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ITS ALUMINUM HYDROXIDE COMPLEXES* 
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Abstract-A specimen of Kenya vermiculite contained no mica or chlorite layers either as separate 
phases or as components of an interstratified structure. Dehydroxylation occurred in two stages, at 
5500 and 850°C, with approximately equal amounts of hydroxyl liberated in each stage. AI-saturated 
Kenya vermiculite showed low temperature dehydration characteristics similar to those of the natural 
Mg-saturated specimen, but the DT A, TGA and oscillating-heating X-ray diffraction patterns showed 
that the three stage dehydration process was not as clear-cut with the AI-saturated specimen. 

As with montmorillonite, when small amounts of aluminum were precipitated by the addition of 
Ca(OH). in the presence of vermiculite, the Al(OH)x was taken up and held indefinitely by the clay, 
the ion product (Al)(OH)" in solution was maintained at lO-33'0 and no gibbsite was formed with time. 
With large amounts, 800 and 1600 me AI(OH)x per lOOg vermiculite, the hydroxide was held initially 
in the interlayer space, but gibbsite was eventually formed as (AI)(OH)" approached the solubility 
product of gibbsite. Unlike montmorillonite, the. vermiculite specimens retained an appreciable amount 
ofthe interlayer hydroxide and did not regain the original C.E.C. values as gibbsite was formed. 

AI-vermiculite which was repeatedly suspended in AICI3 with (AI)(OH)3 maintained at a value less 
than 10-33 '6 liberated 435 me Mg, took up 208 me Al as an interlayer hydroxide and caused a reduction 
in C.E.C. from 130 to 28 me per lOOg clay. With vermiculite an appreciable amount of the interlayer 
AI(OH)x was stable with respect to gibbsite whereas with montmorillonite it was not. 

INTRODUCTION 
WHEN Al was precipitated from a suspension of 
montmorillonite in AICla by the addition of a base, 
one of two situations resulted; (a) with amounts of 
precipitated Al less than 900 me per 100 g clay, the 
precipitate was held in the interlayer spaces of the 
clay, the C.E.C. of the clay was reduced and the 
ion activity product (Al)(OH)a in solution was near 
lO-aao (Turner and Brydon, 1965, 1966); (b) with 
amounts of precipitated Al greater than 900 me 
per lOOg clay or if the systems were seeded with 
gibbsite, the interlayer precipitate existed in the 
early stages of the reactions but eventually dis
appeared, the original C.E.C. of the clay was 
regained and (AI)(OH)a in solution approached the 
solubility product of gibbsite (Turner, 1967; 
Turner and Brydon, 1965, 1966). It was also shown 
(Turner, 1965; Hsu, 1968) that the OH/AI mole 
ratio of the interlayer material was near 2·7 regard
less of the amount of base added to a montmoril-
10nite-AICla suspension up to a base/AI equivalent 
ratio of about 0·9. 

There are a number of publications (Hsu and 
Bates, 1964; Rich, 1960, 1968; Sawhney, 1968; 
Schwertmann and Jackson, 1964) indicating that 

* Contribution No. 370. 

hydroxy aluminum material reacts differently with 
vermiculite than it does with montmorillonite. For 
instance, the amount of interlayer hydroxyalumin
urn is generally smaller in vermiculite (Rich, 1960, 
1968), and with vermiculite, the OH/AI mole ratio 
of the interlayer hydroxy-aluminum was found to 
be strongly affected by the ratio of base to Al used 
(Hsu and Bates, 1964). In these investigations, 
however, the base was added to the AICla solution 
before introducing the clay to the systems or the 
AI-salt and the base were added simultaneously to 
clay suspensions whereas the results reported 
above with montmorillonite (Turner, 1967; Turner 
and Brydon, 1965) the base was added to the clay
AICla suspension. It has been shown that there is a 
difference in the hydroxyaluminum material taken 
up by the clay if the clay is added to the AICla plus 
base from that obtained when the base is added to 
the clay-AI Cia suspension (Turner, 1967). Because 
of the difference in procedures used and because 
there are no reports on the magnitude of (Al)(OH)a 
in solution with vermiculite, work of a similar 
nature to that done with montmorillonite was done 
with vermiculite. 

The object of the work reported here was to 
determine the effect of the amount of Al precipi
tated per unit weight of vermiculite, and the effect 
of the length of time of reaction on the interlayer 
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hydroxyaluminum, on the C.E.C. of the clay, on 
the formation of gibbsite and on the magnitude of 
(AI)(OH)3 in solution when sufficient Ca(OH)2 was 
added to a clay-AlCIo suspension to give an OH/AI 
mole ratio of about 2·5. The removal of Al from 
solution by vermiculite when no base was added to 
a suspension of vermiculite in AlCl3 solutions was 
also investigated. 

Vermiculite from Kipiponi, Kenya, was chosen 
for this investigation because of the absence of 
mica layers (Mathieson and Walker, 1954). In the 
interpretation of these experiments, establishing 
the presence or absence of hydroxy alum in urn inter
layers is important. Because the natural Kenya 
specimen showed a DT A endothermic peak at 
560°C which might have been attributed to a 
chlorite component (Walker and Cole, 1957) the 
natural specimen was re-examined and the results 
are reported here. 

MATERIALS AND METHODS 
A sample of the vermiculite from Kipiponi, 

Kenya was obtained through the courtesy of the 
Chief Geologist, Ministry of Natural Resources, 
Kenya. 

Analyses of the vermiculite 
The naturally occurring large flakes were filed to 

give a powder and then separated into the various 
particle size ranges < 5, 5-20 and 20-500~ by 
sieving and gravity sedimentation without treat
ment. A portion of the < 5 ~ sample was saturated 
with AP+ ions by suspending it twice in N AICI3 , 

centrifuging and washing with O·OOIN HCI to 
prevent hydrolysis ofthe AP+. The course fractions 
were dried in air but the < 5~ sample was freeze
dried to avoid aggregation. Part of the < 5~ sample 
was boiled in 30% H20 Z washed with water and 
then saturated with AJ3+ as above or with Ca2+ by 
treating it twice with M CaClz and washing out the 
excess salt with H20. In one experiment after 
boiling dry-ground vermiculite with 30% H20 2, 
a < 2~ fraction was separated by gravity sedi
mentation and saturated with AJ3+ as above. X-ray 
diffraction, X-ray spectrochemical analyses, DTA 
and TGA were done by methods outlined previous
ly (Brydon and Kodama, 1966). To prepare 
oriented specimens, aliquots of suspensions con
taining 20 mg of solids were centrifuged, the solids 
were washed once with H2 0 and centrifuged again 
after which they were re suspended in 1 ml of H20 
and sedimented directly on half microscope slides. 
X-ray patterns were obtained using Fe-filtered Co 
radiation under controlled relative humidity, 
solvation with glycerol and after heating for t hr at 
various temperatures. DT A patterns were ob
tained with an R. L. Stone Co. instrument with 

specimens diluted 1: 1 with calcined alumina at a 
heating rate of 10° per min. In most cases the 
atmosphere was uncontrolled but in certain cases 
reduced pressure (0·5 mm Hg) was used. TGA 
curves were obtained on 75-mg specimens at a 
heating rate of 5° per min. Oscillating X-ray dif
fraction analysis of the 001 reflection during heat
ing at 10°C per min was very kindly done by 
Dr. K. Oinuma. A Rigaku Denki diffractometer 
with heating stage was used with the following 
conditions: Ni-filtered CuK" radiation, 30 KV-15 
mA power 1 ° -1 °-0·4 mm slits, 2° per min scanning 
speed and 2° per sec time constant. The AJ3+ and 
Ca2+ saturated and untreated clays were extracted 
with 2N NaCI and the AI, Ca and Mg concentra
tions in the extracts were determined. The C.E.C. 
in each case was calculated from the concentra
tions of these cations in the extracts. 

Complexes between vermiculite and aluminum 
Bulk samples of the vermiculite were dry-ground 

with mortar and pestle and then boiled in 30% 
H Z0 2. The < 2~ fraction was separated by gravity 
sedimentation. For Procedure A below the clay 
was saturated with Ca2+ by treating it twice with 
1 M CaCl2 at pH 2·6 and washing out the excess salt 
with H20. 

Procedure A. Precipitation of Al by addition of 
Ca(OH)2: The < 2~ vermiculite was suspended in 
0·034N AlCl3 and 0'044N Ca(OH)2 added dropwise 
with vigorous stirring to an OH/AI ratio of2·5. The 
amount of Al precipitated per 100g clay was cal
culated from the difference between the total 
amount added as AICl3 and that recovered in 
solution and in the exchangeable form. In the three 
experiments the amounts of Al precipitated were 
650, 800 and 1600 me per 100g clay. The sus
pensions were stirred by bubbling NaOH-H2S04 

-H20 washed air through them in a water bath at 
25°C. The pH of each suspension was followed 
over many months and aliquots were extracted 
periodically for the determination of Al concentra
tions in solution and for X-ray examination of the 
solid phase. At the end of the experiments the 
exchangeable bases were extracted from the clay 
with 2N NaCl. 

Procedure B. No base added to the systems. 
One g of untreated < 2~ vermiculite was sus
pended in 200 ml of O·OlN AlCIa and the pH was 
adjusted immediately to 3·3 by the addition of 
HCl. The suspensions were then shaken until (Al)
(OH)3 in solution had increased to 10-34 '0 when it 
was centrifuged. The solids were resuspended and 
treated exactly as before. After the second centri
fugation, the clay was resuspended eight times in 
O·OOIN AlC!3 at pH 3·3 and the suspensions were 
shaken each time until (Al)(OH)3 in solution had 
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increased to slightly less than 10-3400 when they 
were centrifuged. After these 10 treatments, which 
will be referred to as the first stage, half of the clay 
was extracted with 2N NaCI for exchangeable 
cations. The other half was resuspended in O·OOlN 
AIC13, shaken for 1 month and centrifuged. This 
was repeated three times and then a final time in 
which the reaction time was 6 months. During this 
second stage, (Al)(OHY in solution increased 
beyond 10-3400 but the highest value was less than 
10-3306. The exchangeable cations were extracted 
with 2N NaCI at the end of the experiment. The 
amount of Al fixed and Mg released was calculated 
from the differences in solution concentrations 
before and after contact with the clay. 

In all experiments the Ca and Mg concentrations 
in the supernates and N aCI extracts were deter
mined by the EDT A titration method. The Al in the 
supernates was determined by the aluminon 
method and in the NaCl extracts by the aluminon 
method and by titrating aliquots with standardized 
NaOH as outlined previously (Turner, 1967). 
X-ray diffraction, X-ray spectrochemical analyses, 
DT A and TG A were done, by methods described 
above, on the solids at the end of each experiment. 

RESULTS 

In the total analysis of the vermiculite specimen, 
potassium could not be detected (Table 1) and the 
lack of a loA reflection indicated the absence of 
mica as a separate phase. The rational series of 

Table 1. Chemical analysis and calculated formula for 
two samples of Kenya vermiculite 

As % of ignited wt 

Si02 
Ti02 
Mn02 
AI20 g 
Fe20 g 
FeO 
MgO 
CaO 
NaoO 
K20 

Mathieson and 
Walker 

42·55 

19·21 
10·01 

28·22 
0·00 
0·00 
0·00 

C.E.C. me per 100g air-dry 
weight 130 

Mathieson and Walker (1954) 

Present 
sample 

43·71 
1·01 
0·05 

16·74 
8·48 
1·48 

30·04 
0·28 

0·00 

130 

(Mg2 og6F e0048 Aloo I6)( Si2072 Al1028)OlO( 0 H)2 [Mgoog2] +0064 

Present sample 
(Mg20s4F eij:\;8 F e~::'o Tiooso)(Si2076 AI1024)Oooo( 0 H)2 [Caoo02-

Mg0028] +0060 

vermiculite basal spacings under a variety of con
ditions (Table 2) indicated the absence of inter
stratified mica layers in the vermiculite. The cation 
exchange capacity value of 130 me/lOOg was 
identical with that of Mathieson and Walker (1954) 
and yielded a unit half-cell charge of 0·60 which is 
well within the range cited by Hoffman et al. (1956) 
for the vermiculite group. 

The C.E.C. values calculated as the sum of the 
exchangeable cations did not vary appreciably with 
particle size, with peroxidation or with cationic 
species (Table 2). The values when Ca- and AI
saturated tended to be lower than the untreated 
specimen (Mg-saturated) and probably reflects a 
dissolution of Mg from the edges. The decomposi
tion of the vermiculite in the AI-saturated condition 
was 3 me/lOOg clay in the < 5/1- samples and was 
zero in the H20 2 treated < 2/1- sample. Hydrogen 
peroxide had no obvious effect upon the basal 
spacings; the rationality was retained and the layers 
in all of the specimens collapsed on heating at 700°C 
to give a basal spacing below lOA. 

With 650 me of Al precipitated per 100g clay 
(Procedure A) there was no change in either the Al 
concentration or the pH of the solution after the 
first month of reaction so that (AI)(OH)3 in solution 
remained constant after the first month and equal 
to 10-3300 (Table 3). When the amount of Al pre
cipitated was 800 me per 100g clay the pH of the 
solution remained constant after the first month of 
reaction but the Al concentration in solution 
decreased continually (Table 4). With 1600 me of 
precipitated Al (Table 5) there was very little 
change in the Al concentration after the first month 
but the pH of the solution decreased continually. 
In the latter two cases the value of (Al)(OH)3 in 

Table 2. Cation exchange capacity, exchangeable cations 
and X-ray basal spacings of Kenya vermiculite after 

various treatments 

< 5p, < 2p, 

H20 2 H20 2 

Mg Al Al Ca Al 

C.E.C. 134 126 127 130 130 
Ex. Al 0 123 124 0 130 
Ex.Ca+ 

Mg 134 3 3 130 0 
Basal spacing 
45%R.H. 14·6jn 14·0/n 14·0/n 14·7/n 14·2/n 
O%R.H.* 11 07 13·8/n 13·8/n 11·9 N.D. 
heatedt 9·33 9·50 9·38 9·42 9·7 

* Equilibrated over P2OS• 

tThe (001) reflection after heating to 700°C. 
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Table 3. Conditions in solution after the precipitation of 
650 me Al per lOOg vermiculite. Initial OH/AI mole 

ratio in solution 2·4 

Time 
days 

mitially 
1 
3 

30 
44 
63 
76 

112 
140 
163 
170 

pH 

5·00 
4·54 
4·55 
4·49 
4·41 
4·42 
4·41 
4·42 
4·41 
4·42 
4·41 

Al 
M/LX 10' 

2·4 
2·0 

1·9 

2·0 

-log (AI)(OH)3 

32'55 
32-81 

33'02 

33'03 

C.E.C. at the end of the experiment was 16 me per 
lOOgclay. 

Table 4. Conditions in solution after the precipitation of 
800 me of Al per lOOg vermiculite. Initial OH/AI mole 

ratio in solution 2·5 

Time 
days 

Initially 
1 
4 
9 

15 
22 
32 
54 
79 

112 
139 
161 
198 
249 
285 

pH 

5·00 
4·68 
4·58 
4·48 
4·41 
4-36 
4·34 
4-30 
4·29 
4·30 
4·28 
4·29 
4·30 
4·29 
4·29 

Al 
M/LX 104 

6·0 

2·6 

2·1 
1·4 

1·2 
1·1 

-log (Al)(OH)3 

32·06 

33·32 

33-42 
33·55 

33·61 
33·63 

C.E.C. at the end of the experiment was 34 me per 
100g clay. 

solution decreased with time and was approaching 
the solubility product of gibbsite after 9t months of 
reaction (Tables 4 and 5). Regardless of the amount 
of Al precipitated, however, the C.E.C.'s of the 
vermiculite at the end of the experiments were 
considerably less than the original value of 130 me 
per lOOg clay. 

In the experiment (Procedure B) in which no 
base was added to the vermiculite-AICl3 suspen
sion but in which the solution was changed many 
times, never allowing (AI)(OH)3 in solution to 
become greater than 10-34 '0 during the first stage 

Table 5. Conditions in solution after the precipitation 
1600 me Al per lOOg vertniculite. Initial OH/AI ratio in 

solution 2·6 

Time 
days 

Initially 
1 
4 
9 

15 
22 
32 
54 
79 

112 
139 
161 
198 
249 
285 

pH 

5·00 
4·75 
4·68 
4·48 
4·36 
4·27 
4·25 
4·16 
4·13 
4·13 
4·11 
4·10 
4·10 
4·07 
4·07 

Al 
M/L X 10' 

20·0 

4·6 

4·5 
3-8 

4·1 
4·1 

-log (AI)(OH)3 

31·26 

33-39 

33·49 
33·62 

33·70 
33·70 

C.E.C. at the end of the experiment was 28 me per 
100gclay. 

and never greater than 10-33 '6 during the second 
stage of the experiment, a total of 208 me Al was 
taken up (Table 6). This corresponds to about 
one-eighth of a complete interlayer gibbsite-like 
sheet. At the same time, 435 me Mg (approximately 
t of the octahedral sheet) was released, and the 
C.E.C. was reduced from 130 me to 28 me per 
100g of vermiculite. 

X-ray diffraction patterns of the vermiculite 
specimens showed significant changes after the 
precipitation of Al by the addition ofCa(OH)2' For 
example, the d-spacings of the first five (00l) 
reflections (Fig. 1, curve A) were shifted slightly 
and the third and fifth (001) reflections were split 
into doublets (curve C). The non-rationality of the 

Table 6. Removal of Al from dilute solutions of AICI3 and 
release of Mg by vermiculite and the effect on the C.E.C. 

ofthe clay 

Mg 
Al taken up, released, C.E.C.t 

me per me per me per 
No.of* (Al)(OH)3t lOOg lOOg lOOg 

treatments in solution vermiculite vermiculite vermiculite 

10 
15 

10-34-0 

10-33'6 

136 
72 

336 
99 

* Number of times the solution was changed. 

59 
28 

tThe suspensions were centrifuged and fresh AICI3 
added to the solids before (AI)(OH)3 reached values 
greater than these. 

tThe C.E.C. at the completion of these treatments. 
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40 
degrees 2a 

Fig. 1. X-ray diffraction patterns of oriented specimens of < 2p. Kenya vermiculite in air-dry condition (90% 
relative humidity). (A) AI-saturated (C.E.C. 127 me per lOOg); 0_12°. 20-300,000 counts, full scale; 12-40°, 
20-30,000 counts full scale; (B) AI-vermiculite+ 650 me AI(OH)x per 100g, aged 6 months (C.E.C. 16me 
per lOOg); 40,000 counts, full scale; (C) AI-vermiculite + 800 me Al(OH)x per lOOg, aged 4 days; 20,000 
counts, full scale; (D) Same as C, aged 10 months (C.E.C. 34 me per 100g); 100,000 counts, full scale. 

(E) AI-vermiculite+ 1600 me Al(OH)x per 100g, aged 10 months; 40,000 counts, full scale. 

reflections indicated that the precipitated AI(OH)x 
had induced a complex interstratified assemblage. 
There was approximately a ten-fold decrease in the 
relative intensity of the (001) reflection and the 
relative intensities of the first few (001) reflections 
from each specimen correspond to less than half of 
a complete interlayer (Brindley and Gillery, 1956; 
Brydon and Kodama, 1966; Rich, 1965). After 
10 month reaction time, when the ion product 
(Al)(OH)a approached the solubility product of 
gibbsite, gibbsite was identified in the specimens 
containing SOO and 1600 me Al(OH)x per 100g in 
several ways. Since the strongest gibbsite diffrac
tion peak has the same d-spacing as the vermiculite 
(003) reflection, the increase in the relative inten
sity ofthe 4·sA peak (curve D and E) provides the 
first indication. At zero relative humidity the ver
miculite (001) series shifted to 11 A/n from 14 A/n 
(not shown) thereby isolating the gibbsite 4'S A 
peak. After heating the specimen at 260°C the gibb-

site structure was decomposed, and rehydration at 
90% relative humidity returned the relative inten
sity of the 4·sA peak to that of the vermiculite 
(003) reflection. Gibbsite could not be detected in 
the aged sample containing 650 me AI(OH)x per 
100g nor in the specimens from the vermiculite
AICla experiment after repeated changes of the 
AICla solution. 

Further evidence of the presence of gibbsite in 
the aged samples containing SOO and 1600 me 
AI(OH)x per lOOg was provided by DT A. Curves 
E and F, Fig. 2, show the sharp gibbsite dehydro
xylation at about 300°C. The samples containing 
Al(OH)x and the specimen from the vermiculite
AICla experiment showed a broad endothermic 
peak at 390°C which in montmorillonite systems is 
associated with interlayer hydroxide (Barnhisel 
and Rich, 1963; Brydon and Kodama, 1966). 
Weak, broad peaks at 105° and 255°C were more 
similar to the patterns of the montmorillonite-

https://doi.org/10.1346/CCMN.1972.0200102 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1972.0200102


6 J. E. BRYDON and R. e. TURNER 

Fig. 2. Differential thermal analysis curves of various 
specimens of Kenya vermiculite. (A) < 5/L specimen at 
0·5 mm Hg pressure; (B) < 5/L specimen at normal atmos
pheric pressure; (e) < 5/L specimen, AI-saturated; 
(D) < 2/L specimen after repeated saturation and aging in 
Alel3 ; (E) < 2/L specimen containing 800 me AI(OH)", 
per lOOg after 10 months aging; (F) < 2/L specimen con
taining 1600 me AI(OH)", per lOOg after 10 months aging. 

AI(OH)x complex than to that of Al-vermiculite 
(curve C). Both Mg- and Al-vermiculite (curves B 
and C) showed the usual three dehydration peaks 
in the low temperature region and a high tempera
ture dehydroxylation endotherm at 830-840°C 
which were altered and shifted by using a reduced 
pressure of 0·5 mm Hg. In addition, the two 
samples show a prominent endotherm at 570° 
which is shifted to 508°C at reduced pressure. 
Other size fractions 5-20/L, 20-500/L, showed 
virtually identical DT A patterns with prominent 
endotherms at 570° and 830°C. Small endotherms 
near 500°-600°C have been reported in other 
vermiculite samples but they have been attributed 
to chlorite or mica impurities (Walker and Cole, 
1957). 

Although chlorite as a separate phase was not 

identified in Kenya vermiculite, the absence of 
interstratified chlorite or random interlayer 
hydroxides is more difficult to establish. The 
various fractions of untreated Mg-saturated speci
mens showed collapsed basal spacings which 
decreased with increasing particle size, i.e. 9·7 A 
« 2/L), 9·4A « 5/L), 9·3A (20-5/L) and 9·2A 
(200-20/L). The peaks were symmetrical and pro
longed heating at 700° or 750°C did not alter the 
values. Walker (1961) also reported size-dependent 
values, i.e. 9·02A for macroscopic vermiculite and 
9·5A for the < 2/L fraction when both were heated 
at 750°C. 

The oscillating diffractometer data during 
dynamic heating of the Mg- and AI-saturated < 5/L 
specimens (Fig. 3), show three-stage dehydrations. 
The Mg-vermiculite d-spacings correspond to 
those. found previously (Mathieson and Walker, 
1954), but Al-vermiculite differed. Whereas Mg
vermiculite has a stable 1 H20 layer configuration 
at a spacing of 11·8A, the first stable d-spacing in 
the AI-saturated specimen 11·oA is attributed to an 
interstratified structure. The 10·4"\ spacing prob
ably reflects the discontinuous lateral distribution 
of H20 molecules in the Al-vermiculite as in the 
Mg specimens (Walker, 1961). The difference of 
0·35A between the (001) values at high tempera
ture might be associated with the residues from the 
dehydration of AI(OH)2+ or AI(OH)2 + in spite of 
the care used to prevent hydrolysis of AP+ during 
the specimen preparation. 

The TGA curves of Mg- and AI-saturated 
vermiculite (Fig. 4) show several rapid losses in 
weight superimposed upon a general loss in weight 
up to 900°C as found previously for montmoril
lonite and vermiculite (Brydon and Kodama, 1966; 

10.0r---------------, 

Cl> 
N 

g. 

:8 . .. 
&. .. 
." 

7. 

9.35A 

200 800 

Fig. 3. Variation of d(OOI) of Mg- and AI-saturated 
Kenya vermiculite when continuously heated using an 
oscillating diffractometer and heating stage. Ni-filtered 
eu radiation; 1°_1°_0·4 mm slits; scanning speed 2°/min; 

oscillation period 4·5° 20; heating rate lOoe/min. 
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1~ 

200 

451t' 600" 76rf' 

- - - AI-verm 
-- Mg·verm 

400 6()0 
Temp-QC 

2.46,.. -
I ,.. 

800 

Fig. 4. Thermogravimetric Analysis curves of Mg- and 
AI-saturated Kenya vermiculite at a heating rate of SOC 
per min. The weight loss is plotted as % of the "dry" 
weight at 27SoC, and the increments are indicated for 

arbitrarily-chosen temperature ranges. 

Fripiat, Chaussidon and Rouillaux, 1960; Neu
mann, 1963). The loss in weight at approximately 
275°C was similar for both samples and was 
attributed to interlayer water. The loss above 
275°C was tentatively ascribed to structural OH 
and adsorbed water and was greater for the Al
vermiculite. Using the chemical composition of 
Mg-vermiculite (Table 1), the theoretical OH 
calculated as emitted water is 4·49%. The total loss 
above 275°C for the Mg-vermiculite exceeds this 
amount but the increments from 450° to 600°C and 
from 760°C to 1000°C yield a value of 4·54%. 
Attribution of this weight loss increment in other 
ways does not give a close fit and provides evi
dence that the structural hydroxyl is liberated from 
this specimen of vermiculite in two stages at about 
550° and 850°C in about equal amounts 2·15 and 
2· 39%. The calculated total amount of adsorbed 
water 14'08%, is less than the amount, 17·2%, 
required to satisfy the ideal configuration of 12 H20 
per exchangeable cation according to Walker 
(1956). The presence of traces of chlorite, i.e. 
layers or islands of Mg(OH)2 cannot be disproved 
by the TGA results. With the AI-saturated speci
men, the attribution of weight loss above 275°C 
was less successful and may reflect the presence of 
partially hydrolyzed species or the interactions of 
Al with the layer silicate (Brydon and Kodama, 
1966). 

Evidence of the nature of the added hydroxide is 
shown by the diffraction patterns in the low angle 
region of the various specimens after heating to 
700°C (Fig. 5). The pattern for pure Al-vermiculite 

Fig. S. X-ray diffraction patterns of oriented specimens of 
Kenya vermiculite after heating at 700°C. (A) AI-satur
ated; (B) After suspending repeatedly in AICI. solutions; 
(C) AI-vermiculite plus 6S0 me AI(OH)x per 100g, after 
10 months in suspension; (D) AI-vermiculite + 800 me 
AI(OH)x per 100g after four days in suspension; (E) AI
vermiculite + 800 me AI(OH}x per 100g after 10 months 
in suspension; (F) AI-vermiculite + 1600 me Al(OH)x 

per 100g after 10 months in suspension. 

shows a symmetrical peak at 9·4A (curve A). The 
samples containing 650, 800 and 1600 me Al per 
100g each showed a broad hump similar to curve D 
after four days indicative of a complicated inter
stratified structure. After 10 months, the samples 
containing 800 and 1600 me Al per 100g show 
sharp peaks at 10· 3A with a low angle tail (curves E 
and F) whereas the sample with 650 me Al re
mained largely unchanged during the aging period 
(curve C). It is obvious that at least some of the 
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added hydroxide entered the interlamellar space of 
the vermiculite and caused a complicated inter
stratification. As the time of the reaction increased, 
the sample containing 650 me Al per WOg re
mained unchanged whereas, with the samples con
taining 800 and 1600 me per WOg, the nature of the 
interstratification changed as gibbsite formed. The 
sample which was suspended in AICl3 (curve B) 
showed impeded collapse after heating to 700°C 
indicating that AI(OH)x had been formed in the 
interlayer space. 

DISCUSSION 

The Kenya vermiculite specimen conformed to 
the characteristics outlined by Mathieson and 
Walker (1954) in most respects. It had a similar 
structural formula and charge per unit cell. There 
were no interstratified mica layers and the dehydra
tion took place in the normal three-stages (Figs. 2 
and 3). On the other hand, the specimen showed a 
two-stage dehydroxylation (Figs. 2 and 4) at 500°-
550°C and 800°-850°C. Since the various size
fractions showed similar dehydroxylation features 
and since there was no evidence of interstratifica
tion, it can be concluded that the material was not a 
mixture of layer types. About half of the octahedral 
OH is liberated near 550°C and there is no con
clusive evidence for either a continuous (alternat
ing complete sheets) or discontinuous (portions of 
all octahedral sheets) mechanism of dehydroxyla
tion. 

Trioctahedral phyllosilicates are generally 
unstable in acidic solutions (Brydon and Ross, 
1966). However, freshly made AI-saturated vermi
culite yielded only 3me Mg per 100g during the 
extraction procedure for the determination of 
C.E.C. There was some evidence that some of the 
exchangeable Al became hydrolyzed with time, 
even during dry storage. The d(OO 1) spacing of the 
AI-specimen shifted on heating to 9·5-9·7 A. where
as that of the Mg-specimen was about 9·35A.. The 
high temperature loss in weight of the AI-specimen 
was about 0·8% greater than that of the Mg
specimen. In the experiment in which no base was 
added, about a quarter (435 me per WOg) of the 
octahedral Mg was brought into solution in 10 
months, presumably by the H-Mg "interchange 
reaction" (Barshad and Foscolos, 1970). Struc
tural Al was probably also released but it cannot be 
accounted for because there was a net uptake of 
208 me Al per WOg. Part of the decline in C.E.C. 
from 130 to 28 me per WOg may be attributed to 
the interchange reaction. In spite of the substantial 
degradation, the remaining structure retained its 
crystallinity and showed strong, sharp X-ray 
diffraction peaks. 

Chlorite as a separate phase was not detected by 

X-ray diffraction. While the (001) vermiculite peak 
after heating to 700°C was 9·35A., it was slightly 
skewed toward low angles and a few chlorite-like 
layers may have been present. However, since the 
collapsed spacing decreased with increasing 
particle-size, it was considered more likely that the 
skewness was due to lattice distortion in the finer 
sizes. Therefore, the DT A endotherm at 550°C 
could not be attributed to chlorite or to mica. The 
TGA data showed that all of the weight loss was 
required to satisfy the H20 + OH of ideal vermi
culite. It can be concluded therefore that Kenya 
vermiculite has a two stage dehydroxylation. 

When Ca(OH)2 was added to the AICl3 suspen
sions of vermiculite precipitated Al entered the 
interlamellar spaces of the vermiculite as shown by 
the reduction in C.E.C. and by the impeded 
collapse of the layers on heating. The broad dif
fraction band between 10 and 14A. after heating 
(curves C and D, Fig. 5), can be attributed to a 
non-uniform intercaIcation of Al(OH)x. Although 
the presence of well-ordered interlayers, islands or 
partially-filled layers cannot be identified specifi
cally, some portion of the structure, perhaps the 
rim of the particles, must have had a complete 
interlayer population in order to yield a 14A. spac
ing after heat treatments as in curve C, Fig. 5. The 
low temperature H20 endotherm and the broad 
endotherm at 390°C (curves D-F, Fig. 2) are 
similar to those shown by the montmorillonite
Al(OH)x complexes (Barnhisel and Rich, 1963; 
Brydon and Kodama, 1966). 

When the amount of Al precipitated by the 
addition of Ca(OH)2 in the presence of vermiculite 
was varied, the results were similar in some re
spects to those obtained with montmorillonite 
(Barnhisel and Rich, 1963; Turner and Brydon, 
1965). Thus, with the smallest amount precipitated 
(650 me of Al per WOg of vermiculite), AI(OH)x 
was taken up by the clay and (Al)(OH)3 in solution 
was maintained at 10-33'0 and no gibbsite was 
formed, whereas with the large amounts, 800 and 
1600 me of Al per 100g of vermiculite, although 
Al(OH)x was taken up by the clay, gibbsite was 
eventually formed and (Al)(OH)3 in solution 
approached the solubility product of gibbsite. 
Furthermore, the C.E.C. of the vermiculite was 
reduced to very low values by the interlayer 
hydroxide. There was a real difference between the 
results with vermiculite and those with montmoril
lonite. When gibbsite formed with montmoril
lonite the interlayer Al(OH)x disappeared with time 
and the clay mineral regained essentially all of its 
original C.E.C. (Turner and Brydon, 1965, 1966) 
whereas with vermiculite much of the interlayer 
hydroxide remained and the original C.E.C. was 
not regained with the formation of gibbsite. A 
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logical conclusion is that an appreciable amount of 
the interlayer AI(OH)x with vermiculite is stable 
relative to gibbsite whereas with montmorillonite 
it is not. This conclusion is supported by the results 
obtained when vermiculite was suspended in AICl3 
solution without adding any base. 

The experiment in which no base was added 
showed that when (Al)(OH)3 in solution was main
tained below the solubility product of gibbsite 
(10-34'°) an interlayer hydroxide was formed and 
the C.E.C. was reduced to 59 me per 100g, in 
accordance with results in the literature (Schwert
mann, 1966; Sawhney, 1968). Thus, an interlayer 
hydroxide was formed in vermiculite by an inter
change reaction or "autotitration" under conditions 
where no interlayer hydroxide developed with 
montmorillonite. If it is assumed that the H 
required for the H - Mg interchange arose through 
hydrolysis of water and yielded an equal amount of 
OH, and that all of the OH reacted with this Al 
taken up to form interlayer AI(OH)x, the OH/AI 
ratio becomes 2·1 as compared to the value of 2·7 
found for montmorillonite-AI(OH)x complexes 
(Turner, 1965). When (Al)(OH)3 in solution was 
allowed to increase to 10-33'6, which was only 
slightly greater than it was after 10 months aging 
with the large amounts of precipitated AI, there 
was a further reduction of the C.E.C. to 28 me per 
100g. At this stage the C.E.C., the X-ray diffraction 
and DTA patterns were similar to those of the aged 
specimens with large amounts of precipitated Ai. 
The X-ray pattern of the heated specimens of the 
aged sample with 650 me of Al per 100g of vermi
culite (curve C, Fig. 5), however, was different 
from these but resembled the unaged samples 
containing larger amounts of precipitated Al 
(curve D, Fig. 5). These results provide further 
evidence that some of the freshly precipitated 
hydroxide was concentrated at the rim of the vermi
culite particles but that this portion was dissolved 
after the formation of gibbsite. The single broad 
peak (curve B, Fig. 5) can be attributed to the 
effects of a randomly distributed interlayer hydro
xide whereas the broad band and 14A spacing 
(curve C and D) point to a more heterogeneous 
distribution with an accumulation at the rim. Re
moval of the rim material as gibbsite is formed 
might be expected to yield a more random distri
bution of the remaining interlayer hydroxide and 
this interpretation is supported by the similarity of 
curves E, F and B (Fig. 5). On the basis of these 
results there does not seem to be any doubt that 
even though some of the interlayer hydroxide is 
removed from vermiculite when gibbsite is formed, 
there is a considerable amount of it that is less 
soluble than gibbsite. It would be expected there
fore, in agreement with results reported by Barn-

hisel*, that with some soil clays gibbsite would 
dissolve with the formation of hydroxyl aluminum 
interlayers. 
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Resume-On presente un echantillon de vermiculite du Kenya qui ne contient ni mica ni couches 
chloritiques, soit en phases separees soit comme constituants d'une structure interstratifiee. La 
deshydroxylation comporte deux etapes, a 550° et 850°C; a chacune d'elles les hydroxyles sont 
liberes en quantites approximativement egales. La vermiculite du Kenya saturee par I'aluminium a 
des caracteristiques de deshydratation a basse temperature semblables a celles de l'echantillon sature 
par le magnesium, mais les courbes d' ATD et d' A TG et les diagrammes de diffraction X obtenus par 
la technique de chauffage - oscillations montrent que le processus de deshydratation en trois etapes 
n'est pas aussi net dans le cas de l'echantillon sature par l'aluminium. 

Comme cela se passe avec la montmorillonite, si I'on precipite en presence de vermiculite de petites 
quantites d'aluminium par addition de Ca (OH)2, le compose AI(OH)x se fixe sur I'argile qui le retient 
indefiniment; le produit ionique (AI)(OH)3 en solution est maintenu a 10-33• 0 , et il n'y a pas formation 
de gibbsite dans le temps. Avec de grandes quantites, 800 et 1600 me AI(OH)x pour 100 g de vermi
culite, l'hydroxyde est fixe initialement dans l'espace interfeuillet, mais la gibbsite peut se former 
lorsque le terme (AI)(OH)3 devient voisin du produit de solubilite de ce mineral. Contrairement a ce 
qui se passe avec la montmorillonite, les echantillons de vermiculite retiennent une quantite apprec
iable d'hydroxyde interfeuillet et ne retrouvent pas la valeur de leur C.E.C. d'origine lorsqu'il y a 
formation de gibbsite. 

Une vermiculite AI, traitee d'une fa<;:on repetee par mise en suspension dans AICI3 en maintenant 
le produit (AI)(OH)3 a une valeur inferieure a 10-33,6 a libere 435 me de Mg et fixe 208 me d'AI sous 
forme d'hydroxyde interfeuillet, ce qui a cause une reduction de la c.E.C. de 130 a 28 me pour 100 g 
d'argile. Avec la vermiculite, une quantite appreciable d'AI(OH)x interfeuillet est stable par rapport 
a la gibbsite, ce qui n' est pas le cas avec la montmorillonite. 

Kurzreferat-Eine Probe von Kenya Vermiculit enthielt keine Glimmeroder Chloritschichten, weder 
als separate Phasen noch als Bestandteile eines zwischengeschichteten Geftiges. Dehydroxylierung 
erfolgte in zwei Stufen bei 550° und 850°C, wobei in jedcr Stufe ungefahr gleiche Mengen von Hyd
roxyl freigemacht wurden. Al-gesattigter Kenya Vermiculit zeigte niedrige Temperature Dehydratisie
rungseigenschaften ahnlich denjenigen der nattirlichen Mg-gesattigten Probe, doch zeigten die DT A, 
TGA und oszillierendheizenden Rontgenbeugungsbilder, dass der dreistufige Dehydratationsprozess 
bei der Al-gesattigten Probe nicht so deutlich war. 

Wie bei Montmorillonit, wurde beim Niederschlag kleiner Mengen von Aluminium durch Zugabe 
von Ca(OH)2 in der Gegenwart von Vermiculit, das AI(OH)x durch den Ton aufgenommen und un
begrenzt festgehalten, das lonenprodukt (AI)(OH)3 in Losung blieb, weiter bei 10-33,0 und es biIdete 
si ch kein Gibbsit im Laufe der Zeit. Bei grossen Mengen, 800 und 1600 me AI(OH)x pro 100 g 
Vermiculit, wurde das Hydroxyd anfanglich im Zwischenschichtenraum festgehalten, doch wurde bei 
Annaherung des (AI)(OH)3 and das Losungsprodukt des Gibbsit schliesslich Gibbsit gebildet. Zum 
Unterschied von Montmorillonit heilten die Vermiculitproben eine betrachtliche Menge des Zwis
chenschichthydroxyds zurtick und erreichten bei der Bildung des Gibbsit die ursprtinglichen CEC 
Werte nicht. 

AI-Vermiculit, wiederholt suspendiert in AlCI3, mit (Al)(OH)3 auf einem Wert unterhalb 10-33 ,6 

festgehalten, setzte 435 Mg frei, nahm 208 me Al als Zwischenschichthydroxyd auf und rief eine 
Verminderung in C.E.C. von 130 auf 28 me pro 100 g Ton herbei. Bei Vermiculit war eine betracht
liche Menge des Zwischenschicht AI(OH)x stabiI in bezug auf Gibbsit wahrend dies bei Montmoril, 
lonit nicht der Fall war. 
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Pe3lOMe - BepMHKYJIHT H3 KeHHH He Cop;ep)KaJI CJIIOP;BHbIX H XJIOPHTOBbIX CJIOeB, a TaK)Ke OTp;eJIb

HbIX cPa3 HJIH KOMIIOHeHTOB CMeWaHHOCJIOHHOH CTPYKTYPbI. JJ:erH)J;paTa~HB npOXOp;HJIa B p;Be 

CTa)J;HH - npH 550° H 850°C C Bblp;eJIeHHeM npH6JIH3HTeJIbHO paBHbIX KOJIHlfecTB rHp;pOKCHJIOB. 

HacbUn;eHHbIH aJIIOMHHHeM KeHHHCKHH BepMHKYJIHT o6HapY)KHJI OC06eHHOCTH HH3KOTeMIIepaTYPHoH 

p;erH)J;paTa~HH, aHaJIOrHlfHble xapaKTepHbIM P;JIB npHpO)J;HOrO o6pa3~a, HaCblID;eHHoro MarHHeM; 

o,n;HaKO KpHBble JJ:T A H Tr A, KaK H OC~HJlB~HOHHble peHTreHorpaMMbI, nOJIYlfeHHble npH Harpe

BaHHH 06pa3~OB, nOKa3aJIH, lfTO Tpex-cTa,n;HHHaB ,n;erH)J;paTa~B He CTOJIb lfeTKO Bblpa)KeHa Y 

06pa3~a, HaCblID;eHHoro AI. 
KaK H B cJIYlfae MOHTMOPHJIJIOHHTa, Korp;a He60JIbWHe KOJIHlfeCTBa aJIIOMHHHB Oca)K,ll;aJllICb 

npH ,n;o6aBJIeHHH Ca(OH)z, B npllCYTCTBHH BepMHKYJIHTa Al(OH)x nOrJIOID;aJICB rJIHHOH H ueorpaJIH

lfeHHO y,n;ep)KHBaJICB eIO; npOH3Be,n;eHHe paCTBOpHMOCTH (Al)(OHh B paCTBope nO)J;)J;ep)KHBaJIOCb 

paBHbIM 10- 33 .°, 06pa30BauHB rH66cHTa C TelfeHHeM BpeMeHH He UPOHCXO,n;HJIO. ITPK 60JIbWHX 

KOJIH'leCTBax (800 K 1600 M - 3KB Al(OH)x ua 100 r. BepMKKYJIKTa) rH)J;pOOKKCb Haxo,n;1iJIaCb rrepBOHa

lfaJIbHO B Me)KCJIOeBbIX rrpOMe)KyTKax, HO B Tex CJIYlfaBX, Kor,n;a rrpOK3Be,n;eHKe pacTBOPHMOCTH 

(AI)(OHh OTBelfaJIO TaKOBOMY rH66cKTa BbI,n;eJIBJICB rH66cHT. B OTJIHlfHe OT MOHTMOp1iJIJIOHHTa 

06pa3~bI BepMHKYJIHTa y,n;ep)KHBaJIH 3HalfHTeJIbHOe KOJIHlfeCTBO Me)KCJIOeBOH rH)J;pOOKHCH H He 

BOCCTaHaBJIHBaJIH rrepBOHalfaJIbHOH crroco6HOCTH K 06MeHY KaTROHOB rrOCJIe 06pa30BaHHB rH66cHTa. 

AI-BepMKKYJIHT, KOTOPbIH rrOBTopHO rrepeBo,n;HJICB B cycrreH3HIO AICb, co,n;ep)KaID;YIO (Al)(OHh 

rrpH rrpOH3Be,n;eHHH paCTBOpHMOCTH MeHee 10-33 •6 , OCBo60)K,ll;aJI 435 M-3KB Mg, rrOrJIOID;aJI 208 m 

3KB Al B KalfecTBe Me)KCJIoeBoH rH)J;pOOKHCH H BbI3bIBaJI YMeHbweHHe crroco6HoCTH K o6MeHY 

KaTHOHOB C 130 ,n;o 28 M-3KB Ha 100 r. rJIHHbI. C BepMHKYJIHTOM 3aMeTHoe KOJIHlfeCTBO Me)KCJIOeBOrO 

Al(OH)x 6b1JIO YCTOHlfHBO no OTHoweHHIO K rH66cHTY, Tor,n;a KaK B CJIYlfae MOHTMOPHJIJIOHHTa 3TO 

He HMeJIO MeCTa. 
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