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Abstract. The nature of structural changes of montmorillonite effected by
ammonium fluoride solutions have been investigated and the degradation processes
of that mineral analysed. The effect of activation conditions on some physico-chemical
properties of the reaction products have been determined basing on X-ray, IR spec-
troscopic and electron microscope investigations, as well as on measurements of ar-
gon, n-hexane and methyl alcohol vapour sorption.

INTRODUCTION

Recently, there has been lively interest in the properties and methods
of preparation of fluoroderivatives of layer silicates. Several authors have
studied the problems related to that subject, e.g. ionic substitution OH-/F~
(Romo, Roy 1957; Fijai, Zietkiewicz 1969; Hilbner 1969), synthesis and eva-
luation of physico-chemical properties of fluoroderivatives thus obtained
(Granquist, Pollak 1960; Granquist, Kennedy 1967; Barrer, Jones 1970,
1971a, b), structural changes of layer silicates effected by fluorine compo-
unds (Fijal, Tokarz 1975).

The present studies aim to define the changes in the physico-chemical
properties of montmorillonite, produced by reaction with ammonium fluo-
ride solutions. The nature of structural changes of that mineral and chan-
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ges in its surface and sorption properties during fluorination have been
investigated, and the effect of fluoride solution concentrations and activa-
tion time analysed.

EXPERIMENTAL

The sample of montmorillonite from Chmielnik and the products of its
activation with NH,F solutions were subjected to X-ray, infrared spectro-
scopic, electron microscope and sorption analyses. The effect of activation
time and NH,F solution concentration on the nature of structural changes
of montmorillonite was determined.

The analysed samples were designated as follows:

M-0 — non-treated ammonium montmorillonite

M-1 — sample activated with 1.5n NH,F for 1 hour at 60°C
M-2 — sample activated with 1.5 n NH,F for 3 hours at 60°C
M-3 — sample activated with 1.5 n NH,F for 5 hours at 60°C
M-4 — sample activated with 1.5n NH,F for 15 hours at 60°C
M-5 — sample activated with 1.5 n NH4F for 3 months at 25°C
M-6 — sample activated with 3.0 n NH,F for 3 hours at 60°C
M-7 — sample activated with 3.0 n NH,F for 5 hours at 60°C
M-8 — sample activated with 3.0 n NHF for 15 hours at 60°C

X-ray analyses were carried out in TUR M-61 diffractometer. Infrared
absorption spectra were recorded on UR-10 (Zeiss) spectrophotometer.
Electron microscope investigations were performed by means of a Tesla
transmission microscope, using an accelerating voltage of 100 kV. The
surface and sorption properties were defined on the basis of sorption of
argon, methyl alcohol and n-hexane vapours.

X-RAY INVESTIGATIONS

X-ray investigations were carried out on non-treated sample and on
the products of its reaction with NH,F solutions.

X-ray diffraction pattern of sample M-1 (Fig. 1) shows the reflections
of montmorillonite (dp = 12.5, 4.51, 2.58, 2.21 A) and NHMgAIFs (dnr =
= 58153103, 2:90.52:31 29055191 A). The diffusion of 001 reflection sug-
gests a decrease in the number of montmorillonite crystallites, whereas
its lower intensity compared with non-treated sample indicates that the
crystal lattice of montmorillonite has become defect. A weak reflection
dpii = 3.34 A is due to the presence of trace amount of quartz.

X-ray diffraction patterns of sample M-2, M-3 and M-4 (Fig. 1) show
reflections of the same components as have been noted on the X-ray pat-
tern of sample M-1. However, further decrease in the intensity of 001
reflection of montmorillonite and its diffusion may be observed while the
intensity of ref}ectxons produced by NH4;MgAIF; increases. This variability
becomes conspicuous if the intensity of reflections 5.85 A (NH MgAlFs,

Campbell et al. 1972) and 4.50 A" (montmorillonite) is compared on the
X-ray diffraction patterns of all samples.

. Investigations were also carried out on sample activated with NHF
solution for 3 months at 25°C. Its X-ray diffraction pattern (Fig. 1) reveals

28

a substantial increase in the amount of NH,MgAlFs, resulting from prolon-
ged fluorination.

X-ray examinations of samples activated with 3 n NH,F solution have
shown that the process of montmorillonite destruction is much faster than
in samples treated with fluoride solutions of lower concentration.

2° L° 6° 8° 10° 12° 1%° 16° 18°6 CgKoo
Fig. 1. X-ray diffraction patterns of M-0—M-5 samples

On the X-ray diffraction pattern of sample activgted for 3 hours (Fig. 2,
sample M-6), a pronounced decrease in the intensity of 001 reflection }?f
montmorillonite (dgo; = 12.5 A) may be noticed, which ev1{iences that t }f
crystal lattice of that mineral has become defect. A reflection about 5.8
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due to the presence of a secondary phase of the NH,MgAIlFs type is also
visible. After 5-hour activation, the structural changes in montmorillonite
become more profound, which is indicated by further diffusion and wea-
kening of 001 reflection and higher intensity of the reflection produced by
NH;MgAIF; (5.8 A; Fig. 2, sample M-7). Prolonged activation (15 hours;
Fig. 2, sample M-8) results in complete disappearance of montmorillonite

L . ;
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Fig. 2. X-ray diffraction patterns of M-6—
M-8 samples

reflections. The X-ray diffraction
intensive reflection djy
the NH,MgAIlF; type.

11 lon pattern of that sample shows only an
= 9.8 A corresponding to a secondary phase of

INFRARED SPECTROSCOPIC INVESTIGATIONS

The process of degradation and i i
> o1 d partial decomposition of the struct
ch> rlr‘}??tr’;xggilomte is documented by IR absorptio% spectra of sixfl;ﬁzcl\lélff(e)
change.s Hee gfc ra of samples‘M-O to M-4 (Fig. 3) evidence the structural
Ing In montmorillonite as activation with 1:5n NH,F solu-

30

tion is prolonged. Differences between the spectra in the area of v; vibra-
tions of SiOg#- tetrahedra in the range of 1000 — 1200 cm~* have been
noted. During fluorination the octahedral layer is the first to decompose,
which results in a higher intensity of the band 1080 cm~?!. Simultaneously,
the intensity of Al—O bard at 520 cm~! decreases, and so does the inten-
sity of bands arising from valence and deformation vibrations of OH

Transmittance-
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Fig. 3. Infrared spectra of M-0—M-5 samples

= i ’ band 520 cm~,

roups at 3630 and 920 cm~?, respectively. Moreover, the em”
ztE)rodgced by Al—F bonds forming in the process of F- .m(_:orpor{itlorrlr }1ln
the crystal lattice of montmorillonite, shows an increase 11 1ntens1ty.c1 e
appearance of that band is due additionally to the formation of secondary

phases resulting from the breakdown of montmorillonite.

At high concentrations of ammonium fluoride solutions (3 n), the course

inati is di i hen lower concen-
of the fluorination process 1S different than in the case w : !
trations are used. The structural changes occurring in montmorillonite
under those conditions are evidenced by the infrared spectra showtr} in
Figure 4. They may be readily observed on the spectrum of sample activa-

ted with 3 n NH,F solution for 3 hours (Fig. 4, sample M-6). Variations in
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of montmorillonite. Under those conditions, the process of OH/F substi-
tution occurs simultaneously. Higher NH4F concentrations bring about pri-
marily the decomposition of montmorillonite.

the contour of v; bands of SiO44~ tetrahedra (diffusion towards higher
wave numbers), as well as the appearance of the band about 1170 cm~!
and the maximum 800 cm~! are indicative of changes in the ordering of ]
the lattice within the tetrahedral layers. Those changes result in three-
-dimensional condensation of SiO4*- tetrahedra in the degraded zones of
montmorillonite aggregates, from which octahedral cations (AlI** and Mg2?*) H

have been partly leached.
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Fig. 4. Infrared spectra of M-6—M-8 samples

In the range of lower wave numbers th
’ ] ere appears a b i
bggld with the maximum about 635 cm~?, which is I12rI1)0s‘c likelyrgi%’ tglf/{lllieg
;zéc(r):;\lt(i;:?; ggégulsg,ﬂllia%%{ 11\5/)[71). That band may correspond either to the
e of the sMgAIF; type owing its origin to d iti

of montmorillonite or to the i st

presence of fl i i
the degraded zones of montmorillonite particlll:e)sr L i

Further activation of montmorillonit .
or e (5 ho

f:omplete decomposition of its structure (FiEg. 4 :;2
in the range of Si—O vibrations (1000——1200’cm‘
correspond to residual montmorillonite as well as to
ce in the sample is revealed onl
montmorillonite.
hoﬁ?ﬁg‘?r tf the above spectrum is that of the sample activated for 15
Hohe andg.33605am£>}e M-8). The basal absorption bands (630, 1410, 1440
e tcmT ) are due to the presence of secondary’ amm,oniunr;
s Whicl;la 1(;r.ldelrlethc(;’c};}e{r bgnds correspond to a small admixture of
s g perimental conditions, has not been completely

results in practically
ple M-7). Weak bands
! and 400 — 500 cm—Y)
quartz, whose presen-
y after nearly complete breakdown of

From the above investigations i
) : s it appears that fluorinati i
NHF solution leads to partial breakdown (degradation) gfl('zﬁewslttr};lcltfrg
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ELECTRON MICROSCOPE INVESTIGATIONS

Electron microscope investigations were to determine changes in the
morphology of montmorillonite aggregates effected by fluorination. Phots.
1 and 2 present transmission electron micrographs of aggregates charac-
teristic of montmorillonite from Chmielnik. The particles have angular,
rugged contours and show weak transparency.

The process of fluorination affects the morphology of montmorillonite
aggregates, involving initially their breakdown and, after a longer period
of time, distinct structural changes as well. Micrographs taken after 15-
_hous fluorination (Phots. 3, 4) shows that the substance produced as a re-
sult of montmorillonite decomposition forms secondary granular concentra-
tions in the marginal and surface zones of aggregates. The substance in
question is amorphous, which is evidenced by lack of electron diffraction.

ADSORPTION INVESTIGATIONS

The NH,F-activated samples were subjected to measurements of argon,
n-hexane and methyl alcohol vapour adsorption. Argon sorption isatherms
at 77K were determined using sorption manostats, whereas sorption equi-
librium curves for n-hexane and methyl alcohol vapours at 298K were
obtained in microburettes for liquids. Applying the equation of the BET
theory, the values for specific surface area were calculated from the iso-
therms (Tab. 1). In view of the controversy over their physical sense, the
values determined from adsorption isotherms of CH;0H were treated only
as a parameter permitting to compare variations in the sorption capacity
of samples in the range of relative pressures up to 0.3.

As appears from the data provided by other authors, adsorption of
molecules of polar substances, i.e. of methyl alcohol as well, proceeds not
only on the external surfaces of montmorillonite aggregates but also, and
above all, in the interlayer and pore spaces to which gives rise the textural
orientation of montmorillonite particles and domains that make up the
aggregates.

The primary factor controlling the amount of s_orbed vapours of polar
substances is the interlayer cations. From the studies carried out by Zyla
(1972) it is evident that sorption of polar sub;tance vapours depends on
the valency of a cation, and in the case of equivalent cations, on the size
of their ionic radii. There is also a possibility for methyl alcohol molecules
to be linked by a hydrogen bond. N-hexane and argon molecules may be
bound by dispersive forces. : ety

The adsorptive properties of activated samples were compared Wi
those of ammonium montmorillonite. A survey of the specific syrface areas
(Tab. 1) reveals a systematic decrease in the s(}rptlon. capamty (CHsO_H)
with the activation time (sample M-0 to M-5). This fact is highly suggestive
33
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of a decrease in the number of sorption polar centres during the reaction
of NH,F with montmorillonite. This is due to partial degradation of the
octahedral layer of montmorillonite, which, in turn, results in that the
number of exchange cations is reduced. The substitution of OH groups
by fluorine ions should enhance methyl alcohol adsorption since F~ has
greater electronegativity compared with OH~; yet, a decrease in the ex-
change capacity is the dominant process.

The surface area values determined from sorption isotherms of argon
and n-hexane vapours increase with activation time due to the structure
of montmorillonite becoming accessible to molecules of those adsorbates.

It is interesting to note that the surface area values determined from
the methyl alcohol and argon sorption isotherms for samples activated for
8 and 15 hours are similar. This fact strengthens the evidence that mont-
morillonite undergoes degradation under the influence of NH,F.

Figure 5 presents curves of pore volume distribution against Kelvin
radius, plotted from argon desorption isotherms (Brunauer et al. 1938).
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Fig. 5. Pore volume distribution curves against Kelvin radius, plotted from argon
desorption isoterms for M-1, M-4 and M-5 samples

Pore volume distributions for samples activated with 1.5 n NH,F do not
show any visible changes in the initial phase of activation (up to 8 hours).
Additional porosity has been noted in sample M-4. It is, however, prolon-
ged activation (sample M-5) that produces more profound changes in the
pore structure and is responsible for additional porosity in the range of
transitional pores (from 25 to 90 A 7).

The presence of an intensive peak at the 7, value of about 12 A (cor-
responding to about 15 A of the effective radius r.) is due, in the authors’
opinion, to the fact that the degradation products retain layered structure

even after a longer period of activation with 1.5n NH,F (Fijal, Ktapyta
et al. 1975).

DISCUSSION

The mechanism of reaction between fluoride solutions and montmo-
rillonite is controlled by the reaction conditions. The concentration of
fluoride solutions is of prime importance in that process. Low concentra-
tions (up to 1n) cause mainly the OH-/F- substitution to take place,
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whereas higher concentrations result in the first place in the destruction
of the crystal lattice. Depending on the conditions, one or the other type
of reaction prevails, but, as a rule, the reactions proceed simultaneously.

The OH/F substitution is effected by diffusion of F- ions into the
crystal lattice of montmorillonite. Depending on the reaction conditions
and the degree of dispersion of the sample, either substitution in the sur-
face zone of aggregates or the replacement of OH groups inside the mont-
morillonite particles is involved.

The processes of degradation or decomposition of the montmorillonite
structure initiated by intensive fluorination (at higher concentrations) are
associated with the breaking of the continuity of the lattice and result in
the distruption of Si-O-Si and Si-O-Al oxygen bridges. Initially, the de-
gradation processes are confined only to the surface zones of montmorillo-
nite aggregates and particles, involving partial breakdown of the crystal
lattice and its amorphization. This is evidenced by the results of X-ray and
electron microscope investigations since the external zones of montmoril-
lonite aggregates with rugged and defect contours fail to give electron
diffraction. The superficial destruction of the lattice is attended by incor-
poration of fluorine in the sites of O?~ ions. Further activation of mont-
morillonite involves the decomposition of its structure due to the removal
of cations from the tetrahedral (Si**) and octahedral layers (Al3*, Mg2*,

‘Fe3t), notably from the defect zones. Complex ions, AlFs—, SiFs?-,

MgF¢t-, go then into solution, forming subsequently secondary phases of
the NH,MgAIlF; type that have been identified by X-ray method.

Prolonged fluorination of montmorillonite with solutions of high con-
centration may result in complete breakdown of its structure and the
replacement of that mineral by secondary fluorosilicates and fluoroalu-
minates.

The process of fluorination has been also reflected in the results of
adsorption investigations. The systematic decrease in the values of specific
surface areas determined from sorption of methyl alcohol vapours is highly
suggestive of a decrease in the number of polar centres (drop in the num-
ber of cations on the exchange positions) during activation with 1.5n
NH,F solution. Partial destruction of the lattice and loosening of the struc-
ture of montmorillonite aggregates, effected by 1.5 n NH,F, are reflected
in the higher values of surface areas determined from sorption of vapours
of nonpolar substances (argon, n-hexane). Samples activated with 3n
NH,F solution have very low surface area values due to far-advanced
degradation of the structure of montmorillonite.

REFERENCES

BARRER R. M., JONES D. L., 1970: Chemistry of soil minerals. Part VIII. Synthesis
and propertes of fluorhectorites. J. Chem. Soc. (A), 1531—15317.

BARRER R.M., JONES D. L., 1971a; Chemistry of soil minerals. Part IX. Ion ex-
change and ion fixation in synthetic fluorhectorites. J. Chem. Soc. (A), 503—508.

BARRER R. M., JONES D. L., 1971b: Chemistry of soil minerals. Part X. Shape-selec-
tive sorbents derived from fluorhectorites. J. Chem. Soc. (A), 2594—2603. :

BRUNAUER S., EMMETT P., TELLER E.J., 1938: Adsorption of gases in multimole-
cular layers. J. Am. Soc. Chem. 60, 309.

CAMPBELL A.S., ADAMS J. A.,, HAWARTH D. T, 1972: Some problems encountered
in the identification of plumbogummite minerals in soils. Clay Miner. 9, 415.

3 36




I

FIJAE J., KLAPYTA Z, KWIECINSKA B., ZIETKIEWICZ J., ZYELA M., 1975: On
the mechanism of acid activation of montmorillonite. II. Change in morphology
and porosity in the light of electron microscopic and adsorption investigations.

- Miner. Polon. 6, 2.

FIJAL J., TOKARZ M., 1975: Studies on the fluoroderivatives of minerals with la-
yered structure. I. Some aspects of the reaction of kaolinite with fluoride so-
lutions. Miner. Polon. 6, 2.

FIJAL J., ZIETKIEWICZ J. 1969: Experimental study on the substitution of OH
groups by F ions in minerals. Bull. Acad. Pol. Ser. Sci. Geol. Geogr. 18, 1.

GRANQUIST W.T., KENNEDY J.V,, 1967: Sorption of water at high temperatures
on certain clay mineral surfaces. Correlation with lattice fluoride. Clays Clay
Miner. Proc. XV Conf., 103—117.

GRANQUIST W.T., POLLACK S.S., 1960: A study of the synthesis of hectorite.
Clays Clay Miner., Proc. 8th Conf., 150—169.

HUBNER M., 1969: Untersuchung der F/OH Austauschadsorption an Minerale der
Illitgruppe. Freiberger Forschungshefte. C. 244.

NYGUIST R. A, KAGEL R. O, 1971: Infrared spectra of inorganic compounds. Aca-
demic Press, New York—London.

ROMO L. A, ROY R, 1957: Studies of substitution of OH by F in various hydroxylic
minerals. Amer. Min. 42.

ZYEA M., 1972: Sorpcyjne wiasno$ci termiczne modyfikowanych bentonitéw i mont-

morillonitu z kopalni Chmielnik. Zeszyty Naukowe AGH, Gérnictwo 48.

Jerzy FIJAL, Zenon KEAPYTA, Janusz ZIETKIEWICZ,
Mieczystaw ZYLA '

Z BADAN NAD FLUOROPOCHODNYMI KRZEMIANOW
PAKIETOWYCH

II. WPEYW ROZTWOROW FLUORKOW NA STRUKTURALNE
I POWIERZCHNIOWE WLEASNOSCI MONTMORILLONITU

Streszczenie

Przebadano nature przeobrazen strukturalnych‘montmorillonitu pod
dzialaniem roztworéw fluorku amonowego. Analizie poddano przebieg pro-
ceséw degradacji tego mineratu, okreslono wplyw warunkéw aktywacji na
niektore .f_izykochemiczne wilasnos$ci produktow reakeji w oparciu o pomia-
ry sorpcji par argonu, n-heksanu i alkoholu metylowego. Analizowano

wyniki badan rentgenowskich i spektroskopowych w podczerwieni oraz
elektronograficznych.
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Fig. 1. Dyfraktogramy rentgenowskie prébek M-0 do M-5
Fgg. 2. Dyfraktogramy rentgenowskie prébek M-6 do M-8
Fig. 3. Spektrogramy w podczerwieni prébek M-0 do M-5
Fig. g Spektrogramy w podczerwieni prébek M-6 do M-8
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Fot. 1. Obraz elektronowy agregatéw montmorfllonitu z Chmielnika. Pow. X 45000

Fot. 2. Obraz elektronowy agregatéw montmorillonitu z Chmielnika. Pow. X 20 000

Fot. 3. gbrazxeégl}:)toroonowy produktéw fluorowania montmorillonitu (prébka M-4).
oOW.

Fot. 4. Obraz elektronowy produktéw fluorowania montmorilloni ; t
Pow. X 40 000 morillonitu (prébka M-4).
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UCCJIEJOBAHUE ®TOPCOLEP)XAILLUX CJIOUCTBIX
CHJIMKATOB

Y. II. BIUSAHUE PACTBOPOB ®TOPUJIOB HA CTPYKTYPHBIE
W NMOBEPXHOCTHbBIE CBOMCTBA MOHTMOPHUJIJIOHUTA

PesmowMme

M3ydeno npupoAy CTPYKTYPHbIX H3MEHEHHH MOHTMOpPHJ/JIOHHTA IO BO3-
jleficTBHeM pacTBOpoB (ropHia aMMousl. IloaBepriyTo aHaau3y XO Mpo-
1leCCOB JIETpaflalliil 3TOro MUHepaaa, Ha OCHOBAHHH cop6luu napoB aproua,
H-reKcana U METHJIOBOTO aJKOTOJsl, OTPELEJIeHO BIHSIHHE YCIOBHH aKTHBALHH
Ha HEKOTOpHle (U3UKO-XHMHUECKHe CBOMCTBA NMPOAYKTOB PEAKIUH. [Ipoana-
JU3MPOBAHO PE3Y/bTaThl PEHTIEHOBCKHUX, 3JeKTpOoHOrpa(UUeCcKHX, a TaKkKe
MH(pPaKpaCHO-CNIEKTPOCKOMHYECKIX HCCJIEIOBAHHE.
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®or. 1. DnekrpoHHOe H300paxKeHne arperaTos MOHTMOPH/IJIOHHTA M3 XMeJBbHHKA, X% 45000
dor. 2. DuekTpoHHOE WOOpaxKeHue arperaton MOHTMOPHJIIOVIHHTA W3 XMeJbHIKE, X 20 000
®ot. 3. dnekrponHoe H306paxKenue NPOAYKTOB ¢TOpHpOBAHHS MOHTMOpPHJJIOHHTA (obpa-
ser; M-4), X 30 000 e
4. DyeKTpOHHOe H300paKeHHe NPOLYKTOB (TOPHPOBAHHS MoHTMOpHJIOHHTA  (00pa-
sen M-4), X 40 000

dor.
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Phot. 1. Electron micrograph of untreated montmorillonite from Chmielnik. X 45 000

Phot. 2. Electron micrograph of untreated montmorillonite from Chmielnik. X 20 000
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Phot. 3. Electron micrograph of fluorinated montmorillonite (M-4 sample). X 30000

Phot. 4. Electron micrograph of fluorinated montmorillonite (M-4 sample). X 40 000
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