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Abstract Reaction between kaolinite and NaOH solution was investigated.
The effect of temperature and stirring on the progress of transformation of this
mineral into hydroxysodalite was determined. It is assumed that transformation of
kaolinite into hydroxysodalite proceeds mainly through its amorphization and dis-
solution, with Al3* and Si‘* ions passing into solution. These ions crystallize sub-

sequently in the form of hydroxysodalite crystals.

INTRODUCTION

The present paper deals with transformations that kaolinite under-
goes in a strongly alkaline environment. The effect of alkaline hydroxide
solutions on layer silicates was the subject of several publications
(Barrer, Cole, Sticher 1968; Takahashi, Nishimura 1967; Ferrell, Grim
1967; Fijat, Tokarz 1976). Their authors were primarily interested in the
kind of products obtained as a result of transformation of kaolinite
and similar minerals. Less attention was paid to the conditions under
which the process should be conducted, or to the transformation mecha-
nism itself. These particular problems are discussed in this paper.

It is well known that the process of transformation of kaolinite is af-
fected by the temperature and time of reaction, as well as by the kind and
concentration of salts which are added in small amounts to initiate and
accelerate this process (Barrer, Cole, Villiger 1970). According to Taka-
hashi and Nishimura (1967), the structural transformation kaolinite —
— sodalite proceeds through the amorphous stage, whereupon, after
a period of nucleation, hydroxysodalite forms from it. The aim of this

* Institute of Geology and Mineral Deposits, Academy of Mining and Metallurgy,
Cracow (Krak6éw, al. Mickiewicza 30).

55



paper was to determine optimum conditions for rapid transfqrmation of
kaolinite into hydroxysodalite (further on referred to as sodalite), and to

investigate the progress of this process.

EXPERIMENTAL

Investigations were carried out on an almost monomineral kaolinite
sample separated by sedimentation from kaolinite clay from the Jeglowa
deposit. Its X-ray diffraction patterns show that it contains only an in-
significant admixture of illite and montmorillonite. This material was
treated with 4 n NaOH solutions.

The effect of temperature and stirring of the suspension during treat-
ment with hot NaOH on the progress of transformation was determined.
The reactions were conducted over a temperature range of 70—90°C for
3—100 h, with the ratio of NaOH to untreated kaolinite being constant.
Upon completion of each reaction, the obtained products were separated
on a filter, washed with distilled water to a pH of 7, and dried at 105°C.

Table 1
List of investigated samples

Temperature of Reaction

Sample No reaction, time, Mlxmi Hins
oE h
S—0 initial sample — —
S—1 80 25 12
S—2 80 50 25
Siivs 80 75 37
Sty 80 100 50
S—5 70 50 5
Sl 90 50 s
S—7 €0 50 5
S—9 80 25 4
S—10 80 25 8
R 85 3 1
S—22 85 5 g
S—23 85 10 24
S—24 85 20 13
i 85 30 a4
S8 85 50 L
o) 85 70 il

The nature of structural changes occurrin i i

, of s g during the reactions was
defined by subjecting the products obtained under different conditions
and at different stages to X-ray, infrared spectroscopic and electron mi-

croscope studies. A list of samples j i oAt ;
given in Table 1. ples subjected to such investigations is
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RESULTS
X-ray investigations

X-ray diffraction patterns were obtained with a TUR-M61 diffracto-
meter in a range of 2—22° ©. The nature of structural changes occurring
in kaolinite during treatment with hot NaOH was determined, and se-
condary minerals forming in this process were identified (Michiejev 1957).
Figure 1 shows X-ray diffractograms of samples S-1, S-2, S-3 and S-4.
As the reaction is prolonged, the intensity of kaolinite reflections de-
creases, and after 75h they disappear altogether (samples S-3 and S-4).
Instead, sodalite reflections appear (d = 6.38, 4.58, 3.68, 3.23, 2195 21601A8*).
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Fig. 1. X-ray diffractograms of un- Fig. 2. X-ray diffractograms of.the sam_ples
ireated kaolinite (sample $-0) and of the treated with 4n NaOH during 3—70 h,
samples S-1, S-2, S-3 and S-4, mixed without mixing

during half time of reaction

From X-ray diffraction patterns it is evident that after 100 h (_sample
S-4) mainly sodalite and a small admixture of illite aqd montmorillonite
are present in the sample. The latter minerals remain unchanged apd
their content becomes relatively higher because a part of kaolinite dis-
solves and goes into solution. This observation was confirmed by chemical

* 1 A = 0.1 nm (SI system).
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analysis of the solution obtained after separation of solid products of

transformation (Table 2). ' , dnd
The effect of stirring on the rate of transformation of kaolinite into

sodalite was investigated on a series of samples S-21—S-27 (Fig. 2). As
the reaction is prolonged, the kaolinite content decreases again, and
sodalite appears in its place. The

Table 2 marked absence of kaolinite reflect-

Al;O; and SiO, content in the solution jone has already been noted in the
after stopping of the reaction (mg per X-ray diffraction pattern of a sample
T ATl activated for 20 h. Also X-ray dif-

: | fractograms of samples S-9, S-10 and

G B =P ST (Pig3) contitm The provious
S } 1080 1450 data. Sample S-Q, which was stirred
S . 570 1300 for 4 h, contains almost exclusively
SL g ' 600 1070 sodalite and insignificant amounts of

illite and montmorillonite, which are
not subject to transformation under
these experimental conditions. Prolongation of the stirring time to 8 and
12 h, with the activation time unchanged (samples S-10 and S-1), results
in marked differences in X-ray diffraction patterns: the kaolinite reflec-
tions are strong, and the intensity of sodalite reflections suggests that the
content of this mineral in the samples is much lower.

The effect of temperature on the process of transformation of kaolinite
into sodalite was also investigated (Fig. 4). Taking the intensity of sodalite
reflections as a measure of transformation, it has been found that a tem-
perature of 70°C is too low to carry out such a reaction in a relatively
short time (sample S-5). Although sodalite reflections appear in the X-ray
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Big, " 8 " X-ray diffractograms of the Fig. 4. X-ray di
I t - #. X-ray diffractograms of the samples
samples S-9, 4S-f}O :ng félhmlxed during obtained at temperatures 70, 80 and 90°C
» 0, an
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diffraction pattern, their intensity compared with that of kaolinite reflec-
tions is low. X-ray diffractograms of samples S-6 and S-7 show, on the
other hand, that kaolinite underwent complete transformation. The in-
tensity of sodalite reflections in the X-ray diffractogram of sample S-6
indicates that this sample was transformed more fully than the one acti-
vated at 80°C (sample S-7).

Infrared spectroscopic investigations

Infrared spectra were obtained with a C. Zeiss UR-10 spectrophoto-
meter using KBr discs technique. The investigations were made to get
information on the nature of chemical reactions taking place between
kaolinite and alkaline solutions. Their aim was to explain the mechanism
of transformation of kaolinite into sodalite. Spectroscopic analysis yields
data that is somewhat different from that provided by X-ray studies be-
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Fig. 5. IR ab tion spectra of the samples Fig. 6. IR absorption spectra o'f the
9 S-0 S‘gl-ql7 S-ZSPS—.? and S-4 samples S-21—S-27 obtained without
g ; ¢ mixing

cause absorption bands produced by both crystalline and amorphous con-
stituents can be recorded. The spectra obtained were interpreted basmg
on the data published in Moenke’s catalogue (1962). ; _
Infrared spectroscopic analysis made for samples S-1—S-4 (Fig. 5) con-
firms the data obtained by X-ray method. Treatment of kaolinite with
NaOH solution results in a systematic reduction in the intensity of t~h§
OH stretching (3600 cm~?) and bending (920 cm~') absorptions, Vyh}'cc !
testifies to progressive degradation of the structure of the initial kaolini ed
Differences have also been noted in the region between 1000 an
1200 ecm~1 (v; vibrations of SiO, tetrahedra). The 1120 cm~! absorption
band decreases in intensity and becomes slightly broadened towafclis lov;
wave numbers as the reaction is prolonged. Similarly, the 540 cm ban
produced by v, vibrations SiO, tetrahedra shows a systematlg reductlortl
in its intensity. It does not, however, disappear altogether, being presen
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in sample S-4 treated for 100 h. In the region close to 670 cm~-! there
appears a new absorption band characteristic of sodalite, with the inten-
sity increasing with the reaction time. In place of a disappearing absorp-
tion in the region 750—820 cm~!, a new band attributed to sodalite arises
(700—750 cm—1). Moreover, the intensity ratio between the absorption
bands occurring in the region 440—500 cm~1! is changed.

Spectroscopic investigations of samples S-21—S-27 confirm the struc-
tural changes revealed by X-ray method (Fig. 6). The 750, 795, 920 cm—1!
bands, as well as absorptions in the region 1000—1200 and 3600 cm—1, dis-
appear already after 30 h of activation (sample S-25) whereas after 20 h
(sample S-24) absorption bands characteristic of sodalite (670 and
730 cm~1) are visible in the spectra. Moreover, in the spectra of the
samples studied absorption bands have been noted close to 1500 cm—1,
owing to the presence of unidentifiable carbonates. These carbonates
formed probably due to CO, sorption from the air during the reaction and
failed to be dissolved completely when the samples were washed.
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Fig. 7. IR absorption spectra of the Fig. 8. IR absorpti )
A8 sorption spectra of the
samples S-9, S-10 and S-1 samples S-5, S-6 and S-7 obtained at
different temperatures

Figure 7 presents infrared spectra of samples subjected to NaOH treat-
ment for the same period of 24 h, but with the stirring time varying from
sample to sample (S-9, S-10, S-1). Only the spectrum of samples S-9 stir-
red for 4 h shows strong absorption bands attributed to solidalite: 670 and
700—740 cm'—l. Spectra of the other two samples provide only evidence
that amor.ph1zatxon proceeds and that the structure of kaolinite becomes
]oose,. while absorption bands characteristic of sodalite are absent CON
sorption from the air takes place in this case as well, which is shown b ;
the presence of an absorption band close to 1500 cm-1, ] 4

Infrared spectroscopic investigations of sam ‘ i
temperatures provide further evi?lence that at g%iecs: \Esfeefalt(é(x-l‘lysttal(liilzf(feilresgE
S;}rg;elec?Gb?SobtaniedSs tthe feaction product (Fig. 8). The spectrum of

le S- nearly identical with the standard infrared s ectr f
sodalite (Moenke 1962). The 535 cm -1 absorption band bel R TR
nite is still present in the spectrum, but itspintemian RRESEE Rt
spectrum of sample S-5, on the other hand, showstz’hft ?}ilag:;cfilacﬁ?g .cTo}rlf

tent is very low while kaolinite exhibit;
i e e kol Ite exhibiting a somewhat loosened structure
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Electron microscope studies

Electron micrographs were taken with a Tesla BS 613 electron micro-
scope operated at an accelerating voltage of 100 kV, using both powder
and replica technique. The magnification range was 4.700—55.500 X. The
aim of these studies was to determine the influence of the processes dis-
cussed on the morphology of kaolinite grains, and to investigate the pro-
cess of amorphization of kaolinite.

Electron micrographs taken for sample S-0 (Photos 1, 2) show flakes
and polycrystalline aggregates of kaolinite. Individual kaolinite grains
exhibit a distinct hexagonal habit and are sharp-edged. Kaolinite treat-
ment with alkaline solutions for 25 and 100 h (samples S-1 and S-4) in-
duces pronounced changes in the morphology of grains (Phots 3, 4, 5)
Phots 3 and 4 reveal that degradation takes place, the marginal zones of
grains being most liable to this process. After 100 h treatment (sample
S-4) there are virtually no transparent kaolinite grains with a hexagonal
habhit. There appear instead dark grains of greater thickness and with
irregular outlines.

The results of investigations of samples subjected to treatment at dif-
ferent temperatures are presented on Phots 6, 7 and 8. Sample S-5,
treated at 70°C (Phot. 6), underwent only slight degradation. Kaolinite
grains preserve their hexagonal habit, only their outlines are somewhat
rounded and show small etchings. In contrast to it, sample S-6, treated
at 90°C (Phot. 7), has sharp-edged grains with irregular outlines and of
considerable thickness.

Photo 8 of a sample prepared using replica technique shows the sur-
face morphology of polycrystalline sodalite aggregates.

DISCUSSION

The reaction taking place between kaolinite and NaOH solutions was
investigated with the aim to determine the effect of suspension stirring
and of the reaction temperature on the progress of transformation of kao-
linite into sodalite (hydroxysodalite). It has been found that temperature
is the main determinant of the transformation rate. This process is also
significantly affected by the manner of stirring of the suspension during
its reaction with NaOH. Stirring during the initial stage of the reaction,
i.e. 3—5h after its beginning, expedites and accelerates the process of
kaolinite transformation because it ensures a better contact between fine
kaolinite crystals and NaOH solution. In this way, amorphization and dis-
solution of kaolinite are accelerated. However, if stirring i; prolonggd
outside this initial stage, the process of transformation is inhibited. This
is probably so because stable equilibrium conditions, necessary in the pro-
cess of formation of hydroxysodalite, must be maintained.

The above studies substantiated the theories of other authors (Taka-
hashi, Nishimura 1967) that the process of kaolinite transformation em-
braces the stage of amorphization and partial dissolution of kaolinite.
This statement is supported both by mineralogical investigations of the
reaction products and by chemical analysis of the solutions left after
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separation of these products. Although chemical studies suggest that soda -
lite forms by way of crystallization from the solution (Al,0; and SiO,
concentration in the solution decreases as the reaction is prolonged), in-
frared spectroscopic analysis provides evidence that even after a 100 h
reaction remains of the amorphized kaolinite structure are present in the
transformation products (535 cm~! absorption band). Therefore, it is
feasible that the transformation of kaolinite into hydroxysodalite pro-
ceeds through the stage of amorphization and dissolution of this mineral,
with AI’+ and Si*t ions passing into solution. These ions crystallize sub-
sequently in the form of hydroxysodalite crystals. However, basing on the
present studies, another possibility cannot be discounted, viz. that of
transformation of kaolinite into hydroxysodalite from the amorphous
phase. Such course of reaction was suggested by Takahashi and Nishi-
mura (1967), and further data are required to ascertain whether only the
first of the processes discussed takes place or the two processes are
parallel.
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Marek TOKARZ

Z BADAN NAD HYDROTERMALNYM PRZEOBRAZENIEM
KAOLINITU W SRODOWISKU ALKALICZNYM

Streszczenie

Przebadano przebieg procesu oddziatywan kaolinitu z roztworami tugu

sodowego. Okreslono wpltyw mieszania i temperatury na przebieg procesu
przeobrazenia tego mineratu w kierunky hyd}r)oksyso}éalittﬁ Zdanir% au(ici—
ra przeobrazenie kaolinitu w hydroksysod 0

na, drodze amorfizacji i rozpuszczania te
tworu przechodza jony A3+ j Sibt,

w formie krysztatow hydroksysodalitu,

g0 mineratu, przy czym do roz-
ktore nastepnie wykrystalizowuja
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OBJASNIENIA FIGUR

Fig. 1. Dyfraktogramy rentgenowskie kaolinitu wyj$ciowego (prébka S-0) oraz proé-
bek S-1, S-2, S-3 i S-4 mieszanych przez polowe czasu trwania reakcji

Fig. 2. Dyfraktogramy rentgenowskie probek traktowanych 4n NaOH w czasie
3—70 h bez mieszania

Fig. 3. Dyfraktogramy rentgenowskie probek S-9, S-10 i S-1 mieszanych przez 4, 8
i12'h

Fig. 4. Dyfraktogramy rentgenowskie probek uzyskanych w wyniku reakcji prowa-
dzonych w temperaturze 70, 80 i 90°C

Fig. 5. Widma absorpcyjne w podczerwieni prébek S-0, S-1, S-2, S-3 i S-4

Fig. 6. Widma absorpcyjne w podczerwieni prébek S-21—S-27 uzyskanych bez mie-
szania

Fig. 7. Widma absorpcyjne w podczerwieni prébek S-9, S-10 i S-1

Fig. 8. Widma absorpcyjne w podeczerwieni prébek S-5, S-6 i S-7 otrzymanych w wy-
niku reakcji prowadzonej w r6znych temperaturach

OBJASNIENIA FOTOGRAFII

Fot. 1. Obraz elektronowy polikrystalicznych agregatéw kaolinitu z Jeglowej (préb-
ka S-0). Pow. X 98 000

Fot. 2. Obraz elektronowy heksagonalnych blaszek kaolinitu z Jeglowej (probka S-0).
Pow. X 80000

Fot. 3. Obraz elektronowy agregatu kaolinitu po 25 h traktowania 4 n NaOH (prébka
S-1). Pow. X 33 000

Fot. 4. Obraz elektronowy agregatéw kaolinitu po 25 h obrébki (prébka S-1). Pow.
X 110 000

Fot. 5. Obraz elektronowy agregatéw hydroksysodalitu (prébka S-4). Pow. X 9400

Fot. 6. Obraz elektronowy agregatéw kaolinitu traktowanych w temperaturze 70°C
(prébka S-5). Pow. X 40 000

Fot. 7. Obraz elektronowy agregatéw hydroksysodalitu (prébka S-6). Pow. X 21 500

Fot. 8. Obraz elektronowy (wykonany technikg replik) agregatéw hydroksysodalitu
(prébka S-6). Pow. X 65000

Mapsx TOKAK

M3 UCCAENOBAHUM T'MIAPOTEPMAJILHOI'O NMPEOBPA3OBAHHUS
KAOJIMHUTA B LUEJTOYHOM CPEILE

Pesome

Boir ucenenoBan Xon rnporuecca Bsanmoneﬁcrsuﬂ KaoJIMHUTa C paCTBO-
paMM HaATPOBOIrO LIeJIKa. Brouio onpejeseHo BIHSIHHE pasMelIuBaHus H TeM-
lepaTypbl Ha X0/ ITporecca npeo6pasonaﬂun 5TOr0 MHHepaJia B HalnpaBJaeHHH
IHJIpOKCHCOLa/IUTa. ITo mHeHnuio aBTopa, npeoépa3osaﬂue KaoJIMHHTAa B TH-
JIPOKCHCOJIATHT NMPOTEKAET IIaBHbIM O6p830M H3-3a amopqmsamm;: paCSTlig-
penuss 3Toro MHHepaJa, INnpH yéMm B pacTBop nepexoAsiT HOHDI Al lf R
KOTOpbIe B JlaJibHEHIIeM BbIKpPlCTaJIJ!H3OB})IBaIOTCﬂ B (bopMe KpHCTaJIJIOB
I'd/IpOKCHCOMAJIHUTA.
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OBbACHEHHS K ®HUT'YPAM

®ur. 1. PenrrenoBekie JHdpakTOrpaMMbl HCXOAHOro Kaojunuta — obGpasew S-0 u oGpas-
wos S-1, S-2, S-3 1 S-4 pa3MeIIUBAHNbIX B TEYEHIE NMOJOBHHBL BPECMEHH peaKIHH

Dur. 2. Pentrenonckie AHGPAKTOrpaMMbl 06pa3ioB MOJABEPK/ACHHBIX BO3ACHCTBHIO UETHIPEX-
nopmasboro NaOH B Teuenne 3—70 h Ge3 pa3meliHBaHHs

$ur. 3. Penrrenosekue angpaxkrorpaMiybl o6pasinos S-9, S-10 u S-1 pasMelnBaHHLIX B Te-
vyeHue 4, 8 u 12h

®ur. 4. Pentrenonckue RHMPAKTOrpaMMbl 0GPA3LOB MOJYUEHHLIX BCJAEACTBHE peaKiHi npu
Temneparypax 70, 80 n 90°

Dur. 5. UK-cnektpsl noraomwenus obpasunos S-0, S-1, S-2, S-3 u S-4

®ur. 6. UK-cnekrpbl norJomexust o6pasinos ¢ S-21 no S-27, nosyueHHbIX 6e3 pa3Mellu-
BaH1isl

®ur. 7. UK-cuextpsl norvyiomenus o6pasuos S-9, S-10 u S-1

bur. 8. UK-cnekrpel norsouenns o6pasinos S-5, S-6 u S-7, nojayuenubix B HTOre peaKi(HA
NPOTEKABIIHX B Pa3/JHUHBIX TeMmIepaTypax

OBbACHEHHSA K ®OTOTPAPUIAM

D010 1. DA€KTPOHHOMHKPOCKONHDIT CHIMOK NOJHKPHCTAMIHYCCKHX arperatos KaoAHHHTA H3
Eraossit (oGpasent S-0). YBemnuenne X 98 000

PoTo 2. DJeKTPOHHOMHKDOCKONHBIH CHIMOK FeKCATOHANBHBIX MIACTHHOK KAOMAHHNTA 13 Erjio-
B3It (oOpasen S-0). Yseauuenne X 80 000

PoTo 3. DACKTPOHHOMHKPOCKOMHBIA CHIMOK arperata KaoJguHuTa mnocje 25 wac. 00paboTKit
uerbipexsopmaibibiM NaOH (o6pagert S-1). Yseanuenne X 33 000

$oTo 4. DAEKTPOHHOMIKPOCKOMHBIA CHIMOK arperaTos KaoJaHHHTa mocae 25 wac. 00paboTKH
(o6pasen S-1). Yeeanuenne X 110 000

DoTo 5. DJIEKTPOHHOMHKPOCKOMHBIH CHIIMOK arperatoB THApOKcHconanuta (o6pasey S-4).
Ypeaunuenne X 9400

®oro 6. D1eKPOHHOMHKPOCKONHBI CHHMOK arperaToB KaoAMHHTA NOJBEPIKEHHBIX BO3/ICHCT-
Biio temneparypul B 70°C (oGpasen S-5). Yseanucune X 40 000

Ddoro 7. INEKTPOHHOMHKPOCKONHBIH  CHIIMOK dIperaToB rHApOKcHcoAannTa (oGpaser, S-6).
Yeanuerie X 21 500

$oro 8. INeKTPOHHOMHKPOCKOMHBI CHIMOK (/e aHHblil NpH TNOMOILI TeXHHKH C.eNKOB)
ArperaTos riipokcHcoannra (o6pasen S-6).YBeanuenwe X 65000

MINER. POL. VOL. 9, No 2 — 1978 PLATE I

Phot. 1. Electron micrograph of polycrystalline aggregates of kaolinite from Jeglowa
(sample S-0). Magn. X 98 000

Phot. 2. Electron micrograph of hexagonal flakes of kaolinite from Jeglowa (sample
S-0). Magn. X 80 000

Marek TOKARZ — Hydrothermal transformation of kaolinite in an alkaline environ-
ment



MINER. POL. VOL. 9, No 2 — 1978 PLATE II MINER. POL. VOL. 9, No 2 — 1978 PLATE IIT

Phot. 3. Electron micrograph of kaolinite aggregates after treating with 4 n NaOH 8
during 25 h (sample S-1). Magn. X 33 000 | Phot. 5. Electron micrograph of hydroxysodalite aggregates (sample S-4). Magn.

K 9400

|
I
Phot. 4. Electron microg.raph of kaolinite aggregates after treating with 4 n NaOH '
during 25h (sample S-1). Magn. X 110 000 | e
| Phot. 6. Electron micrograph of kaolinite aggregates treated at 70°C (sample S-5).
f Magn. X 40000
Marek TOKARZ — Hydrothermal transformation of kaolinite in an alkaline environ- } Marek TOKARZ — Hydrothermal transformation of kaolinite in an alkaline environ-
ment
l ment



MINER. POL. VOL, 9, No 2 — 1978 PLATE IV

Phot. 7. Electron micrograph of hydroxysodalite aggregates (sample S-6). Magn.
X 21500

Phot. 8. Electron micrograph (replica) of hydroxysodalite aggregates (sample S-6).
Magn. X 65 000

Marek TOKARZ — Hydrothermal transformation of kaolinite in an alkaline environ-
ment



