Properties of the OH groups in the Mg-montmorillonite
structure

‘. HORVATH, “E. S. SAN’KO, "E. A. PAUKSHTIS, and "E. N. YURCHENKO

* Institute of Inorganic Chemistry, Centre of Chemical Research,
Slovak Academy of Sciences, 842 36 Bratislava

®Institute of Catalysis, Siberian Branch of the U.S.S.R. Academy of Sciences,
630 090 Novosibirsk

Received 30 September 1981

Thermal decomposition and the acid-base properties of hydroxyl groups in
Mg-montmorillonite were studied by thermoanalytical methods and i.r. spec-
troscopy. In the temperature range 200—700°C the OH groups of montmoril-
lonite structure were characterized by five absorption bands with v(OH)/cm™*
= 3740, 3710, 3675, 3640, and 3595.

Thermally most stable were the OH groups with ¥(OH)=3675 and
3595 cm™, the least stable those with ¥(OH)=3710 cm™'.

Acid-base properties of the OH groups were investigated by the adsorption
of pyridine, deuterated ammonia, and benzonitrile vapours. It was found that
on the surfaces of the investigated samples (heated at various temperatures in
the interval 200—700°C) strong protonic centres are absent, or unattainable
for larger molecules. Only the most stable OH groups of the structure in
configurations Al—OH—AIl and Al—OH—Mg manifested a certain acidity,
sufficient for the protonization of ammonia.

The formation of pyridine and benzonitrile donor-acceptor complexes took
place via surface Mg>* ions mainly after the heat treatment at 500—600°C.

MeTonamu TepMmorpaBuMmeTpudeckoro aHamuza W MK  cnexkrpockomuu
H3y4aJioCh TEPMHYECKOE Pa3oXeHHe U KHCIIOTHOOCHOBHBIE CBOHCTBA TMApPO-
KCWIbHBIX rpymn Mg-MoHTMOpWIoHMTa. B TemmepaTypHOM MHTepBane
200—700°C B crpykType MonT™MOpWIIOHWTa OH rpynmel XapakTepHUsyloTcs
maTeio nonocamu mornowmenus v(OH)/em™'=3740, 3710, 3675, 3640
u 3595.

Tepmuyecku HauGonee ycrodumseMM okasamuce OH rpynner ¢ ¥(OH)=
=367513595 cM~!, a Mano ycroitausbivi OH rpymmsi ¢ #(OH)=3710 em™2.

KucnotHoocHoBHble cBoiictea OH rpymnm W3yyamuch MOTJIOLIEHHEM
HaChIIIIEHHBIX TAPOB MMPUNHA, AEHTEpHPOBAHHOTO aMMHaKa U GEeH30HHTpHIIA.
YCTaHOBWIOCH, YTO Ha MOBEPXHOCTSX M3y4aeMbIX 0Gpa3lOB (BBDKMTaeMbIX
IpH pa3NMYHBIX TEMIEpaTypax B TemnepaTypHoM uHTepBane 200—700°C)
OTCYTCTBYIOT CWJIBHO MPOTOHHbIE LIEHTPBI WX Xe AJIS GOJBIIMX MOJIEKYJI OHH
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HenmpHcTynHbl. OnpefeNieHHYI0 KHCIOTHOCTb (NOCTaTOYHYIO QIS Mpo-
TOHH3aLMM aMMHaKa) MPOSIBIISIM TOJILKO TEPMHYECKH Hanboliee YCTOHYMBBIE
OH rpynnbl, HaxopsilMecss B CTPYKType Kak rpynmupoBku Al—OH—AI win
xe Al—OH—Mg.

O6pa3oBanue HOHOPHO-AKLENTOPHLIX KOMIUIEKCOB C MUPUIHUHOM M GeH-
30HUTPWIOM OCYILECTBISUIOCH MOCPEACTBOM Mg?* HOHOB, 0cOGEHHO mocie
BbDKHraHus o6pasuoB npu 500—600°C.

The water from the magnesious form of montmorillonite of the crystallochemical
formula

Mgo.48[Si7.59Alo.41] [AlamFeo,uMgo.ss]Ozo(OH)4

is released in four temperature regions (Fig.1): 30—130°C (5.9 mass %),
150—260°C (1.6 mass %), 260—370°C (1.2 mass %), and 400—750°C (4.3 mass
%). Escaping water comes either from the adsorbed water molecules situated
mostly in interlayer spaces of the structure, as well as from hydration shells of Mg**
cations or is produced by the interaction of OH groups during dehydroxylation [1].

In the montmorillonite structure it is possible to distinguish: the OH groups
forming octahedral coordination of central atoms (in this case Al, Mg, and Fe),
further the OH groups of H,O molecules from hydration shells of the exchangeable
cations (Mg”*), and finally a little part represent the OH groups situated on the
crystal edges (also in the form of Si—OH bonds).

By removing the prevailing part of the molecular H,O and by lowering the OH
group concentration in the montmorillonite structure the proton donoring centres
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Fig. 1. TG (a) and DTG (b) curves of Mg-montmorillonite.
Thermoanalyzer DuPont 990, heating rate 10°C min™*, sample weight 19.38 mg, N, flow 1 cm®s™".
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can be formed which are important in heterogeneous catalysis [2—4]. The surfaces
of Mg-montmorillonite were shown to have acidic properties by e.g. Farmer and
Russel [5].

The aim of this work is to study the individual types of the OH groups in
montmorillonite from the viewpoint of their thermal stability (using mainly
methods of i.r. spectroscopy) and to search for a correlation between thermal
stability of the OH groups and their acid-base properties.

Experimental

The sample of montmorillonite JelSovy Potok (separated from the bentonite from the
locality of the same name in central Slovakia) was used as starting material in our
experiments. The Mg form of this mineral was prepared by repeated saturation with
0.5 M-MgCl, solution (until the Ca** ions disappeared in the interlayer space).

Samples for i.r. spectroscopy were prepared (by isothermal heating in static air atmo-
sphere with 2 h duration) at selected temperatures corresponding to distinct dehydration
and dehydroxylation steps: 200°C — desorption of interlayer water; 350°C — removal of
the substantial part of water from the hydration shells of the exchangeable Mg?* ions ; 500°C
— termination of the dehydration and the beginning of the dehydroxylation ; 600 and 700°C
— advanced dehydroxylation and termination of the dehydroxylation, respectively. Heated
specimens were stored in an exsiccator over P,Os to avoid their rehydration.

The specimens of ignited montmorillonite were pressed with CaF, to tablets 1 cm in
diameter containing 2.3—5.1 mg of the investigated material per 1 cm?® of tablet area. The
tablets were degassed for 2 h at 1.3 X 10-2 Pa and then spectra were registered in a UR-20
spectrometer at room temperature. The concentration of OH groups was evaluated on the
basis of the relative integral band intensities with the help of a curve synthesizer, taking into
account the content of montmorillonite in a tablet.

Acid-base properties were estimated from the adsorption of pyridine, deuterated
ammonia ND,, and benzonitrile.

The adsorption of pyridine vapours saturated at room temperature took place in
a specially adapted chamber in the spectrometer at 150°C for 15 min (experimental details
were described in [6]). Unadsorbed pyridine was exhausted at the same temperature for
30 min. Deuterated ammonia was adsorbed in two stages, at 25°C and 13 x 10* Pa for
15 min and at 150°C for 15 min. Saturated benzonitrile vapours were adsorbed at room
temperature for 15 min.

In the i.r. spectra of pyridine after its adsorption, absorption bands near 1545 cm™ [7]
with strong protonic centres can be expected on the solid phase surface due to the formation
of a hydrogen bond between the surface OH group and pyridine (Scheme 1)

=)t )
O—H—=NCgH,

Scheme 1
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Protonic centres are indicated also by the formation of ND; during adsorption of ND,.

Donor-acceptor properties of surfaces were evaluated after adsorption of pyridine and
benzonitrile on samples. When pyridine complexes are formed intensive absorption bands at
1450 and 1610 cm™' [7] arise, benzonitrile complexes render an absorption band v(CN) in
the region of 2240—2290 cm™'. The value v(CN) depends on the character of the surface
cation Me*, which reacts with benzonitrile (Scheme 2)

n
Me  :N=C—Ph

Scheme 2

where Ph represents the phenol ring.

Results

Thermal stability of OH groups

Infrared spectra of the montmorillonite samples after thermal treatment in the
region of 3500—3750 cm™' are shown in Fig. 2. Five absorption bands can be
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Fig. 2. IR spectra of the OH groups in samples
1—35, according to Table 1.
Dashed lines represent the profiles of the indi-
vidual bands for sample No. 4. Summarized
profiles are correlated for a tablet containing
10 mg of montmorillonite per 1 cm®.
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distinguished in the spectrum with v(OH)=3740, 3710, 3675, 3640, and
3595 cm™'. Corresponding relative intensities of the bands are evaluated in
Table 1. ‘

Table 1

Relative intensities* of absorption bands due to OH groups in montmorillonite

v(OH)/cm™! 3595 3640 3675 3710 3740
Sample Tempera.ture Half-width 20 44 40 35 2
No. of heating cm
o/°C v(OD)/cm™ 2650 2690 2715 2740 2760

1 200 342 57.5 359 18.5 4.8
2 350 31.3 40.9 29.0 9.3 3.6
3 500 25.3 31.6 338 59 29
4 600 17.0 133 21.2 27 23
5 700 3.6 1.2 4.9 1.6 0.6

* The values of the relative integral intensities were recalculated taking into account the content of
montmorillonite in the tablet.

The results indicate that the intensity of individual bands decreases with an
unequal rate. The intensity of bands with ¥(OH)=3675 and 3595 cm™' which
belong to the thermally most stable OH groups is not essentially changed up to
500°C. Less stable are OH groups with ¥(OH)=3740 cm™" and the least stable
those producing the band with ¥(OH)=3710 cm™ (the intensity of the latter
decreases steeply and almost linearly with the temperature of heating). The OH
groups characterized by absorption band ¥(OH)=3640 cm™ escape during the
heating to S00°C approximately twice so quickly as the thermally most stable OH
groups. The concentration of the latter groups is lowered in the interval
500—700°C 26 times, while the concentration of the former only 5—7 times.

Acid-base properties of the OH groups

The analysis of the i.r. spectra of all samples after pyridine adsorption showed
the absence of the -absorption band ¥(CN)=1540 cm™'. Thus, the acidic OH
groups (with pK.= —5) do not occur on the surface of the investigated samples or
such centres are unattainable for pyridine molecules.

After adsorption of deuterated ammonia on samples ignited at 200 and 350°C
a wide absorption band near 2400 cm™ arises in the i.r. spectra (persisting also
after the sucking off the ammonia at 25°C) indicating the presence of chemisorbed
ND; molecules. The occurrence of OH groups causing the protonization of
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ammonia on the surface of samples can be concluded from this result (their pK,
need not exceed 0).

Besides the mentioned band around 2400 cm™' bands with ¥(OD) at 2760 and
2740 cm™' appear in all samples and, after longer treatment with ND; arise also
bands with ¥(OD)=2715, 2690, and 2650 cm™". Their intensity increased with the
time of ND; treatment whereas the intensities of corresponding v(OH) bands at
3675, 3640, and 3595 cm™' decreased. The deuterization of these bands took place
with different rate. The isotopic exchange H—D of OH groups with v(OH)=
=3675 cm™' took place with the highest rate and of those characterized by
v(OH)=3595 cm™' with the lowest rate. In the same order the half-width of the
band (the width of the band in the half of its height) was increased (Table 1). The
morphology of the absorption band depends on the forces displayed by neighbour-
ing atoms on OH groups. In the case of ‘““Y” type zeolites the half-width of the
v(OH) band renders the information about structural cavities, which are occupied
by OH groups [8]. The less is the cavity, the greater is the half-width of the band.

In the course of ND; adsorption the OH groups with ¥(OH)=3740 and
3710 cm™' were readily converted to OD groups (absorption bands v(OD) =2760
and 2740 cm™’, respectively). The absence of the acidic behaviour can be con-
cluded from this resuit.

Although the presence of stronger proton donoring centres was not shown on the
surfaces by the adsorption of pyridine (the absorption band at v(CN)=1545 cm™’
was absent), the formation of donor-acceptor complexes was found to be charac-
terized by bands at 1453 and 1615 cm™'. Similar complexes were formed also
during adsorption of benzonitrile (absorption band v(CN) = 2270 cm™' [9]).

Relative intensity of the band ¥(CN) = 1545 cm™' in the spectra of pyridine
adsorbed by the studied samples acquired the values: 0.2, 0.3, 0.9, 0.96, 0.32 in
dependence on the heating temperature of the samples — 200, 350, 500, 600, and
700°C, respectively.

Discussion

The results of thermogravimetric analysis (Fig. 1) and i.r. spectroscopy (Fig. 2)
indicate that the bonds of the OH groups in montmorillonite structure are
energetically inhomogeneous.

The i.r. spectrum of a material reveals its structural and chemical character. In
the spectrum of pyrophyllite, the crystal structure of which is closely related to that
of montmorillonite a typical vibration band of OH groups v(OH) =3675 cm™’ was
observed [10]. Each OH group in the octahedral network in the crystal structure of
pyrophyllite is coordinated by two Al atoms in Al—OH—AI combination. With
increasing tetrahedral substitution of Si for Al and Al for Mg or Fe in octahedra, as
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it occurs mainly in montmorillonites, the forces acting by surrounding atoms on OH
groups are changed. The absorption band corresponding to vibrations of OH
groups widens and splits. The most significant shifts to lower wavenumbers are due

to Fe presence in octahedra [11].
The analyses showed that the absorption bands with wavenumbers v(OH) =

= 3640, 3675, and 3595 cm™' are thermally the most stable components of the
vibration spectrum in the region of 3400—3750 cm™'. This triplet characterizes
OH groups in octahedral network of the mineral structure. The splitting of v(OH)
band probably corresponds to the occupation of central atoms in octahedra by
three atomic species (there are 76% Al, 16% Mg, and 8% Fe in octahedra
according to crystallochemical formula). The most frequent combinations occur-
ring in the octahedra of dioctahedral minerals are: Al—Al—vacancy, Al—
—Fe—vacancy, and Al—Mg—vacancy [12]. From the viewpoint of the relative
intensities of the absorption bands (Table 1) the band with ¥(OH) = 3640 cm™
can be assigned to the OH group occurring between two Al atoms (combination
Al—OH—AL). The shift of this vibration to lower frequencies in comparison with
pyrophyllite can be explained by the force action of a negative charge localized on
the oxygen atoms in tetrahedral network (due to Si—Al exchange) [13]. The
absorption bands at 3675 and 3595 cm™' are probably produced by the vibration of
OH groups in combinations Al—OH—Mg and Al—OH—Fe.

The absorption band at 3710 cm™' can be assigned to OH groups of strongly
dissociated water molecules forming the relicts of hydration shells of Mg** ions.
This band correlates with two extremes on the DTG curve in the region of
150—350°C (Fig. 1). The rests of water molecules occupying interlayer spaces are
presumably responsible for this effect.

The absorption band with ¥(OH) = 3740 cm™ showing the lowest relative
intensity belongs obviously to OH groups localized on the edges of montmorillonite
crystals. Its ¥(OH) value is close to v(Si—OH) value of colloidal silica, therefore
an occurrence of =Si—OH groups in the investigated samples can be assumed in
this case. This hypothesis is supported by the fact that OH groups with ¥(OH) =
= 3740 cm™' are very quickly transformed to OD groups.

The acidic properties were manifested only by certain thermally stable OH
groups occupying positions in the octahedral network of the structure. Their acidity
is not strong (pK.=0) and, moreover unfavourable steric factors play a role.

With pyridine and benzonitrile a formation of the donor-acceptor complexes
took place. During adsorption of pyridine the intensity of the absorption band
corresponding to the complex was found to grow with the temperature of thermal
treatment from 200 to 600°C and it dropped substantially for a sample heated at
709°C. The formation of donor-acceptor complexes is connected in this case with
the occurrence of Mg®* ions in the structure and on the surface of samples. Their
activity is gradually increased by removing of molecular water (hydration shells) as
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well as of OH groups bound to Mg?* ions. When a stage of advanced dehydroxyla-
tion as well as that of a full dehydroxylation is attained, small Mg** ions migrate
into positions which are unsuitable for the formation of donor-acceptor complexes
[14].

Conclusion

There are 5 types of energetically differently bound OH groups in a sample of
Mg-montmorillonite dehydrated at 200°C. Thermally most stable are the OH
groups occurring in the octahedral network of the mineral structure in configura-
tions AI—OH—AIl, AI—OH—Mg, and Al—OH—Fe. In the i.r. spectra it is
possible to distinguish the OH groups coming from the rests of hydration shells of
the exchangeable Mg>* ions and those localized on the edges of montmorillonite
crystals (often as =Si—OH groups).

Testing of proton donoring properties of the OH groups showed that in the
structure of thermally treated montmorillonite samples there do not occur OH
groups with strong acidic properties. However, it is possible that in this case the
results are influenced by unfavourable steric factors and thus the protonic centre is
not accessible for the organic molecule. ‘

A donor-acceptor behaviour of Mg”* ions was observed mainly after thermal
treatment of samples at 500 and 600°C. At higher temperatures of heating this
ability of the Mg** ions is distinctly diminished.
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