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FIXATION OF HYDROXY-ALUMINUM
BY MONTMORILLONITE

G. C. Gupr.q.l eNo W. U. Marm, Uniuersity Chemistry Depart-
menl, Roorhee, Indio,

ABSTRACT

An aluminum hydroxide-montmorillonite complex prepared at an OH/AI ratio of 3.0
(16 meq At/g clay) and immediatel)' cieaned of any free hydroxy-aluminum behaves like
aluminum-chlorite and shows no change af ter six months ageing. Hydroxy-aluminum com-
pletely precipitates u'ithin the interlayer space of montmorillonite Electrophoresis studies
show that the hydroxy-aluminum precipitated in montmorillonite is present as uncharged
aluminum hvdroxide.

X-ray difiraction analysis, thermal (DTA and TGA) studies, infrared absorption an-
alysis, polarographic reduction behaviour, and cation exchange capacity measurements
confirm the complete (and stable) transformation of montmorillonite to chlorite struc-
ture.

When the hydroxy-aluminum montmorillonite complex is allowed to age in the presence
of free aluminum hydroxide (external to the montmorillonite layers), a "seeding" effect
takes place and the "fixed" hydroxy-aluminum comes out from the interlayer space.

fnrnooucrtoN

Much work has been done on the preparation and characterization of
aluminum hydroxide-clay complexes, with the objective of explaining the
occurrence of varieties of chlorites in sediments, slates, soils, and other
pedogenic processes (Slaughter and Milne, 1960). The precipitation of
hydrous aluminum oxides in the interlayer spaces oI 2:I type layer
sil icates (Shen and Rich, 1962; Hsu and Bates, 1961a; de Vil l iers and

Jackson, 1967). Nothing precise can be said as to the nature and position
of the precipitated hydrous oxide. Slaughter and Milne (1960) and
Barnishel and Rich (1965) stress the adsorption of a layer of the pre-
cipitated hydroxide over the entire surface of the clay mineral, possibly
through hydrogen bonding, rather than the direct formation of a gibb-
site-Iike layer in the interlayer space. Shen and Rich (1962) have shown
that the cation exchange capacity (CEC) of montmoril lonite is reduced
by positively charged hydroxy-aluminum groups occupying exchange
sites. Hsu and Bates (196aa) have shown that, with solutions of NaOH/
Al in molar ratios 0.3 to 2.!, the groups held by vermiculite are of nearly
constant composition having the formula [A16(OH)12]6+ for a single ring,
or [A116(OH)22]8+ for a double ring, and are present as a single layer in the
interlayer space. With a NaOH/Al molar ratio equal to three, no hy-

1 Present Address: School of Engineering, University of Mississippi, University, Missis-
sippi 38677.
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droxy-aluminum is found in the interlay-er space but crystalling AI(OH)3
forms outside the clay lattice.

The effect of factors l ike NaOH/Al molar ratio (Barnishel and Rich,
1963), pH and mineral surfaces (Barnishel and Rich, 1965), and presence

of foreign anions (Singh and Brydon, 1967) also have been studied. The
major contributing factor seems to be the length of t ime of reaction
between the clay mineral and the metal hirdrous oxide (Turner and
Brydon ,1967 ) .

To date the rvork has involved clay complexes aged with the pre-

cipitated metal hydrous oxide in the presence of mother l iquor. This

could possibly result in the removal of interlayer hydroxide due to the

"seeding effects" by the free hydrous oxide (Turner and Brydon, 1967)'
The object of the present study was to investigate the clay mineral-
metal hydroxide complexes, the influence of free metal hydrous oxide,

and the nature of the precipilated hydroxy-aluminum.

Me:rnnrels eNl Mnrnols

Montmorillonitre-:the 2-0.2 pm fraction of montmorillonite (supplied by British Drug

House) was obtained from a rvater-dispersed system. No other preliminary treatment (or

cation saturation) was given; in similar studies Slaughter and Milne (1960), and Barnishel

and Rich (1965), have stressed the absence of an1- effects of homo-ionic saturation. The

clay contained no organic matter. A 6 g portion of the clay was suspended in 100 ml of

distilled water for each treatment.

Precipi.tati'on oJ hydro*y-aluminum.-Anhydrous aluminum chloride (analytical grade)

v'as added to the clay suspension to give a 2 N solution. The suspension was neutralized by

a controlled dropwise addition of 200 ml of normal NH4OH at a rate of one ml per five

min, while stirring continuously at a high speed with a magnetic stirrer (approximately

2,000 rpm). This precipitated about 200 meq of aluminum hydroxide per 6 g montmoril-

lonite at an OH/AI molar ratio of 3.0 in about 17 hours. 
'fhe precipitation was conducted in

triplicate. Similar precipitations u''ere also performed in solutions of aluminum chloride

without adding the clay.

Hydroqtaluminum clay compler (System No. 1).-The precipitate was filtered, rvashed

with a 1:1 alcohol-water mixture until free from chloride ions and dried at 105'C. The

only cations that couid be detected in the filtrate were NHr+ ions.

Acid,washed, hyd,rory-alwni.num clay complex (System No. II). For the second treatment,

after precipitation the complex was mixed rvith 0.05 N HCI (preliminary experiments were

first conducted to estimate its capacity for dissolving only the free aluminum hydroxide

external to montmqrillonite), stirred for ten minutes, and filtered. The precipitatelvas

Ieached with HCl until no more Al3+ ions appeared in the liltrate. After washing the residue

with the alcohol-watcr mixture it u'as dried at 105oC.

Storage.-:lhe complexes were stored in desiccators over anhydrous calcium chloride be-

tu'een anal)'sis,
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pH-measuremenl..-rthe pH was measured with a Cambridge bench-t1'pe pH-meter using a
glass calomel electrode assembly.

Cation exehange cepacity.-CEc was determined by a number of difierent methods, viz.
analytical (arnmonium acetate leaching), flame-photometric, polarographic, and potentio-
metric and conductimetric titrations both in aqueous and alcoholic media (Malik and
Gupta, 1968). Results of only the analytical method are given here.

Exchangeoble al,uminum.-Exchangeable aiuminum was determined by displacing Al3+
from a 2 g sample of hydroxy-aluminum clay complex with four washes, each consisting of
25 ml of normal NaCl. No "fixed" aluminum could be removed after NaCI treatment even
with 0.5 N NCl. Aluminum was estimated, wherever required, by EDTA titrations as
well as by polarographic reduction (Kolthofi and Lingane, 1952).

X-ray d.ifraction.-Patterns were obtained on powder specimen (minus 300 British Stan-
dard Sieve) with a Philips 1051 PW Diffractometer using a copper target with nickel filter,
at 26 KeV and 10 mA. Difierent combinations of the beam, SoIIer and detector slits at a
scan speed oI 0.2o20/min were used to provide greater precision in determining the 20
values.

Infrared, onalysi;.-Infrared spectra were obtained with a Perkin-Elmer Spectrophotom-
eter No. 021 with "Nujol" mull specimens.

Charge ileterminali.on.-Migration of hydroxy-aluminum clay complex colloidal particles
under the influence of an applied e m f was observed in a Burton-type electrophoresis ap-
paratus.

Rrsurrs AND DrscussroN

Montmorillonite.-Exchangeable cation analysis by flame photometric-
method showed the presence of Na+ and Ca++ ions only in the mont-
morillonite. X-ray diffraction data of the montmorillonite used are
comparable to that reported in Card No. 3-0019 (X-ray Powder Data
File, 1962). On treatment with glycerol, the 001 spacing expands to
17.7 A whereas on heating (600oC, 2 hours) it collapses to 9.3 A.

Alumi,num-chlorid.e I A mm oni,a S y s tem.-Immediately af ter precipitation
the pH of the mixture was 8.6. No aluminum ions could be detected in
the filtrate. The dry precipitate contained 34.5 percent aluminum equiv-
alent to the composition Al(OH)r. The freshly prepared product was
largely amorphous according to X-ray diffraction analysis. Peaks for
bayerite (4.71 and 4.37 A) were observed after six hours. No change in
the patterns was observed after 12 hours. Formation of bayerite is
justif ied considering: (1) the period of ageing; shorter period of ageing
leads to the formation of bayerite and not gibbsite (McKenzie, 1957),
(2) NH4OH used as the precipitant rather than NaOH (Hsu and Bates,
1964b) or Ca(OH)2 (Turner and Brydon, 1967), and (3) alkaline pH
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(compare Hsu and Bates, lg64biBarnishel and Rich, 1965). No chloride
ions could be detected adsorbed on the precipitate. The product was
soluble (100%) in normal HCI up to 4 hours after precipitation, but
became resistant (85%) to acid attack alter 12 hours. After heating
(600oC, 2 hours) bayerite changed to 7-alumina.

Hyd.roxy-alum'inum Clay Complex (Acid. (Jnuashed, System Jo. 1).-The
pH of the montmoril lonite suspension was 5.1; after AI(OH)3 precipita-
tion it rose to 7.8. Ammonium ions were the only cations in the fi l trate
after precipitation, indicating that aluminum was completely precipi-
tated and the original exchangeable cations of montmoril lonite were
either not displaced at all or accommodated elsewhere in the new product
formed. The lack of adsorption of chloride ions by the precipitated com-
plex indicates that the complex had no affi.nity for chloride ions.

Following precipitation the washed and dried product was found
amorphous to X-ray diffraction analysis. This does not agree with the
conclusion of Slaughter and Milne (1960) that new structures develop
only upon association of the unit layers through dehydration. After 10
hours, peaks at 14.71 and 7.30 A developed, resembling the aluminum-
chorite of Slaughter and Milne (1960). Peaks at 4.7t and.4.37 A ap-
peared only after 16 hours by which time the aluminum-chlorite pattern
was complete ly  developed;peaks at  4.81,  4.37,  and 3.20 A should not  be
confused with gibbsite at this stage since other peaks at 4.31,3.31 and
2.3S A never developed. Th-e peak at 4.81 A is due to aluminum-chlorite
and peaks at 4.37 and 3.20 A are of bayerite.

Formation of bayerite in this case is logical, because the pH is more
alkaline than observed by Brydon and Kodama (1966) for the formation
of gibbsite or pseudo-boehmite. LIter 2 days the pattern f or bayerite was
also completed.  At  th is  s tage the peaks at  3.20,2.90,2.21,  and 1.72 A do
not indicate the presence of montmoril lonite because on acid leaching
(0.05 N HCI) these peaks (except 2.90 A) disappear.

Intensities of all these peaks increased for as long as one month (Fig.
1) indicating crystal growth and reactions in the "solid" state. There-
after, only intensities of the bayerite peaks increased with a correspond-
ing decrease for the peaks of aluminum-chlorite. This possibly is due to
the "seeding" effects of free bayerite (Turner and Brydon, 1967).
Slaughter and Milne (1960) have also observed a decrease in the com-
pleteness of the brucite-type la.ver of artificial structures (magnesium-
chlorite) when the product is aged in the final solution. Between 3 and 6
months the pattern did not change appreciably. The peaks characteristic
of montmoril lonite were never present. During one month of ageing, no
expansion of the t4.7 1 A peak was observed on glycerol treatment.
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Samples aged longer showed, on
between l7 .I-17 3 A.

AND W. U. MALIK

glycerol treatment, a small  broad peak

Hydrox,y-alwminum Clay Compter (AcitJ Washed., System Aro. 11). The
aluminum hydroxide precipitated externar to montmoril lonite unit
layers was removed immediately after precipitation by dilute acid leach-
ing. The quantity of aluminum hydroxide thus leached out with acid
treatment was 101 meq for 6 g montmoril lonite. The quantity of the
hydroxide complexed with montmorillonite amounts to iO.S ,.r.q p.. g
clay. Exchangeable aluminum displaced by Nacl treatment was 0.4
meq per g clay, leaving approximately 16 meq AI(OH)a per g montmoril_
lonite in a "fixed" form in its lattice. This is the quantity (calculated) re-
quired for the transformation of montmorillonite to chlorite structure
(Slaughter and Milne, 1960).

cEC values of montmorillonite and hydroxy-aluminum clay complex
were 91.0 and 32.0 meq per 100 g clay, respectively. The value for the hy_
droxy-aluminum clay complex did not change noticeably even after 6
months ageing or after another leaching with 0.5 N HCl.

The X-ray pattern of system Ir resembles that of aluminum-chlorite
of slaughter and Milne (1960). rt does not show any change with time
(Fig. 1, curve A) up to 6 months (unlike Barnishel and RicL, 1963) and
suggests the stability of the complex obtained. rt confirms the view that
only in the presence of free aluminum-hydroxide (external to montmoril-
lonite unit layers) will these aluminum hydroxide clay complexes ,,expel,,
the "fixed" hydroxide layer. No peak for montmorillonite or any hy-
droxide was observed at any time.

On none of the samples did the 001 spacing expand on glycerol treat_
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ment resembling the complex of Slaughter and Milne (1960) and Brydon
and Kodama (1966); and differs from those of Barnishel and Rich
(1963), Shen and Rich (1962), and Turner and Brydon (1965). X-ray
patterns of these samples (System II) after another acid leaching (0.5
N HCD remained the same but after drastic treatment (2 N HCl, in a
boiling water bath for 2 hours) the residue showed an amorphous char-
acter with no peaks for montmorillonite.

The X-ray data prove that under these conditions the synthesized
chlorite structure is stable even when 16 meq AI(OH)3 per g montmoril-
Ionite is precipitated. The experiments of Brydon and Kodama (1966),
and Turner and Brydon (1965) showed that no more than 8 meq of
AI(OH)B per g clay enters the interlayer space. This is due to the ageing
of the suspensions in presence of free AI(OH)a leading to a "seeding"
effect (Turner and Brydon, 1967). Also, the properties of the montmoril-
lonite used influence the extent to which the interlayer hydroxide can be
removed. Tkis was observed earlier when comparing an Lrizona bento-
nite with a Wyoming bentonite (Turner and Brydon, 1967).

Thermal Analys,is.-Differential thermal analysis and thermogravimetric
analysis of these hydroxy-aluminum clay complexes lends support to this
interpretation of chemical and X-ray data (Gupta and Malik, 1968).

P ol ar o gr a p hic A n aly s is.-The polarographic reduction b ehaviour of these
hydroxy-metal montmorillonite complex systems both in the presence
and absence of surface active agents also confirms the transformation of
montmoril lonite to these new structures (Malik and Gupta, 1968).

Infrared. Analysis.-The montmorillonite spectrum (Fig. 2) shows well
pronounced absorption bands at 3703, 3450, 1655, and 1042 cm-l (with
some minor shoulders at 982 and 945 cm-1). The absorption bands (for
the major OH bands) at 3703 and 3450 cm-l resemble those of Bishui and
Prasad (1960) for Otay California montmoril lonite. The lattice OH band
at 3703 cm-1 has been observed also for montmorillonite by Fripiat
(1964). The AI-OH band, between 900-950 cm-l, though not completely
missing, is very broad.

Extra absorption bands appear in the hydroxy-aluminum clay complex
(acid washed, System II) spectrogram at about 2750,2445 and 908 cm-1
(with a shoulder band at 1315 cm-I) pointing towards the development
of new atomic groupings and possibly the transformation of the original
montmoril lonite structure. Bands for gibbsite-bayerite which were seen
in the acid unwashed (System I) complex were absent in this case. Ageing
did not change the spectra in any way.
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Iirc. 2. Infrared absorption spectra: (1) montmorillonite; (2) h1'drox1'2116i11um clay

complex (acid washed).

The spectra obtained for System II complex after heating (200"C,2

hours Weismlller et at., 1967) or after another acid leaching (0.5 N HCD
did nol change appreciably but some band intensities increased confirm-
ing the absence of an1' metal hydroxide external to montmoril lonite
layers. Increased hydration on Al(OH)s precipitation with montmoril-
lonite is in conformity with the dehydration and infrared data of Brydon
and Kodama (1966). Somewhat different infrared spectra from that of
Brydon and Kodama (1966) or Weismiller et al. (1967) or Ahlrichs (1968)

in the spectral range of 3300-3500 cm-l are primaril l 'due to the different
specimens of montmoril lonite used and the methods of preparation.

Electr ophor es'is S tud,y.-Migration of clay, hydroxy-aluminum clal' s.m-
plex particles (in a colloidal sol) towards the positive electrode indicates
that both montmorillonite and the hydroxy-aluminum clay complexes
are negatively charged. This points to the formation of uncharged hy-
droxy-aluminum interlayer rather than assumption of the adsorption of
anionic clay on the positivell 'charged AI(OH)" groups (Hsu and Bates,
t964a), or the "fixation" of positively charged hydroxy-aluminum groups
on the exchange sites of the clay (Shen and Rich, 1962) or the adsorption
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of the precipitated hydroxide over the entire surface of the ciay through
hydrogen bonding (Slaughter and Milne, 1960).

A consideration of all X-ray patterns, thermal analyses, polarographic
analyses, infrared spectra, CEC data and electrophoretic studies stresses
the complete conversion of montmoril lonite to aluminum-chlorite by the
precipitation of unchanged Al(OH)3 within the interlayer space of mont-
moril lonite.
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