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Abstract. Structure and catalytic properties of natural montmorillonite and
products of its activation have been studied. The natural montmorillonite has been
activated by HCl, HF, KF and NH,F solutions. One of the samples was also calcined.
Chemical, X-ray diffraction and infrared spectroscopic methods have been applied.
Catalytic activity of montmorillonite in cracking of cumene has also been studied
using microreactor pulse technique. Samples activated with HCI solution and acti-
vated using NH,F solution and then calcined were found to show high catalytic
activity.

INTRODUCTION

Catalytic properties of natural clays, particularly of montmorillonite
and its activation products, have been the subject of many studies. It has
been found that they show catalytic activity in cracking of cumene
(Greenall, Alexander 1948, Mills et al. 1950, Milliken et al. 1955), poly-
merization (Solomon, Rosser 1965, Solomon Loft 1967, Solomon et al. 1968,
Solomon 1968, Theng, Walker 1970), izomerization (Grim 1962) and other
reactions, which may be related to acid properties of natural clays and
products of their activation (Covini et al. 1967a, b, Sato et al. 1964, Dzi;ko
1964). The acid properties are due to the presence of acid centres of Bron-
sted and Lewis type on the surface of a solid. The Bronsted acid centres
are generated by various processes. One of those consists in the introduc-
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tion of H;O* cation in the exchangeable positions of montmorillonite. The
acid properties of such montmorillonite increase after its dehydration,
which results in the deprotonisation of H;0+ ions and migration of released
protons to octahedral layer. The- protons break Si-O-Al bonds and simulta-
neously the new bond$ Si-OH or Al-OH are created. The jump of protons
between the nearest oxygen atoms induce for the moment a change in the
charge of adjacent Al or Si atoms (Fripiat 1971). Analogous process may
occur as the result of thermal decomposition of ammonium form of mont-
morillonite or the complex of the mineral with various organic cations.
The acid properties of montmorillonite can also be generated by the pre-
sence of interlayer water, its degree of dissociation being much greater
than that of the water in liquid state.

The Si-OH groups localized in the place of discontinuity of the network
on the edge of a crystallite constitute also the Bronsted acid sites. The
Lewis acid sites appear in the place occupied by Al or Si atoms with
excess positive charge. Breaking of Si-O-Al bond by migration of protons
to octahedral layer as well as the presence of broken bonds on the edge
of crystallites give rise to Lewis acid sites.

Determination of the influence of various methods of activation of
montmorillonite on the concentration of acid sites and their catalytic acti-
vity in cracking of cumene was the aim of the present study.

EXPERIMENTAL
Material

The montmorillonite separated by sedimentation from miocene ben-
tonite from Chmielnik (Fijalkowska, Fijalkowski 1966) has been used in
thfese investigations. This is a typical dioctahedral montmorillonite, con-
talriing Ca2?* cations in the exchangeable positions. Its approximate for-
mula is:

Cayg 33(Mgo.ssF et 0.08AL1.46) (Al 12515 85010) (OH),

Methods of investigation

The samples of montmorillonite were activated using HCI1, HF, KF and
NH,F solutions. Sample number 6 was also calcined (Tab. i). Structural
changes of the products of activation were examined by chemical, X-ray
ar_x.d 1nfrargd spectroscopic methods. The amount of fluorine Was, deter-
?al;}ced;) ;by .1:11.tratioril .w}ilth Th(lgog)glsolution after previous distillation. This

silica, which was disso i i
it ey syl ved in 0.5n solution of Na,CO; was

The X-ray analysis was carried out using TUR M-61 diffractometer.

The infrared spectroscopic analysis was carried out by means of UR-10

Zei s
‘(i I;eé:s) spectrophotometer. The samples Wgre prepared in the form of KBr

The surface area was determined from th i i
> surface a e adsorpt
argon in liquid nitrogen temperature by means of BE’;‘I—)eg)l?at;i(r)lt‘herm <
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Cracking of cumene was chosen as the test reaction. Catalytic activity
was examined using a microreactor pulse technique. The reaction products
were analyzed by gas chromatography with the help of a flame ionization
detector (silicone oil column, 150°C).

RESULTS

Results obtained for the untreated montmorillonite (sample 1) and for
the products of its activation (samples 2—6) are presented in tables 1—2
and Figures 1—2.

Table:l

Results of investigation of montmorillonite and products of its activation

ki . | Amorphous ;
| Sample Mode of preparation of silica Fluorine Surface
| content area
number | a catalyst content ; % y
l : Cveiati-a VCIERE W1 s
1 Natural montmorillonite
(untreated) 7.62 0.00 63.8
2 Montmorillonite activated by
HF solution 35.84 8.56 150.0
5 Montmorillonite activated by
| HCI solution 48.76 0.00 230.2
‘1 4 Montmorillonite activated by
1 KF and HCI solutions 18.30 1.35
" 5 Montmorillonite activated by
KF solution .2.81 17.33 119.0
6 Montmorillonite activated by '
NH,F solution and calcined 3.03 3.36 140.0 [

P, 0 e R, S DIV S

Surface area of the natural montmorillonite (63.8 m?/g) is typical for
this type of minerals. The predominant pore radius is about 15 A. The
great amount of amorphous silica is due to the presence of unaltered vol-
canic glass. Results of X-ray analysis-are presented in Figure la and IR
spectrum in Figure 2a.

Activation by means of acid solution results in the increased amount .of
amorphous silica and the rise of surface area (see Table 1). The partial
decomposition of crystal lattice induced by elimination of Al and Mg
cations from octahedral layer results in the formation of _large 'amount
of amorphous silica, as indicated by the decrease of intensity and
broadening of basal reflection 001 (d ~15.5A) and in t.he weakening of
the reflections hk0. The decrease of intensity of absorption barllds corres-
ponding to librations AIAIOH and AIMgOH (930 and 850 cm™7, ;espe_ctl—
vely), of the valence vibrations Al-O (540 cm™?) and the yalence v1brat10}rlls
O-H (about 3630 cm~!) may be noticed in the IR absorption spectrum. The

7




153

S e i

28 4° @& & i ook
Flg 1. X-ray diffractograms of the montmorillo-
nite from Chmielnik and products of its acti-

vation
> a — untreated montmorillonite, b — product of its
activation with HF solution, ¢ — product of its acti-

vation with HCI solution, d — product of its activation
with KF and then HCI solutions, e — product of its
a.ctivation with KF solution, f — product of its activa-
tion with NH,F solution and subsequent calcination

rise of intensity of the absorption band connected wit ion of
secon@ary gmorp_hous silica gel, with absorption maximu}:n ta}i)eouctr %a()%ocr;n(‘)f
(the v1b;*at10ns Si-O-Si) can also be observed. Moreover, the acid activation
results in the broadening of the absorption band due’to vibration f
S1O§ tetragedra in the range of 950—1250 cm—1 v
ome ifferences in the type of products vizere observed de ing on

Fl‘hl'? time of activation and the kfind and concentration of aci%.er;giﬁ%c?n.
e act1vat§on by the HCI solution (sample 3) results in the maximum
amorphyzation and the greatest surface area. Thus, the considerable
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Fig. 2. Infrared absorption spectra of the montmorillonite from Chmielnik and pro-
ducts of its activation
a — untreated montmorillonite, b — product of its activation with HF solution, ¢ — product
of its activation with HCI solution, d — product of its activation with KF and then HCI solu-
tion, e — product of its activation with KF solution, f — product of its activation with NH4F
solution and subsequent calcination

broadening and weakening of the reflection 001 (about 15.5A) and the
decrease of the intensity of the general reflection 110 (4.49 A) is observed
in X-ray diffractogram (Fig. 1c). The IR absorption of sample 3 (Fig. 2c)
resembles the IR spectrum of amorphous silica: the broad absorption band
vs in the range of 900—1200 cm~, the strong Si-O-Si band 800 cm~! and
the intensive band with the maxima 470 and 525 cm~! are observed. In
the case of sample 3 very weak bands at 930 and 850 cm—1 are also obser-
ved. They are related with strongly degraded crystal lattice and may be
easily interpreted as due to the AIAIOH and AIMgOH librations, respec-
tively. The very weak band which appears at 3630 ecm~1 corresponds to
the stretching vibrations of OH groups. This observations confirm the
supposition that the degradation of montmorillonite under the influence
of HCI solution occurs through the removal of cations from pctahedral
layer. This results in the destruction of layer lattice and subsequent trans-
formation of tetrahedral layer in amorphous silica.

The activation of montmorillonite by the HF solution (sample 2) gives
at once the degradation and dissolution of the octahedral and tetrahedral
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layers. X-ray diffractogram shows the decrease of intensity of montmoril-
lonite reflections without broadening of them. It may be concluded that
the undissolved part of the sample preserves a primary structure Qf mont-
morillonite. It may be interesting to mention that in the X-ray diffracto-
gram the reflection of quartz (3.34 A) appears. This reflection is not Y1s1ble
in the X-ray patterns of untreated sample and of the sample a.ctlvate.d
with HCI solution. This indicates that sample 2 is relatively enriched in
this mineral. The IR spectrum (Fig. 2b) confirms the X-ray results. It
reveals the absorption bands which are due to the presence of amorphous
silica (the band 800 cm~*, broadening of the bands in the range of 900—1300
and 420—500 cm~?). :

As seen from the Table 1 sample 2 contains a large amount of fluorine.
It may be present partly in the crystal lattice of montmorillonite and
partly as the component of secondary phases. The presenc.e‘qf fluorine in
the crystal lattice of montmorillonite results from the possibility of substi-
tution of both OH- and O?~ ions by fluerine ions. In the case of O?~ ions
the breaking of Si-O-Al bonds takes place. The presence of secondary
phase CagsMgAlF; was shown by X-ray analysis. The IR spectrum of
sample 2 shows a weak band at 590 em-1 which may be due to the vibra-
tions of AlFg~ groups.

The activation of montmorillonite using KF solution (sample 5) results
in the collapse of crystal lattice. The basal reflection shifts to about 12 A.
The large amount of fluorine allows to suppose that it is mainly combined
in the secondary fluoride phases. The low content of amorphic silica
(2.81%) and extraordinary low surface area indicate that the degree of de-
gradation of montmorillonite is rather small. This conclusion is confirmed
by the X-ray (Fig. le) and IR analysis (Fig. 2e).

Sample 4 is derivative of the sample 5. It is obtained by the two-stage
activation: preliminary by KF solution and next by HCI solution. Sample 4
has similar properties to samples 2 and 3.

Sample 6 is obtained by the activation using the NH,F solution and
subsequent calcination. The X-ray (Fig. 1f) and IR (Fig. 2f) analysis indi-
cate the preservation of montmorillonite structure. In this case the degree
of degradation is very low. The amount of amorphic silica is distinctly
small (3%). The change of the IR absorption spectrum in the range of
850—940 cm—! is possibly due to disordering of orientation of coordination
polyhedra.

The catalytic activity and selectivity are expressed in terms of fol-
lowing formulas:

i amount of converted cumene (moles) 100

amount of product (moles) 100

selectivity = - :
y amount of converted cumene (moles) y

Results of catalytic investigations are summarized in Table 2, in which
the data are given obtained in succesive 1, 5, 10 and 15th cume,ne pulses.
As can be seen, the major products are benzene and propylene. The
small amount of ethylbenzene also appears. Some part of the products is
deposited at the catalyst surface in the form of coke. The amount and
strength of acid centres present on the catalyst surface is related to the
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Table 2

Results of cumene cracking reaction

Selectivity to
methylstyrene
%

168 5 10 15 1 5 10 15%: 1 fel 5 10 15

Activity Selectivity to benzene
Sample % %

1 98.6 87.4 73.5 66.7 19790 957 512118 & 11250 01014, 19854 8.1 #:10:6
2 100.0 99.1 92.6 87.4 | 24.6 193 240 24.1 0.0 0.03 169 2.19
3 96.3 94.8 92.0 82.1 61.3 729 87.2 89.1 04 0.5 0.9 1.33
4 95.3 93.7 94.0 84.1 56.0 60.2 37.6 443 04 102 1.86 . 4.6
5

6

62.1 54.3 49.5 2b.7 6.5 4.8 3.14 3.0 3.62 9.64 19.2 35.8
99.6 99.2 99.1 98.3 55.7 67.4 56.6 62.2 0.0 0.0 00 0.0

* Amount of following cumene pulses.

catalytic activity in cumene cracking. Therefore, the catalytic activity can
be taken as a measure of the acidity of the surface.

The dehydrogenation of cumene which results in a-methylstyrene as
the product, is caused by the free radical processes. The selectivity to
a-methylstyrene may be thus related to the amount of centres, which
are able to generate the free radicals.

The samples of catalysts differed in the activity and selectivity as
shown in Table 2. The natural, untreated montmorillonite (sample 1) has
the high initial activity, which sharply decreases with the number of
cumene pulses. Small amount of benzene and propylene is produced, but
the amount of a-methylstyrene simultaneously increases. It can be easily
interpreted as due to the formation of new radical centres, which are able
to catalyze the dehydrogenation processes.

Samples 3 and 6 show high catalytic activity in the cracking of cumene.
The high activity of sample 3 slightly decreases with the number of cu-
mene pulses. The products are composed of high amount of benzene and
propylene and small amount of a-methylstyrene.

Sample 6 has a high activity and selectivity to benzene and propylene.
Moreover, the activity and selectivity are constant. No a-methylstyrene
is formed on this catalyst.

Sample 5 has the worst catalytic properties. The activity is decreasing
with the number of cumene pulses, small amount of benzene and large
amount of o-methylstyrene being formed as products.

Samples 2 and 4 show intermediate properties. Their activity is rela-
tively high but selectivity to products of cumene decomposition is rather
poor.

The decrease of activity in the case of samples 1—5 may be related to
the ability of the surface to a-methylstyrene polimerization.

CONCLUSIONS

The catalytic properties of montmorillonite are due to the presence of
acid centres on the surface. The acid centres are generated by dissociation

11




T

of interlayer water and by the breaking of bonds in the sheets. In the case
of cumene cracking the natural, untreated montmorillonite has a high
initial activity which then decreases sharply. The activation which results
in the increase of the amount of acid centres improves the catalytic pro-
perties of montmorillonite. Sample 6 shows the highest activity and stabi-
lity. This sample is obtained by the heat treatment of montmorillonite
activated with the NH,F solution. Sample 3 which was obtained by acti-
vation in the HCI solution has a little smaller activity but the best selec-
tivity.

Tyhe formation of the acid centres entails the destruction of structure,
particularly octahedral layer. The joint activation by protons and F~ ions
results in the best catalyst (sample 6). The influence of fluorine on cataly-
tic properties of montmorillonite is not quite clear but is seems to play
a very positive part as can be concluded by analogy with catalytic propert-
ies of alumina. The fluorination results in the increase of catalytic activity
of alumina (Covini et al. 1967a, b).

The differences in selectivity are probably due to the difference in the
type and strength of the active centres. In particular they may be related
to the creation of new centres in the course of the catalytic reaction. Fur-
ther studies are, however, required in order to determine their nature.
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WPLYW ROZNYCH SPOSOBOW AKTYWACJI
NA WEASNOSCI KATALITYCZNE MONTMORILLONITU

Streszczenie

Przedmiotem badan byly wlasnosci katalityczne naturalnego montmo-
rillonitu i produktéw jego aktywacji. Naturalny montmorillonit, wysepa-
rowany na drodze sedymentacyjnej z bentonitu z Chmielnika, poddano
aktywacji za pomoca roztworéw HCI, HF, KF i NH,F. Jedng z probek na-

_stepnie wyprazono. Przemiany strukturalne prébek badano metoda rent-

genowska i spektroskopowg w podczerwieni. Testowe badania wiasnosci
katalitycznych w procesie krakingu kumenu wykonano metodg impulsowa
w temperaturze 350°C. Stwierdzono, ze najwyzsza aktywnosc katalitycz-
ng wykazuja probki aktywowane roztworem HCI oraz aktywowane roz-
tworem NH,F, a nastgpnie prazone.

OBJASNIENIA FIGUR

Fig. 1. Dyfraktogramy rentgenowskie montmorillonitu z Chmielnika oraz produktow
jego aktywacji
a — montmorillonit wyj$ciowy, b — produkt aktywacji roztworem HF, ¢ — produkt
aktywacji roztworem HCI, d — produkt aktywacji roztworem KF a nastepnie roztwo-
rem HCIl, e — produkt aktywacji roztworem KF, f — produkt aktywacji roztworem
NH;E nastepnie wyprazony

Fig. 2. Widma absorpcyjne w podczerwieni montmorillonitu z Chmielnika oraz pro-
duktéow jego aktywacji
a — montmorillonit wyjsciowy, b — produkt aktywacji roztworem HF, ¢ — produkt
aktywacji roztworem HCl, d — produkt aktywacji roztworem KF a nastepnie roztwo-
rem HCl, e — produkt aktywacji roztworem KF, f — produkt aktywacji roztworem
NH,F nastepnie wyprazony

Karamuna BPIOKMAH, Eocu PHSJI, Eorcu XABEP, 3enon KJAIIBITA,
Tomaw. BHJIBTOBCKH, Buroavd JKABHHBCKH

BJUSIHUE PA3HBIX CNOCOBOB AKTUBALLUH
HA KATAJIMTUYECKHE CBOWCTBA MOHTMOPHUJIJIOHUTA

PesoMme

OGDBEeKTOM HCCJIeoBaHUi ObUIH  KaTaJHTHIECKHE CBOMCTBA MPHPOAHOIO
MOHTMOPHJIJIOHHTA M IPOAYKTOB €r0 aKTHBAIHH. [TpupOAHEIH MOHTMOPHJIOHHT,
BbIJCJEHHBIH CeJMMEHTAlHOHHBIM MYyTEM H3 GeHTOHHTa C XMeJbHHKa, OblI
110/IBEPTHYT aKTHBALMH PacTBOPAMH HCI, HF, KF u NH,F. 3areM OJHH HU3
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00pasuoB Obl1 MPOKAJIEH. CrpyKTypHble H3MEHEHHs] H3Y4aJHCh PEHTIECHOB~
CKHM METOJOM H HH(paKpacCHOI cnekrpockonueil. TecToBble HCCIEAOBAHUS
KaTaJHTHYECKHX CBOMCTB B Mpolecce KPeKHHra KyMeHa NPOBEJACHO HMIIYJIb-
cubiM MeTonoM B Temnepatype 350°C. YcTaHOBIEHO, UTO CaMYIO BHICOKYIO Kd-
TaJNTHYECKYIO aKTHBHOCTH OOHApPYXHBAIOT 06pasibl aKTHBHPOBAHHbLIE pac-
teopoM HCI, a Taxke aKTHBHPOBAHHDIC pactsopom NH,CI, a moToM npoka-
JIEHHDBIE.

OBBICHEHHUS K ®PUTYPAM

dur. 1. JdudpakrorpaMMbl MOHTMOPWINVIOHHTA C XMenbHHKA W TNPOJAYKTOB €ro aKTHBAIHK
@ — HCXOAHbIA MOHTMODHJJIOHHT, b — TNpPOAYKT aKTHBAlHH pacrsopom HF, ¢ — TpPOAYKT
akTHBauun pactsopom HCI, d — OPOAYKT aKTHBALHH pacteopoM KF, a moroM pacrBOpoM HCI,
e — TNpPOJAYKT aKTHBAIHHl PacTBOPOM KF, f — NOpOAYKT aKTHBalHM DPacTBOPOM NH,F, norom
NpOKaNeHHbI i

Our. 2. UK-crekTpbl MOHTMOPH/IONHTA ¢ XMeJbHIKa H NMPOAYKTOB €ro aKTHBAaIHH

@ — MCXOMHBII MOHTMODHJJOHHT, b — TPOAYKT AKTHBAIMH PacTBOPOM HF, ¢ — npoayKT
akTupaluu pacrsopomM HCl, d — NPOAYKT aKTHBALHH pacrsopom KF, a morom pacTBopom HCL
e — TNPOJAYKT aKTHBAUHH PacTBOPOM KF, f — NPOAYKT aKTHBAHH PacTBOPOM NH,F, norom

mpoKaNeHHbl



