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Abstract, The acid activation product of montmorillonite was investigated
by MRJ and IR absorption spectroscopic methods and compared with untreated
montmorillonite and synthetic silica gel, It has been found that the second moment
M, of the MRJ line of the montmorillonite activation product is closed to the M,
value of silica gel than to M, of untreated montmorillonite, The authors presume
that Lhis is due to the partial removal of Al and Mg from the octahedral layer during
acid activation and to the binding of some protons by oxygen atoms coordinated by
Si atoms in the form of Si-OH. This results in an increase of the average proton-
-proton dislances, and therefore in a decrease in the force of their interactions,
which is reflected in the M, value. The bands ascribed to Si-OH groups (850 and
1420 em—1) appear in the infrared absorption spectra of activated montmorillonite.

INTRODUCTION

Acid activation of clay minerals, e.g. of montmorillonite, has been
studied by several authors (Lopez-Gonzales, Dietz 1952; Mills, Holmes
1950; Osthaus 1956, and others) mainly with a view to defining the struc-
tural changes of clay minerals and, consequently, to obtaining products
with specified technological properties. Acid activation products of clay
minerals find application as catalysts, fuller’s earth, plastics fillers, etc.
(Mills, Holmes 1950, Grim 1962). Due to those studies, the mechanism of
structural transformations of clay minerals, and in their number of mont-
morillonite, is fairly well known.

The present authors have studied the changes in the mode of proton
binding in the successive acid activation products of montmorillonite since
the character of proton binding in the activation products defines their
acid properties which are essential from the point of view of their utility
as, e.g. catalysts. The structure of montmorillonite and of its acid activa-

tion products makes it possible for protons to be linked in different ways
to the silicon-oxygen bond.
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EXPERIMENTAL
EXPERIMENTAL MATERIAL

i ipations were carried out on an almost monom;neral mont-
moglrignli?ze:;ﬁ;ﬁe separated by sedimentation from bcn'gor‘fite from the
Chmielnik deposit, as well as on its activation prqducts: Since the advani
ced process of acid activation of montmorillonite gives rise to the products
which are chemically and structurally close to amorphous .s_lhca, compa-
rative studies were carried out simultf:n;ougly on synthetic silica gel. Thus,

«e series of samples were investigated, viz.: _ _
thr{f SI&T?tigrzl Ca-rl:lontmorﬂlonite geparated from bentqmte from Chmiel-
nik. Tts chemical and structural properties have been discussed by bTol?ar—
ski (1953), Kubisz and Stoch (1968), Klapyta (1975), a_nd others, It is dioc-
tahedral montmorillonite containing mainly Ca®* cations on the exchange
positions. The investigations were carried out on an air-dry sample and
after heating it at 300°C for 2 and 10 hours. _ ;

2. The product of activation of sample 1 with 20% HCI solution for 10
hours at 90°C. The investigations were performed on an air-dry sample
and after heating it for 10 hours at 300°C, ) :

3. Synthetic silica gel obtained by precipitation with HCL from po-
tassium silicate solution. It was investigated as an air-dry sample and after
heating for 10 hours at 300°C,

EXPERIMENTAL PROCEDURE

The methods of infrared absorption spectroscopy and nuclear magnetic
resonance were used to determine the mode of proton binding in the sam-
ples discussed.

Infrared absorption gpectra were recorded by means of the UR-10
(Zeiss) apparatus. The samples were prepared in the form of KBr disks
(about 1 mg of sample + 300 mg of KBr),

Derivatives of the proton magnetic resonance spectra were recorded
on a home-made broad-line spectrometer at a frequency -of 17.45 MHz,
using the double modulation technique. Temperature was controlled either
by passing cold gaseous nitrogen or by immersing the sample directly in
liquid nitrogen in a glass cryostat. Temperature was measured with a cop-
per-constantan thermocouple.

RESULTS
INFRARED SPECTROSCOPIC INVESTIGATIONS

Infrared absorption spectra of untreated montmorillonite, its acid acti-
vation product, and of synthetic silica gel are shown in Figure 1.

Acid activation of montmorillonite results in profound changes of its
structure (Grim 1962; Fijat et al. 1975a, 1975b). Those changes consist in
the replacement of interlayer cations by H,0* ions, the removal of Mg?+

and AI** cations from octahedral si i i
fon tatiaiet g al sites, anfi in the structx;ral changes in
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Fig. 1. Infrared absorption spectra
a — untreated monumorillonite (air-dry), b — montmorillonite activated with 20% HCl, ¢ —
sllica gel (alr-dry)

A comparison of the infrared absorption spectra of untreated (air-dry)
sample (Fig. 1a) with those of the sample obtained by activation of mont-
morillonite with 20% HCI solution for 10 hours (Fig. 1b) reveals that acti-
vation brought about the weakening of the bands 850 and 920 cm~! pro-
duced respectively by Mg-OH and Al-OH bending vibrations. Simulta-
neously, the band 525 em~?! produced by Al-O vibrations is conspicuously
weakened. The aboye observations indicate that Mg?+t and Al** cations
are removed from the octahedral layer. At the same time, the spectrum
of the activated sample shows a pronounced broadening towards higher
wave numbers of the band 1000—1200 em~! ascribed to v; vibrations of
the 510, tetrahedra, and an increase in the intensity of the band 800 cm-!
associated with Si-O-Si vibrations. Both these facts evidence that the
structure of the tetrahedral layer has been upset and that the process of
three-dimensional condensation of SiO,*~ anions leading to the formation
of a substance resembling amorphous silica is advancing.

To obtain comparative data, infrared absorption spectra of air-dry
sythetic silica gel were taken (Fig. 1c). Particular attention was paid to
the change in the character of the absorption bands produced by vibra-
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O molecules. The bending vibrations of the OH

i f OH groups and H he ) :
tglroc?uspg boun?l to gi atomsggive rise to a distinct absorption band 950 cm—1
(Hino, Sato 1971 — fide Moenke 1974: Langer, Florke 1974). The band of

stretching vibrations of these groups, appearing in tf}e range of 3600—
3700 em !, is concealed by the broad absorption maximum produced by
stretching vibrations of H,O molecules, It becomes somewhat more pro-
nounced at 3640 cm~! only when the silica gel samples hav_e been I:leated
up to 300°C and above. Prolonged heating at 300°C results in conspicuous
weakening of the bands produced both by H,O molecules and OH groups.

Particularly worth noting is the band about 1420 cm~!, which is pro-
nounced on the spectrum of silica gel (Fig. 1¢). A similar band appears
in the spectrum of HCl-activated montmorillonite (Fig. 1b). Upon heating
the samples, the band disappears simultaneously with the absorption ma-
ximum 950 cm~1. The nature of the band in question is controversial (Bon-
darenko et al. 1974). According to the present authors, it is presumably
produced by a combination of Si-O (470 em~—!) and Si-OS (950 cm—1)
vibrations. It is also visible on the spectra of all the acid activation pro-
ducts of montmorillonite obtained previously by the authors (Fijat et al.
1975a). A correlation of the intensity of this band with the acid properties
of the montmorillonite activation products may be useful for diagnosing
those properties.

NMR INVESTIGATIONS

As is well known (Andrew 1956), a theoretical calculation of the NMR
line shape is impossible for a system of a large number of interacting
nuclei. Instead of the line shape f(w), the second moment of the line M,
is used for the interpretation of the NMR spectra.

The second moment M, of spectrum f(w) is defined as

S0

M, = ffftl — wp)? f(w) dw [1]

—0o

where w; is the central resonance frequency of spectrum f(m).

Fora poiycrystal]ine sample containing two types of nuclei with the
spins I and S with nonzero magnetic moments and gyromagnetic ratio vy;
and yg, the second moment [1] for I spins is

(2]

Mi=ml 4 pyis— 3.4, 1 A i
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- vy : ;
where = is the sum over positions of all spins S; j, k — numbers of spins
I (e.g. protons); k' — spins S (e.g. 27Al).

For a rigid lattice (at low tem i ‘

! ' _ peratures), M, is the greatest, decreasin
mﬂt}}}) an 11r_1cr!:rease in !‘.en_lperaturr?, which is accompanied by atomic motioﬁ
. € solid. To obtain information on the structure of the material under

udy, second moments should be compared for rigid lattices.

In a rigid lattice the nucleus interacts wi i
: acts with the local field produced
by the magnetic moments of the neighbouring nuclei. If randorirjxr at:)l;fic
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motion occurs (e.g. diffusion, molecular group reorientation), which is des-
cribed by a characteristic frequency v., comparable to the rigid lattice
NMR line witdh Av expressed in frequency (1Gs = 4-257 kHz for protons),
the spectrum narrows. The Iocal field seen by the nuclei is then averaged
by the motion, and the second moment decreases.

As appears from equation [2], the second moment may also decrease
due to the changes in the crystal structure, i.e. an increase in the mutual
distances of the interacting nuclei (r—% dependence), changes in the con-
figuration of the adjacent nuclei.

The proton NMR spectra of samples 1, 2, 3 are shown in Figures 2—4
and 5, respectively. The spectra of the air-dry sample of untrated mont-
morillonite recorded at room temperature and at 77K are presented in
Figure 2. A single narrow line from water absorbed is seen at room tem-
perature; upon cooling it broadens splitting into two lines: a narrow one
from OH groups (which has the same width as in the vacuum-heated
sample — see Fig. 3¢) and a broad one from H,O molecules about 14 Gs
in width.

a
T= 77K
b
i L I 1 1 I
-15 -10 -5 0 5 10 15 [od

Fig. 2. Proton magnetic resonance lines of untreated montmorillo-
nite
@ — air-dry sample (speetrum recorded at room temperature), b — air-dry
sample (T = TTK)

Figure 3 shows the NMR spectra of untreated montmorillonite dried
by heating at 300°C for 2 hours (a) and 10 hours (b). Spectrum (c) corres-
ponds to the sample vacuum-dried at 300°C. Spectra ¢ — b were recorded
at room temperature, ¢ — at 123K. As anticipated, the narrow line corres-
ponding to H,O molecules disappears upon drying. There remains, howe-
ver, the broad line, about 4 Gs wide, i.e. similar to that observed in the
?gectxz'lglin of the air-dry sample recorded at liquid nitrogen temperature

ig. 2b).



i i i i tantial narro-
ivati £ montmorillonite (Fig. 4) results in a subs_
wingczlfvatzgnr:sonance line, down to wigl’gh of 1.5‘Gs. In its shape and
width, the line becomes similar to that of sﬂl_ca gel (Iig. 5). ‘
Vallues of the second moments of the lines are presented in Table 1.
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T=293 K M,=1.9Gs?
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T=123K M, =28 Gs?
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Fig. 3. Proton magnetic resonance lines of untreated montmo-

rillonite
a — dried by heating at 300°C for 2 hours (spectrum recorded at
room temperature), b — dried by heating at 300°C for 10 hours
(room temperature), ¢ — vacuum-dried at 300°C for 10 hours (T =
= 123K)

To understand the phenomenon of the line narrowing in the NMR
spectra oﬁ the acid activation products of montmorillonite, experiments
were carried out at 123K and 77K. As shown in Table 1, the second mo-
ments increase with a decrease in temperature. Hence, from the point of
view of NMR, the materials under study represent rigid lattices at tempe-

ratures not higher than 77K. Therefore, th t i
S . i t 77K are determined
by the distribution of rotons and -27 e e i
wation'sradirts P and ‘*7Al nuclei in the structure of the actl.—
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Fig. 4. Proton magnetic resonance lines of Fig. 5. Proton magnetic resonance
montmorillonite activated with 20% HCI line of synthetic silica gel
a — air-dry sample (spectrum recorded at room @ — air-dry sample (spectrum recorded
temperature), b — dried by heating at 300°C for at room temperature), b — dried by
10 hours (room temperature), ¢ — dried at 300°C heating at 300°C for 10 hours (room tem-
for 10 hours (T = 123K), d — dried at 300°C for perature), ¢ — dried at 300°C for 10 hours
10 hours (T = TTK) (T = 123K), d — dried at 300°C for 10 hours
(T = TTK)

The NMR spectrum of untreated montmorillonite containing no inter-
layer water is determined by the interaction between protons in OH
groups in the octahedral layer and, to a lesser extent, by the interaction
between protons and 27Al nuclei. The contribution to the second moment
from the interaction *H — 27Al is about 1/3 of that from 'H — 1H.

During the process of acid activation of montmorillonite, considerable
amounts of Al are removed, and the average distance between the neigh-
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Tahle 1 bouring protons increases. This
is probably due to the binding
of some protons to oxygens co-
o~ L 2 ordinated by Si atoms in the

Second moments Mg of the proton lines (Gs)

‘ Montmo- ‘ Tlrljlr;i?tz silica form of Si-OH groups with the
T rillonite | iiooveq el accompanying decrease 1r1_the

 (untreated) | o v number of OH groups coordina-

| | ‘ ted by Al atoms. The spectrum
, 3 o F os | of the activaied ‘sample is in-
=SiE, | ;1'9 [ e | % | termediate between the spectra
el “ e ‘ g'g J of untreated montmorillonite

it )| S ad and those of silica gel (Table 1),

However, it is evident from Fi-

gures 4d and bd that the spec-
trum of activated montmorillonite is similar in shape to that of silica gel.
Moreover the second moment of the two samples differ less (0.8 Gs?) than
those of activated and untreated montmorillonite (1.8 Gs?). These data
suggest that the structure of activated montmorillonite resembles the
structure of silica gel rather than that of untreated montmorillonite.

The temperature dependence of the second moments suggests that there
is a motion of protons above 77K. Since the samples examined contain no
water molecules, protons are assumed to undergo Jjumping diffusion bet-
ween the neighbouring oxygens (Fripiat 1971).
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WYNIKI BADAN PRODUKTOW KWASOWEJ AKTYWIZACJI

MONTMORILLONITU METODA MAGNETYCZNEGO REZONANSU

JADROWEGO I SPEKTROSKOPII W PODCZERWIENI

Streszczenie

Metodg magnetycznego rezonansu jadrowego (protonowego) i spektro-

skopii absorpeyjnej w podezerwieni zbadano produkty kwasowe] aktywa-
¢ji montmorillonitu peréwnujac je z montmorillonitem wyjsciowym i syn-
tetycznym zelem krzemionkowym. Stwierdzono, ze drugi moment M, linii
MRJ produktu aktywacji montmorillonitu jest bardziej zblizony do M,
zelu krzemionkowego niz do M, montmorillonitu nieaktywowanego. Au-
torzy thumacza to usuwaniem w procesie aktywacji kwasowej znacznej
czesci Al z warstw oktaedrycznych i zwigzaniem czeSci protonow przez
atomy tlenu koordynowane wokol atomow Si w formie Si-OH. Powoduje
to zwiekszenie srednich odleglo$ci proton—proton a zatem zmniejszenie
sily ich wzajemnych oddziatywan, co znajduje swoj wyraz w wartosci M,.
Pasma zwiazane z obecnoscig grup Si-OH (950, 1420 em ') pojawiaja sie
w widmach absorpeyjnych w podczerwieni produktow aktywacji mont-
morillonitu.

Fig.

Fig.

Fig.

Fig.

Fig.

OBJASNIENIA FIGUR

1. Widma absorpeyine w podezerwieni
a — montmorillonit nieaktywowany (powietrznie suchy), b — montmorillonit aktywo-
wany 20% HCL, ¢ — zel krzemionkowy (powlietrznie suchy)

2. Widma magnetycznego rezonansu protonowego montmorillonitu nieaktywowa-
nego
a — prébka powietrznie sucha (widmo rejestrowane w temperaturze pokojowel), b —
probka powietrznie sucha (T = TTK)

3. Widma magnetycznego rezonansu protonowego montmorillonitu nieaktywowa-
nego
a — osuszany przez cgrzewanie w 300°C w ciggu 2 godzin (widmo rejestrowane w tem-
peraturze pokojowe]), b — osuszany przez ogrzewanie w 300°C w ciggu 10 godzin (tem-
peratura pokojowa), ¢ — osuszany w H0°C z odprdéznianiem, w clagu 10 godzin (T =
= 123K)

4. Widma magnetycznego rezonansu protonowego montmorillonitu aktywowa-
nego 20% HC1
a — probka powietrznie sucha (widmo rejéstrowane w temperaturze pokojowej), b —
probka osuszana przez ogrzewanie w 300°C w ciggu 10 godzin (temperatura pokojowa),
¢ — probka osuszana w 300°C w ciggu 10 godzin (I = 123K), d — probka osuszana w 300°C
w ciggu 10 godzin (T = TTK)

5. Widma magnetycznego rezonansu protonowego syntetycznego zelu krzemion-
kowego
a — probka powietrznie sucha (widmo rejestrowane w temperaturze pokojowej), b —
probka osuszana w 300°C w ciggu 10 godzin (temperatura pokojowa), ¢ — probka osu-
szana w M0°C przez 10 godzin (T = 123K), d — probka osuszana w 300°C w ciagu 10 go-
dzin (T = TTK}

11



Foew DHSI, Andncedi ACHHBCKH, Buroand HKABHHBCKH

PE3YJIBTATHI UCCNEAOBAHUM MPOAYKTOB KHCJIOTHOH
AKTUBALLMH MOHTMOPHJIJIOHUTA METOJIOM SIAEPHOT'O
MATHHTHOTO PE3OHAHCA U HH®PAKPACHOM
CNEKTPOCKOITHH

Peawme

TlpoayKrsl KHCHOTHOH 06pa0OTKH MOHTMOPHJIOHHTA H3YYEHO METOMOM
AIEPHOrD (rlpm‘ormnro) MArHMTHOTO pesoHaHca H A6CopOIHOHION Il!l(lJpE]I([)ﬂv
CHO CIEKTPOCKOMMH, CPABHHUBAS HX C HCXOLHBIM MOHTMOPHINIOHNTOM H CHHTE-
THUECKHM ]([J(!MUPIC'I'IJIM reJieM, ()61-1apy;|<eu0, UToO B"I"()p(I)H MOMEHT Mg JUHEL L
SIMP nipoaykra akTHBAILKH MOHTMOPHIIOHHTE Hanbomel noxox Ha M, kpem-
HHCTOrO reas vem Ha Mz HEAKTHBHPOBAHHOIO MOHTMOPDHJJIOHHTA, AH'['()]!]:]
OOBLACHIIOT 9T0 YAAJEHHEM B MPOLECCe KHCJIOTHOH aKTHBAIHN 3HAUHTENLHOTO
Koauuecrsa Al M3 OKTaz3JApHUYCCKHX CJOEB M CBHASLIBAHHEM HMacTH [TRPOTOHON
ATOMAMH KHCJOPOAA KOOPAHHHPOBAHHLIMHE BOKPYr atoMos Si B hopme Si-OH.
D10 BHBLIBACT YBOJIHUEHHE CPEJHHX PACCTOSHUE MEIK/LY NMPOTOHAMI H, CJle/i0-
BaATCIBHO, yME?I'IbEIJEIEHE CHJBI HX Iil’lﬂl-‘]MDJ.ICﬁl‘.TEl-TFL HTO ()T[’)EI)KE[Q'I'CH B 3HAue-
i My, B niippakpacHbix enekrpax npoiyKTon akTHBALHE MOHTMOPHIIOHNTA
NOSIBAAIOTCH NOJOCK MOMMANIEHHST CBA3SAHHBIC ¢ NPHCYTCTBHEM rpynn Si-OFL
(950, 1420 em-1).

OBBACHEHMH K ®HUTIYPAM

hur, 1, Hubpagpacinie cnexrpol
G = neolpaloraitnuifl MOHTMOPHAAOHNT (BO3AVHING cYXofl), B — MONTMOPHAAGINIT AKTHEH]O-
nanustft 204 HCL ¢ — xpemuucrsif rean (Bosayumnoe cyxof)

Bir, 2. CoerTpbl NPOTOHHOO. MariHTHOrO peaoHanca 06paGoTAHIOTO MOITMOPIIIOHHTA
4 — oGpasen BOAAVUING CcyXoft [enexTp nonyvennuil B KoMHATHON TeMmeparype), b o— odpa
ael noanyumo cyxoft (T =77 K)

Dur; 3. CnexTpul NPOTORIOLD MACHITHORD PEaoHANCH HeoBpaboTaHHOro MOHTMOPIAIOHHTA

4 = npocyiuelr Horpepannes poremueparype 300°C 8 teucnie 2 vacos (enewTp nonyyennt it
N KOMUATHOR TeMmueparype), b — npocyilen Narpepsiiied o Temneparype 300°C B rteuaenie
10 wacos (komiarian TEMUEPATYPA), ¢ — DPOCYEn B remneparype 300°C B BakyyM B Teuenie
10 qacon (I 123 1K)

Pur. 4, ('.|||:~|<'|'|1m MPOTOHHOTD MAardduTHOrD pesonanca MOHTMOPHIIONNTA  AKTHBHPOBAHHOTO
20% HC1
G — oOpasen BOLAYWHG cyxaf (enewrp noaywennufl 8 Komuatiof remneparype), bo— abpaseu
(POCYIIEH NOMOrpeBnimned b TeMueparype J00°C o tedenue 10 vncon (KoMitaTian Temueparypal,
¢ = ofpasen npocyiien boTeMneparype S00°C B Tedcnne 10 qagop (T = 123 K), d — ofpadey

fpocyures v veMnepartype 300°C n revemie 10 wacos (=77 K)

e, 5 [:Irl'l('l"|JIa[ NPOTOHHOTS. MATHITHORD PEROHAHCE CHHTUTHUCCKOIO KPEMHHCTOrO reds
== oOpaten moanywno cyxof (cnexep nonydenutt o KOMHATHON TeMneparype), b — oGpasew
pocywen o remneparype 300°C o remeuto H wacon (komiarmg TémMneparypa), ¢ — ofpasen
Npoeywen n remneparype 300°C » reuenne 10 wacon (T = 123 1K), d — OOPAseL NPOCY LN B TEM
neparype 300°C B reveniie 10 vacon (T = 77 K)
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