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MONTMORILLONITE AT LOW TEMPERATURES
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ABSTRACT

Na- and Al-montmorillonites under hydrothermal conditions at 175" and 220oc for

scopic data. The hydrated state of the kaolin when first formed is noted'

INtnooucrroN

acid environments. To expedite the very slow reactions at temperature

less than 100oC, most of the experiments have been conducted hy-

drothermally in the temperature range 17 5"-220oC, and with pressures of

the ord,er 4000 or 8000 psi; it is believed that the results will be compa-

rable with those obtained under natural conditions over much longer pe-

riods of t ime.

ExpnnrnBNrar-

Moterial,s, Montmorillonites from Texas and from Little Rock, Arkansas, were used' The

natural material from Texas contained cristobalite as an impurity, but a refined variety

contained negligible cristobalite. Na- and Al-saturated samples were prepared by treating

the clays foui times overnight with normal chloride solutions followed by washing till a neg-

ative chloride test was obtained. The washed clays were dried and stored at room temper-

ature.

occurs for molar ratios from about 2.25 to 3.O. After centrifugation, the samples were

washecl and air dried. Hsu (pers. comm.) has observed that negligible Al is removed
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during washes. X-ray examination and Al analysis of the centrifugates revealecl an increas-
ing fixation of Al hydroyx-polymers with increasing NaoH/Al molar ratios (see lable 1).

In column (rr), Table 1, the content of polymer fixecl Ior the NaoH/Al ratio 2.7 is close
to the value given by Slaughter ancl Milne (1960) (1600 meq Al/100 g. of clay) to yield a
complete gibbsite-like interlayering. since completion of the present work, a paper by
Brydon and Kodama (1966) has appeared stating that about 1125 meq AI/100 g. clay will
be taken up within the montmorillonite structure. Whether the extra alumina taken from
solution, as shown in Table 1, is in gel form or held externally by the montmorillonite is not
clear.

Additionally A1-OH forms of hectorite, vermiculite and a synthetic fluorhectorite were
prepared.

T rea tmmls  Sea ledgo ldcapsu les (35mmlongande i t he r2 .5mmor5 .0mmo.d . ) con ta i n -
ing known amounts of reactants (generally about 30 mg of solid material and 20-25 mg of
liquid) were heated in test-tube type bombs at temperatures ranging 77s-220oc, +3oc.

T.lnr,n 1. Frx,lrro* ol Ar,uurNuu Hynnoxv-por,trMERs lJ.u MoNnnontr,r,oNrrrs

Total A1 content in
initial systems

meq Al per 100 g. of clay

1500300

Total Al found in solutions
for NaOH/Al molar ratios:

0 . 6
1 . . )

2 . 2 5
2 . 7
3 0

(r)

145 0
4 5 . 8
0 . 0
1 n

1 A  t 7

(II)

1220.0
695 .0
2 7 4 . 0

l o .  /

o o .  /

After reaction, products l'r'ere quenched. capsules were weighed before and after treatment
to check for leaks. The techniques followed the descriptions given by Roy et oJ., (1950,
19s2).

Prod.uct eramination. Products were X rayed using Ni-filtered cuKa racliation and a
Philips Norelco diffraction unit.

rR absorption spectra $'ere obtained using vacuum pressed KBr pellets with a perkin-
Elmer, model 221, spectrometer for the range 2-15 microns, and a Beckman DK2 instru-
ment for the range 2-3 microns.

Rrsur.rs

Itla-montmoril lonite. rn most experiments conducted at 17soc, and at
220oc, for periods of seven days, the init ial montmoril lonite remained as
the predominant component. With 1 N HCl, and with I N HCI plus
AICla, at 220"C, a small amount of kaolinite (shown by its 7.2 A reflection)
was formed. With water, with 0.1 N NaOH, and with HCI solution at
pH 4.8, no kaolinite was detected. With N HCI plus gibbsite, abundant
boehmite (presumably from the gibbsite) was obtained. rt should be
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noted that with 0. 1 N NaOH, no analcime was.observed, although under

somewhat different conditions, the formation of analcime has been ob-

served by McCaleb (1961), b)'Van Moort et ol. (1966), and also by the

present writers.

Al-montmoril lonite. Onlv with I N HCI at 220oC for seven davs was a

smail amount of kaolinite obtained. A trace of kaolinite was detected

with 0.1 N NaOH solution.
With a solution of pH 4.8, with water and at a temperature of 175oC,

no haolinite was detectable. Although there was litt le difference from the

results obtained with Na-montmoril lonite, the Al-montmoril lonite

seemed to show a greater alteration.

AI-OH-montmoril lonite,I (300 meq Al/100 g. of clay)' As shown by the

data in Table 1, most of the available AI-OH polymers was taken up by

the montmoril lonite when the NaOH/AI ratio was in the range 2.25-2.7.

The Al-OH-montmoril lonite, prepared as mentioned, was treated hy-

drothermally with 1 N HCI for seven days at 175'C. Litt le difference was

observed between the products formed by the samples prepared with

various NaOH/Al ratios; in each case, a small amount of kaolinite was

obtained, with a preponderance of unreacted montmoril lonite. The yield,

though sti l l  small, was an improvement over the previous experiments

which showed not even a trace of kaolinite for a reaction temperature of

175 'C .

AI-OH-montmoril lonite,Il (15p0 meq Al/ 100 g. of clay). With this amount

of aluminum added to 100 g. of clay and with NaOH/A1 ratio of about

2.7 , a Iarge amount of AI-OH polymers is taken up by the montmoril-

lonite (see Table 1) and indeed is almost enough to form complete gibb-

site-l ike layers between the montmoril lonite layers.
Treated with i N HCI at 220"C Ior 7 day-s, the Al-OH-montmoril lon-

ites prepared with NaOH/AI molar ratios of 2.25 and 2.7 yielded abun-

dant well-crystall ized kaolinite. The yield and the degree of crystall ine

regularity improved slightly by extending the treatment to 28 da1's;

the improvement was seen more clearly by IR absorption spectroscopy

than by X-ray diffraction. Even after only one day of treatment, the

formation of a kaolin mineral was detectable by both methods, together

with traces of boehmite, but after four davs, the boehmite and the ini-

t ial montmoril lonite were entirely absent. Further examination of the

product formed in quantity at240"C for 21 days was made by thermo-

gravimetric analysis and by electron microscopy. Material dried in vacuo

at 110"C gave a thermogravimetric curve agreeing with that of a well-
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formed kaolinite and a total weight loss of 13.2 percent as compared
with that of 13.9 percent for the theoretical composition. Electron
micrographs showed well-formed, pseudo-hexagonal particles of abouL
0.2-0.5 p, size.

A major difference between the present results and those reported
earlier is that kaolinite was obtained without the use of stronglv acid
media and even with water, a kaolin mineral was erlways detected in ex-
periments aL 220"C for seven days. At lower temperatures, 190o and
175oC, and with 1 N HCl, the resulting kaolinite was less well crystal-
l ized and, at 175oC, traces of boehmite were seen. At a sti l l  lower tem-
perature, 150'C, and with 1 N HCl, even after 28 days kaolinite could
not be detected by X rays; however the montmoril lonite appeared to be
altered and possibll '  dif iraction effects from freed sil ica lal.ers were de-
tected. That the montmoril lonite was in process of alteration was in-
dicated by the IR spectra, which showed after only one week o{ treat-
ment, four distinct absorptions in the OH region at about the same fre-
quencies as those given bv kaolinite. The sensitivity of IR spectra for
showing short-range order effects before X-ray diffraction can pick up
long-range order effects is strikingly demonstrated in this work.

Experiments with 0.1 N NaOH f.ielded very poor kaolin at 175oC.
At 220"C, analcime and other zeoiiLes, possibly sodalite and cancrinite,
were formed but no kaolinite was observed.

Al-OH-wrmiculite, AI-OH-hectorite and Al-OH-f,uorhectori.te. AI-OH-
vermiculite prepared with NaOH/Al molar ratio of 2.55 has been treated
hl.drothermally with N HCI at 230" and 360oC. No trace of kaolinite
(or a 1:1, 7 A mineral) was found after seven days. Traces of poorly
crystall ized boehmite were detected, together with a mixed-layering of
12.5 h and 14.0 A phases, with a small 10 A reflection attributable to
small amounts of biotite in the original material.

AI-OH-hectorite and AI-OH-fluorhectorite prepared with NaOH/Al
molar ratio oI 2.25 were submitted to the same hydrothermal treatment
as the vermiculite. In both cases, small amounts of boehmite were de-
tected, but no 7 A phases.

Sand (1955), arnd Ames and Sand (1958), str.rdying the hydrothermal
stabil ity of montmoril lonites, have shown that the trioctahedral 2:1
minerals are more stable than the dioctahedral, and this may account
for the negative results obtained with these minerals, at least for the
hectorites.

X-ray d.ifraction d.ala. It suflices to consider the products formed when
1500 meq AI in the form of aluminum hydroxy-polymer prepared with
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NaOH/Al molar ratio 2.25 were added to 100 g. montmoril lonite. When

taken from the sealed gold capsules, the products were given extra

water and examined prior to any drying treatment. Part of the sample

was air-dried, equil ibrated for two months at room conditions, and sub-

sequently heated at 105o, 200o and 300'C. The second part of the sample

Tarr,n 2. Besar- sp,lcrNcs oF KAol,rNrrn (on xeolrN urNrner,) r'oRMED rno1r AI OH-

-ilroNTMoRrLLONrrn ar 220oC ly TtrarurNt wrrrr 1 N HCI rop PrmooS up ro 28 nevs

Days of reaction t4

In water prior to drying

Air-dry

A{ter two months at room conditions

After 105"C

After 200oC

After 300"C

8 . 6  8 . 4

8 .0  (e .0 )
7 . 8

9 . 0  8 . 3

9 . 0  8 . 3

9 . 0  8 . 3

8 . 4  8 . 3

7 3 2  7 . 2  7 . 2

7 2 ,  7 2  7 2

l n  1 ' )

1 1  1 ' . )

7 . 3  7 . 2 ,  7 . 2  7 . 2

7 . 3 t  7 . 2 ,  7 2  7 . 2

8 . 0

8 . 2

8 . 2

8 . 0

Ethylene glycol added to wet product

After 105"C

After 200oC

After 300oC

After 400"C

8 . 8 ,  8 . 6

8 . 4  8 . 6
l . L 5  t  L 6

8 . 2
7  . 2 t

8 . 2 ,  8 . 2
7  .2u  7  .2 ,

8 3
7 .2,,

8 . 1

7 . 8
7  .2s

7 . 9

7 . 8
7  .2s

7 . 8
7  .2 ,

/ . J

7 ' '

7 '.r.

L J 7

7 . 4

was treated with ethylene glycol, and subsequently heated. TabIe 2

records the basal  spacings of  the products formed af ter  1,  2,  4,7,14 and

28 days of hydrothermal treatment at 220"C with 1 N HCl. The better

crystalline products are those with a basal spacing around 7 .2 f:^, and

with the best products it was possible to measure up to 005 by using the

oriented aggregate technique.
The results indicate that the kaolin mineral when first formed has an

expanded basal spacing of the order of 8.5 A which remains fairly stable
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up to about 300'c. with four or more davs of hydrothermal treatment,
the sp^acing is reduced to 7 .3-7 .2 A, a value slightly greater than the value
7.15 A normally found for well-crystall ized kaolinite. rf the expanded
phase is due to inclusion of water molecules between the layers, possibly
in the ditrigonal holes of the sil ica network, then these are not easily
removed by heat treatment. The expanded spacings also may reflect to
some extent a poor articulation of the successive Iayers which is sup-
ported by the poor appearance of nonbasal reflections. Heat treatmcnt
gives an inhomogeneous product, in that part of the material develops a
sharp 7.2 A reflection when the remainder sti l l  gives a broader reflection
from the expanded spacing. Ethylene glycol produces only very slight
expansion showing that l i tt le penetrates into the structure.

Expanded and hydrated forms of kaolin minerals have been studied
also by Wada (1965) and by Deeds, van Olphen and Bradley (1966).
Intersalation complexes, formed particularly with potassium acetare,
when thoroughly washed with water, gave hydrated forms with basal
spacings as follows: Halloysite with 4H2o/unit cell and d(001)-10.1 A,
nacrite with about 2HrO/unit cell and d(001)-3.4 A, kaolinite gave
d.(001)-7.g A and dickite alone appeared not to form a hydrated com-
plex. Both Wada, and Deeds et al., remarked on the thermal stabil ity of
the hydrated forms of nacrite and kaolinite, up to at least 200"C. It
seems very probable that the expanded spacings observed in the present
studies arise from the early formation of similar hydrated froms.

I nfrar ed. ab s or ption onaly sis

oH stretching vibrations. Figure 1 shows the rR frequencies obtained
for Al-OH-montmoril lonite II af ter I, 2, 4, 7 and, 14 days reaction at
220"c with 1 N HCI; values for a Florida kaolinite also are shown. After
only one day of hydrothermal treatment, four bands appear at about the
same positions as those of a well-crystall ized kaolinite. Between one and
two days of reaction, the absorption labeled MF2 occurs at the same fre-
quency as the corresponding vibration in kaolinite and keeps this value
throughout the sequence of transformation. such constancy means that
the dipole moment associated with this vibration is unaffected during
the further development of kaolinite. only oH groups with their dipole
moments parallel to the sheet would stay unaffected by the collapse or the
contraction of the sheets. The almost constant value of MFr l ikewise
points to oH groups of essentially the same type. These conclusions are
very close to those of Farmer and Russell (1964) who attributed these
two bands to vibrations in the OH olane.

The contin'ous shift of the frequency labeled HF could be accounted
for, either by an increasing interaction O-H-O, or as a consequence of
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37OO . 36PO cm-1

Fro. 1. IR absorption spectra for Al-OH-montmorillonite II after (a) 1 day, (b) 2 days,
(c) 4 days, (d) 7 days, (e) 14 days, of hydrothermal treatment with 1 N HCI at 220"C. (f)

shows a corresponding spectrum for a Florida kaolinite.

progressive shortening of the bonds O-AI-OH. In the first case, the
diminution of d(001) observed by X-ray diffraction (see Fig. 1) should
reinforce the hydrogen bond between adjacent sheets and lead to a
diminution of the OH stretching frequency, as observed. However the
alternative explanation cannot be ruled out, at least as a partial explana-
tion.

The shift of the frequency labeled LF, first towards higher and then
back to lower frequencies is not clearly understood but presumably arises
from the structural rearrangements during the reaction.

Figure 2 shows frequency differences as indicated, plotted against
duration of the hydrothermal treatment. It is evident that the main
structural rearrangements occur before seven days. With increasing
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duration, the differences between (HF-MFz) and (MF1-LF) and be-
tween (HF-MF) and (MFr-LF) decrease slowly and tend towards
the corresponding values for the Florida kaolinite, for which, (perhaps
for tu i tously) ,  (HF-MFr) : (MFl-LF):50 cm-r  and (HF-MFl)
:  (MF2-LF):27 cm-t .

Lattice vibrations. Frequencies observed in the range 1100-600 cm-1
are shown in Figure 3. Here also, after one day of treatment, all the bands
present in the spectrum of the Florida kaolinite make their appearance
apart from one of the doublet near 918 cm-l. Furthermore, all bands
characteristic of montmoril lonite disappear before four days, in agree-
ment with the X-ray observations. It is evident that the main lattice
reorganization is complete before seven days.

60

H F - L F

HF - MF2

Mq-LF

HF -MF1

MF' LF

Mq - MF2

12
timc ot trcqtrnent (dofo)

Frc. 2. Differences between IR absorption frequencies in the Olf-stretching region, plotted
against time of hydrothermal treatment, with 1 N IJCI at 220"C
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)(P)

Frc. 3. IR absorption spectra for Al-OH-montmorillonite II after l, 2, 4, 7 and 14 clays
hydrothermal treatment with 1 N HCI at 220oC. Curve K is for Florida kaolinite.

The intensity of the absorption at 910 cm-1 is greater than expected
for pure montmoril lonite, which, according to Oinuma and Hayashi
(1965, 1966), reflects the presence of a kaolin mineral, and its increasing
intensity is expected during the formation of kaolinite, (Gastuche and
Fripiat, 1962). The same remarks are true for the absorptions at 1038
and at 1003 cm-l (Touillaux et al., 1960).

Two interpretations are possible of the bands at 790 and 752cm'r.
Either they wil l be expected as soon as Si-O-Al (their assignments by
Stubican and Roy, 1961a, b) bonds are formed, which wil l occur at the
very beginning of the kaolin formation. Or they are a consequence of the
removal of one silica la1'er in montmorillonite, which diminishes the
"symmetrical interaction" of the sil ica layers with the octahedral
Ia1.er; the absence of these bands in montmoril lonite may be attributed

trl
O
z.

p
a
(D
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to the associated dipole moments having similar orientation and

magnitude but in opposite directions, which thereby cancel each other.
To account for two bands, two different Si-O-Al orientations seem to be

required.
Whatever the exact explanation, these data, together with the X-ray

data, indicate the progressive improvement in the crystall inity of the
kaolinite.

DrscussroN

The form and, quantity of odded' alumina. The results show that a relation

exists between the amount of kaolinite formed and the total Al content
of the montmoril lonite, increasing in the sequence.:

Na-montmorillonite---+Al-montmorillenils--+Al-OH-montmorillonite I
---+Al-OH-montmorillonite II. The influence of an acid environment also
changes significantly through this sequence.

Na- and Al-montmorillonites do not contain sufficient alumina in re-

lation to sil ica to form more than a small proportion of kaolinite, the
amount depending on how the available alumina may be partitioned

between kaolinite and any other phase or phases present. Increasing

the amount of Al in the system does no necessarily give more kaolinite'
Thus addition of AlCls to an Al-montmoril lonite does not increase the
yield of kaolinite. Addition of gibbsite leads to the appearance of boeh-

mite, but not to more kaolinite. But when Al-OH-polymers are added,
the yield of kaolinite is greatly increased, for several possible reasons.

In the first place, cations such as AI(OH)r+ and the more complex forms
probably present in the Al-OH-polymers, (cf . Hsu and Bates, 1964a)
increase the proportion of Al in the system as compared with that of an

Al-montmoril lonite. Secondly, the Al is introduced throughout the inter-

layer region of the montmoril lonite and thereby is brought into intimate

contact with the sil ica layers, an arrangement which wil l facil i tate
kaolinite formation. Thirdly, the AI-OH polymers introduce the OH
ions also required in kaolinite formation. Evidently the i,nternal forma-
tion of gibbsite-l ike layers is much more efiective than the addition of

external gibbsite.

Formation of d.ioctahedral chlorite-l'ike intermediote phase. An interesting

aspect of this mode of kaolinite formation is that it resembles the rela-

tion between serpentine minerals and chlorites. When gibbsitic layers

are introduced into montmoril lonite, the resulting structure is close to

that of a wholly dioctahedral chlorite and it has some of the properties

of a chlorite in that it no longer collapses to a 10 A basal spacing with
mild heat-treatment, (Sawhney, 1960; Barnhisel and Rich, 1963;



KAOLINITE ITROM MONTMORILLONITE 1I7I

Hsu and Bates, I964b; Turner and Brydon, 1965). The 2:1 layer struc-
ture of montmoril lonite develops towards a 2:l:1 dioctahedral chlorite
structure, which then transforms to the 1: 1 layer structure of kaolinite.

Acid emironment. The role of the acid environment seems to be mainly
to break down the initial montmorillonite structure and is found to be
essential when Na- or Al-montmoril lonite is the starting material. The
acid probably also converts the Na- to a H,AI form of montmoril lonite.
When the Al-OH polymers are "loaded" into montmorillonite sufficiently
to give nearly gibbsitic layers, then a strongly acid environment is no
Ionger essential and kaolinite forms even when the liquid medium is
water. I lowever, an acid environment may sti l l  develop possibly from
the AI-OH polymers. In any case a slightly acid environment (e.g. pH
4.8) seems to be conducive to the formation of kaolinite, probably be-
cause it assists the breakdown, i.e., reorganization, of the montmoril-
lonite.

Field, eaid,ence. Many workers have reported the presence of aluminum
interlayered 2: 1 minerals in soil clay fractions. Among others, Keller
(1952) found a "chlorite clay mineral" in a Missouri diaspore clay de-
posit, Klages and White (1957), a chlorite-l ike mineral in some Indiana
soils, interstratif ied minerals were found by Tamura (1956) in several
New England soils, Dixon and Jackson (1959) described 2:l-2:2 inter-
grades, Weed and Nelson (1962) mentioned chlorite-like intergrade
minerals in soils of North Carolina, Glenn and Nash (1964) refer to an
expansible 2:l chloritized mineral in soils from the Iower Mississippi
Coastal Plain.

The occurrence of these AI interlayered minerals seems to be common
to the soil clay fraction and is considered by Jackson (1963) as being a
stage in the natural weathering sequence in the alteration of 2: 1 minerals
to kaolinite. Several of the workers cited above have shown a correlation
between the decreasing percentage of interlayered minerals and the in-
creasing kaolinite content with a higher degree of weathering. Jackson
(1963) points out that vermiculite, of greater particle size, wil l alter more
slowly than montmorillonite and may weather in a first step into mont-
morillonite.

Possibly the clearest evidence comes from a recent study by Altschuler,
Dwornik and Kramer (1963), who have proposed that extensive develop-
ments of kaolinite several feet thick over hundreds of square miles in
Florida were formed by a transformation of montmorillonite during low-
temperature supergene weathering. They note, for example, that in one
Iocality a "green clay is composed of disorganized montmorillonite and
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poorly crvstall ized kaolinite," but a gray clay, stratigraphically equiv-
alent, "is almost entirely kaolinite of improved cr1'stall inity, with barely
detectable. . . montmoril lonite." Evidence is also obtained for an alu-
mina-interlal-ered material, and possibly a mixed-layering between
montmoril lonite and kaolinite. These descriptions fi.t many of the present
observations, though so far no experimental evidence has been obtained
for a kaolinite-montmoril lonite interlayering. The altering medium is
suggested to be mildly acidic ground water, probably rain water enriched
r,vith humic acids and with a pH possibly 6.5-5.0.

The experiments do not, as yet, provide any clear confirmation of the
particular mechanisms suggested by Altschuler et al,. Possibly the most
important conclusion so far is that the experiments seem to provide data
running broadly paraliel rvith the field observations, so that a more
searching study of the laborator-v: preparations ma)' yield further re-
warding results.
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