin Ha BO3AyXe C OTHOCHTEJIbHON BildiK-
nocteio 40% B Teuenne 3 auei. [Ipenapar Gbur NpHrOTOBJIEH B GOPME TOHKOFM MASHKH

HUK-cnextpsl H-popMbl MOHTMOPH/IOHNTA  (Ka/IbLHHHPOBAHHOI npH Temneparype
B 600°C), KOTOpasi noABEpranach BO31eHCTBHIO napos D;O B TeueHite 24h

@ — cnektporpayya H/D-(opMbl nocjae yaaaeHHs mapos mpH Temneparype B 200°C, b — cnek-
rporparxma H/D-¢opMbl MOHTMODHAJIOHHTA KaabLHHHPOBAHHOTO NpH Temmeparype B 600°C.
CnekTpnl Oblall PErHCTPHPOBAHBL NPl Temneparype B 25°C B BaKyyMHO# KioBere ;um AaBJcHiy
B 1073 MM Hg. Ilpenapar Obit mpurotonten B opMe TOHKON MASHKH



