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THERMO-XRD-ANALYSIS OF Co-, Ni- AND Cu-MONTMORILLONITE
TREATED WITH ANIONIC ALIZARINATE
Curve-fitting
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Co- and Ni-montmorillonites adsorb in aqueous suspensions up to 13 mmol alizarinate per 100 g clay, onto the broken-bonds
whereas Cu-clay adsorbs up to 25 mmol dye per 100 g clay into the interlayer space. Unloaded Co-, Ni- and Cu-clays and samples
loaded with increasing amounts of alizarinate, were gradually heated in air to 360°C and analyzed by X-ray diffraction. All
diffractograms were curve-fitted. Fitted diffractograms of non-heated samples, showed two peak components labeled C and D, at
~1.22 and ~1.32 nm, characterizing tactoids with mono- and non-complete bilayers of water, respectively. After heating at 120°C
component D decreased or disappeared and two new components A and B appeared at 0.99 and ~1.08 nm, representing collapsed
tactoids and tactoids with interlamellar oxy-cations, respectively. At 250°C C and D decreased or disappeared but A and B appeared
in all fitted diffractograms. Co- and Ni-clay after heating at 360°C did not show C and D. Components A and B proved that these
clays collapsed indicating that initially there was no alizarinate in the interlayers. At 360°C C and D persisted in the fit-
ted-diffractograms of Cu-clay, representing tactoids with interlamellar charcoal formed from the partial oxidation of adsorbed dye
initially located in the interlayers.
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Introduction by thermo-XRD analysis. The clay samples were heated
to 120, 250 and 360°C and diffracted by X-ray. A tem-
Organic anions are adsorbed by clay minerals either perature of 360°C is above the dehydration temperature
onto positive-charged broken-bonds at the external  of these three clays. As a result of dehydration, the un-
surface of the clay crystals [1] or into the interlayer  |gaded clays were collapsed.
space, by forming positively charged coordination In the presence of organic matter, oxidation oc-
species with metallic cations [2, 3]. Adsorptiononthe  cyrs at above 250°C [16-18]. If the organic matter is
external surface may change the colloidal behavior of present in considerable amounts, the oxygen in air is
the clay [4], whereas adsorption into the interlayer ot sufficient for its complete oxidation; H,O and
space may change the chemical and physical proper-  charcoal are obtained by heating up to 360°C, the lat-
ties of the adsorbed species [5, 6]. Large organic an-  ter being identified by the black coloration of the clay
ions are water structure breakers and as a result of  [19]. If the organic matter has been adsorbed into the
their presence in the interlayer, the properties of this  jnterlayer space, charcoal is formed inside this
space are also changed [7]. interlayer, preventing the thermal collapse of the clay

The present paper is an enlargement of a previous [20]. At higher temperatures this charcoal is further oxi-
[8] thermo-XRD analysis of the complexes of Co-, Ni-

and Cu-montmorillonite with alizarinate, a deprotonated
anionic variety of alizarin (Scheme 1). These transition
metal cations form stable six-member chelate ring
metal-ligand d-complexes with alizarinate through the
deprotonated 1-hydroxyl oxygen and the adjacent car-
bonyl oxygen [9—15]. When these complexes were pre-
cipitated from aqueous-ethanol solutions, the
metal:ligand molar ratio was 1:2 [15]. In our previous
paper [8], we showed that the adsorbed alizarinate inter-
calated the interlayer space of Cu-montmorillonite but 0
not of Co- or Ni-montmorillonite. This was determined

Scheme 1 Alizarin (1,2-dihydroxyanthraquinone)

* Author for correspondence: yarivs@vms.huji.ac.il

1388-6150/820.00 Akadémiai Kiado, Budapest, Hungary
© 2005 Akadémiai Kiado, Budapest Springer, Dordrecht, The Netherlands



EPSTEIN et al.

dized in two steps to CO, [21]. Cebulak et al. observed a
similar multistep oxidation during the thermal analysis
of natural resins in the presence of oxygen [22].

If the powdered clay mixtures used for the X-ray
diffraction are homogeneous, than sharp X-ray peaks
are recorded with integral series of high order reflec-
tions. But it is not very often that the clay mixtures are
homogeneous. If there are tactoids with different basal
spacings, the X-ray diffraction peak is broad with no
integral series of high order reflections. This broad
peak is composed of several components, each describ-
ing the basal spacing of several similar tactoids and the
recorded peak is an average of these components.
Sometimes two or more separate peaks are recorded but
more often a peak with shoulders is recorded. If the rela-
tive amount of tactoids with the same basal-spacing is
small, the information about their spacing may be lost in
non-fitted diffractograms. Our previous preliminary
study [8] was carried out without fitting of the diffracto-
grams. The conclusions on the location of the adsorbed
dye were therefore based on data obtained for samples
with maximum adsorption.

In this paper, we present the results of curve fit-
ting of the XRD diffractograms that were superfi-
cially discussed in our previous study. In spite of the
fact that curve-fitting analysis has been widely used
in the IR study of clays [23], and recently also in elec-
tronic spectroscopy studies of organo-clays [6, 24], it
has not been used in thermo-XRD-analysis of
organo-clay complexes. It is, therefore, necessary to
examine comprehensively the physical meaning of
each component of the broad peak.

Basal spacings recorded before the dehydration
stage, characterize the hydrated state of the interlayer.
They are usually above 1.2 nm, due to the presence of
one or more water layers. Water monolayers give a
basal spacing of 1.2-1.25 nm [25]. Water bilayers in
Mg-smectites, where there are 12 water molecules per
each cation, give a spacing of 1.52 nm (water of zone
A,, according to the labeling of Yariv [26]). Non-com-
plete water bilayers give lower spacings. In partial dehy-
drated vermiculite, where metallic cations are hexagon-
ally coordinated by water molecules (water of zone A4,,),
give a basal spacing of 1.4 nm. In this case the water
molecules are highly polarized forming strong hydrogen
bonds with atoms of the clay-oxygen plane. Strong hy-
drogen bonds are also formed between non-structured
water (water of zone B,,,) and the oxygen plane. An al-
ternative explanation to basal spacing is based on
interstratification of hydrated smectites. According to
Moore and Hower [27] at a relative humidity from 12 to
65% there is a regular interstratification of one water
layer and anhydrous interlayer. According to Cases et
al. [28], Na-montmorillonite is an interstratified layer
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system of 0-3 water layer hydrates, and the degree or
hydration increases with the relative humidity.

After a complete dehydration of unloaded or
organo-montmorillonites with no organic material in
the interlayer space, the spacing drops to 0.97-1.00
nm, due to the collapse of the interlayer. In the pres-
ence of intercalated organic matter, in spite of the de-
hydration, a spacing of above 1.15 nm is obtained af-
ter thermal treatment at about 300°C, due to the for-
mation of charcoal in the interlayer [20].

In order to adsorb alizarin in its monovalent an-
ionic form, the clay was treated with alkaline solu-
tions (pH=8.7) of alizarin. At this pH, alizarin occurs
mostly as a monoanion. As shown in our previous pa-
per [6], depending on the exchangeable cation and on
the dye/clay ratio in the suspension, alizarinate is ad-
sorbed by montmorillonite in different amounts. The
maximum amounts adsorbed by Na-, Co-, Ni-, Cu-
and Al-montmorillonite were 4, 13, 13, 25 and 25
mmol/100 g, respectively. However, only part of the
dye in the suspension is adsorbed by the clay, and
there is an equilibrium between adsorbed and free
non-adsorbed alizarinate in the supernatant.

Experimental

Materials

Alizarin was supplied by Sigma and was used as re-
ceived. According to specification tests of the manufac-
turer there was 1% sulfated ash. Thin-layer chromatog-
raphy and pH transition showed purity corresponds to
standards. Aqueous NaH-alizarinate stock solution was
prepared from neat alizarin dissolved in 0.001 M NaOH
solution with a final pH of 9.2+02. A 510* M
alizarinate solution was used as a stock solution.

Na-montmorillonite (Wyoming bentonite) was
supplied by Wards’ Natural Science Establishment, Inc.
The clay was ground and sieved to 80 mesh. It was puri-
fied from quartz and other non-clay minerals by separa-
tion of the sedimented non-colloidal material from a 2%
aqueous suspension. Na-montmorillonite was trans-
formed to Co- Ni- and Cu-montmorillonite by suspend-
ing 2 g of the purified Na-clay for 24 h in 40 mL of
0.1 M of the nitrate salts. The monoionic clays were
washed four times in 200 mL of distilled water and sep-
arated by centrifugation (4000 rpm for 15 min). Suspen-
sions of 1.0% monoionic clay were used as stock solu-
tions.

Methods

Alizarinate loaded samples of Co- Ni- and Cu-mont-
morillonite for XRD were prepared as follows: The
clay suspensions were diluted by distilled water to the
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required concentration and treated in an ultrasonic
bath for 10 min before adding the alizarinate solution.
The aqueous clay suspensions were loaded by the re-
quired amount of NaH-alizarinate (5, 10, 20, and 50
mmol alizarinate /100 g clay) by slowly dropping the
dye aqueous solution into the suspension with vigor-
ous shaking. The clay adsorbed only part of the added
dye. The adsorbed amount in each case will be shown
in the following Tables. The final volume of each sus-
pension was 12 mL and its final clay concentration
0.1%. Suspensions were left for 48 h in measuring cy-
lindrical tubes. After the sedimentation of the clay to
a volume of about 1.0 mL, the upper 11.0 mL water,
which contained most of the excess non-adsorbed
dye, was decanted. The 1.0 mL concentrated clay sus-
pensions were air dried on microscope glasses giving
oriented films.

The XRD measurements of the dried samples
were made at room temperature and in air atmosphere.
Samples were diffracted before any thermal treatment
and after heating at 120, 250 and 360°C during three
hours at each temperature. XRD diffractograms were
recorded by using a Philips Automatic Diffractometer
(PW 1710) with a Cu tube anode.

Curve-fitting of the diffractograms was made by
using Phillips’ APD software.

Results and discussion

Tactoids or oriented aggregates are clusters of parallel
layers held by face-to-face interactions (FF associa-
tions). According to Bragg’s Law, particles obtained
from FF associations of similar layers, and have similar
interlayer spaces, may diffract X-rays. Originally the
term ‘tactoids’ was used to describe particles in sus-
pensions and colloid solutions. Here it is used for solid
particles capable to diffract X-rays in powder mixtures.

Figures 1A, B, C and D presents the curve-fitted
XRD diffractograms of alizarinate-treated Co-mont-
morillonite unheated and heated at 120, 250 and
360°C, respectively. Similar curves were obtained for
Ni- and Cu-montmorillonite loaded with different
amounts of alizarinate. Features of all fitted curves,
e.g. peak components, their relative areas (in percents
from the total area) and widths (in 20) in the
diffractograms of Co-, Ni- and Cu-montmorillonite are
gathered in Tables 1, 2 and 3, respectively. The effects
of the amount of adsorbed alizarinate and of the thermal
treatments on the locations of the maxima and relative
areas of the peak components in the diffractograms of
the different clays are discussed hereby.
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Fig. 1 Curve-fitted XRD diffractograms of Co-montmorillo-
nite treated with alizarinate (50 mmol/100 g clay) at
room temperature (A) and after thermal treatments at
120, 250 and 360°C (B, C and D, respectively)

Curve-fitted diffractograms of unloaded and of
alizarinate-loaded montmorillonite before the
thermal treatment

Curve-fitted diffractograms of unloaded and loaded
Cu-montmorillonite before thermal treatment are pre-
sented in Fig. 2 (A and B respectively). Similar curves
were obtained for Co- and Ni-montmorillonite.
Curve-fitted diffractograms of non-heated clays
showed two peak components, labeled C and D, with
maxima at 1.22+0.03 and 1.32+0.05 nm, which may
characterize tactoids with interlamellar planar water
monolayers and non-complete water bilayers (or wa-
ter in excess to monolayers), respectively.

From the table it is obvious, that with Co- and
Ni-clay the relative area of peak component D sharply

J. Therm. Anal. Cal., 82, 2005
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10 12

4 6 8 10 12
°20
Fig. 2 Curve-fitted XRD diffractograms of Cu-montmorillonite

before thermal treatment - unloaded and loaded with
50 mmol alizarinate /100 g clay (A and B, respectively)

decreased with increasing amount of alizarinate up to
adsorption of 8 and 3 mmol per 100 g clay, respec-
tively, whereas the area of peak component C in-
creased. It can be explained due to the increasing
hydrophobicity of the clay with the adsorption of or-
ganic matter [29]. With Cu-montmorillonite, the rela-
tive area of component D did not change with the ad-
dition of alizarinate (30+5% in all the
diffractograms). The difference in behavior between
Ni- and Co-montmorillonite on one hand and
Cu-montmorillonite on the other should be noted. In
the former clays, alizarinate is adsorbed onto the bro-
ken-bonds, namely, the organic matter which is lo-
cated on the external surface of the clay, reduces the
amount of water in the interlayer. In Cu-montmorillo-
nite, the dye is adsorbed only into the interlayer space
and not onto the broken-bonds surface but no effect
on the hydrophilicity is observed.

Curve-fitted diffractograms of unloaded and of
alizarinate-loaded montmorillonite after heating at
120°C

After heating the samples at 120°C, as a result of wa-
ter evolution, the relative area of peak component D,
which characterizes tactoids with interlamellar water
in excess to a monolayer, decreased. In some cases it
disappeared, indicating the dehydration of these
tactoids and their transformation to the tactoids with
interlamellar water monolayer. Some fitted
diffractograms showed two new peak components, la-
beled A and B, at 0.99+0.02 and 1.08+0.02 nm, which
are assumed to be associated with the clay dehydra-
tion. According to the location of its maximum, peak

J. Therm. Anal. Cal., 82, 2005

component A should be attributed to collapsed
interlayers, indicating the presence of tactoids with total
dehydration and with no organic matter in this space.

Peak component B appeared with all
alizarinate-loaded Co- and Ni-clays, but only with
two of the loaded Cu-clay. The location of the maxi-
mum of this component is problematic. It is too high
to account for collapsed interlayers and too short for
swollen interlayers with intercalated water mono-
layers, yet it appeared in the fitted diffractograms of
most alizarinate-loaded samples heated at 120°C and
also in those of unloaded and loaded samples, which
were heated at higher temperatures. According to
MacEwan and Wilson [30], smectites containing
large exchangeable cations, which are not able to pen-
etrate completely into the hexagonal holes, in thermal
collapse may give rise to basal spacings higher than
1.02 nm. A possible explanation is based upon forma-
tion of oxy- or hydroxy-cations in the interlayer
space, as a result of hydrolysis of hydrated exchange-
able metallic cations [31], or as a result of migration
of water protons towards incompletely neutralized
OH groups coordinated to Mg or Al in the octahedral
sheet [32]. Hydrolysis becomes more significant with
the thermal dehydration of the clay. It is supposed that
component B characterizes tactoids with interlamellar
oxy-cations that prevent a complete collapse. The
nature of this component requires further study.

In the fitted diffractograms of unloaded Co- Ni-
and Cu-montmorillonite (Tables 1-3), the relative areas
of component D sharply decreased, from 84, 60 and
31% before the thermal treatment to 15, 2 and 13%, re-
spectively, after heating at 120°C, and at the same time
the relative areas of component C, which represents
tactoids with water monolayers, increased. In the fitted
diffractograms of alizarinate-loaded Co-clay samples,
component D did not appear after the thermal treatment
due to the escape of excess water. With alizarinate-
loaded Ni-montmorillonite component D decreased in
the fitted diffractograms of all samples after thermal
treatment at 120°C, but unlike with Co-clay, it did not
disappear. Ni-montmorillonite under similar loading
treatments adsorbs alizarinate in smaller amounts (about
40%) than the Co-clay. Only with a loading of 50 mmol
per 100 g the adsorbed amounts were similar in both
monoionic clays. When the adsorbed amount of dye is
lower, the hydrophobicity of the clay is expected to be
weaker, and consequently, with Ni-clay component D
still appeared at 120°C. With both samples the relative
area of component C decreased significantly and broad-
ened, becoming 2-3 times wider than before the thermal
treatment. The widening of this component indicates
that after the thermal treatment the tactoids attributed to
component C became very inhomogeneous.
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The disappearance or decrease of components D
and C as a result of the thermal treatment, were ac-
companied by the appearance of two new components
A and B. Peak component A appeared only with one
sample of Co and one of Ni indicating that at 120°C
collapse is not regular. Component B appeared with
all alizarinate-treated samples, and its relative area de-
creased with the increasing amount of adsorbed dye.

In the fitted diffractograms of alizarinate-loaded
Cu-montmorillonite (Table 3), like in those of
Ni-clay, component D decreased with heating the clay
to 120°C. The relative area of component C increased
with low dye loadings or remained constant with the
higher dye loadings. Since in Cu-montmorillonite
alizarinate formed with copper a d-coordination com-
plex inside the interlayer space, the excess water that
forms component D and part of the water that forms
component C evolved during the heating, but organic
matter remained in the interlayer space. In this clay
sample, in addition to tactoids with water monolayers,
component C also represents tactoids with organic
monolayers in the interlayer space, and therefore its
relative area should not decrease although other peak
components appear. This is also the reason why com-
ponent D, that also represents tactoids with inter-
lamellar water or organic molecules, did not disap-
pear despite the hydrophobic character of the
alizarinate-loaded Cu-clay. When these Cu samples
were heated the width of component C almost did not
change. It appears that the presence of interlamellar
organic matter kept the tactoids from becoming
inhomogeneous.

Curve-fitted diffractograms of unloaded and of
alizarinate-loaded montmorillonite after heating at
250°C

Heating the clay samples at 250°C resulted in further
dehydration, shown by the decrease in the relative ar-
eas of components C and D and the increase in the rel-
ative areas of components A and B in the fitted
diffractograms. Components C and D disappeared
from the diffractogram of unloaded Cu-montmorillo-
nite, indicating that this clay lost its interlayer water
at 250°C. Component C did not disappear from the
diffractograms of unloaded Co- and Ni-montmorillo-
nite, indicating that water was not completely evolved
from these clays at 250°C.

All diffractograms of Co-montmorillonite
showed components A and B but did not show com-
ponent D (Table 1). The relative area of component C
decreased and its width increased significantly due to
the evolution of water. The broadening indicates that
the thermal treatment at 250°C resulted in
inhomogeneity of the remaining hydrated tactoids.
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Fig. 3 Curve-fitted XRD diffractograms of Cu-montmorillo-
nite, containing 0, 5, 8 and 21 mmol alizarinate 100 g
clay, heated at 360°C (A, B, C and D, respectively)

In the fitted diffractograms of Ni-montmorillo-
nite component D persisted in the alizarinate-loaded
samples (except for the most highly loaded sample),
suggesting their weaker hydrophobicity (Table 2).
Only when the adsorbed alizarinate was 13 mmol per
100 g clay component D was not observed. The rela-
tive area of component C decreased in all the fitted
diffractograms compared with those of the samples
heated at 120°C. Component A appeared with all
samples due to the dehydration and collapse.

In Cu-montmorillonite component A did not ap-
pear with the highly-loaded clays, due to the presence
of organic matter in the interlayer space, which pre-
vented the collapse (Table 3). Components C and D
which did not appear in the unloaded clay, due to its
complete dehydration, appeared in the loaded clay

J. Therm. Anal. Cal., 82, 2005
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diffractograms due to the presence of interlamellar or-
ganic matter. Because of the absence of water, the
maxima of these components can give some informa-
tion on the arrangement of alizarinate in the
interlayers in the different types of the tactoids. The
van der Waals diameter of carbon is about 0.34 nm
and consequently component C with a maximum at
1.15-1.24 nm, 1is attributed to tactoids with
monolayers of alizarinate anions lying between the
clay layers, the aromatic rings being parallel to the
oxygen planes, with keying of some of the atoms into
the hexagonal holes of the clay-oxygen planes. Com-
ponent D with a maximum at 1.32-1.46 nm, is attrib-
uted to tactoids with alizarinate anions slightly tilted
between the layers relative to the oxygen planes.
Component D appeared only with amounts of ad-
sorbed alizarinate higher than 8 mmol per 100 g clay.
The spacing of these tactoids decreased with increas-
ing amounts of adsorbed dye, suggesting that the tilt-
ing angle relative to the clay-oxygen plane decreased
with increasing amounts of adsorbed dye.

Curve-fitted diffractograms of unloaded and of
alizarinate-loaded montmorillonite after heating at
360°C

Only components A and B but not C and D appeared in
the fitted diffractograms of unloaded and alizarinate-
loaded Co- and Ni-montmorillonites heated at 360°C,
due to their dehydration and collapse (Tables 1 and 2).
Their collapse at 360°C proves that the initially ad-
sorbed alizarinate was not located in the interlayer
space. Ratios between relative areas of components A
and B in the fitted diffractograms of Co- and Ni-clays,
whether they were loaded or not, were 2.5+0.5 and
2.1£0.5, respectively. It should be noted that these ratios
did not depend on the adsorbed alizarinate.
Curve-fitted diffractograms of Cu-montmorillo-
nite, unloaded and loaded with varying amounts of
alizarinate and heated at 360°C are presented in Fig. 3
(A, B, C and D for samples containing 0, 5, 8 and
21 mmol per 100 g, respectively). The relative area of
component A sharply decreased with increasing
amount of adsorbed alizarinate, from 81% with un-
treated clay to 4% with clay samples containing
15-21 mmol dye per 100 g clay, indicating that in the
latter most of the clay did not collapse (Table 3). Com-
ponents C and D characterize tactoids with two kinds
of charcoal in the interlayer space, the former with a
basal spacing of 1.16-1.19 nm and the latter with a
spacing of 1.30 nm. Component C appeared with all
the loaded samples and its relative area increased with
the amount of adsorbed dye up to a maximum of 84%
with adsorption of 21 mmol per 100 g clay. Compo-
nent D appeared only with the highest loading. Since at
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360°C the clay dehydration was complete, the appear-
ance of component C indicated the presence of tactoids
with monolayer charcoal formed between the lamellae
from the partial oxidation of the adsorbed organic dye
initially located in the interlayer space. Since the van
der Waals diameter of carbon is 0.34 nm and the col-
lapsed clay has a spacing of 0.97 nm, a spacing of
1.15-1.19 is too short for a monolayer charcoal to be
lying in the interlayer space. Previously, in the study of
organo-clays, for a similar spacing, it was suggested that
carbon atoms were keying into the hexagonal holes of
the clay-oxygen plane [33]. The appearance of compo-
nent D indicates the presence of tactoids with
monolayer charcoal with no penetration into the hex-
agonal holes. The appearance of components C and D
proves that in Cu-montmorillonite, in contrast to Co-
and Ni-montmorillonite, alizarinate, which is the
charcoal precursor, initially intercalated into the
interlayer space.

Conclusions

Curve-fitting of the XRD diffractograms recorded af-
ter heating unloaded and alizarinate-loaded mont-
morillonites at different temperatures showed a devel-
opment of peak components, change in their
characteristic features and disappearance as a result of
the thermal treatments. Four peak components were
identified which are supposed to characterize tactoids
with collapsed, partly collapsed and two types of
swollen interlayers. In order to establish whether the
adsorbed organic species was located in the interlayer
space of the clay, it was necessary to heat the samples
to 360°C, a temperature at which the interlamellar or-
ganic species forms charcoal. alizarinate-loaded
Cu-montmorillonite showed the formation of char-
coal in its interlayer space but Alizarinate-loaded Co-
and Ni-clays did not show it, suggesting that in the
former, the charcoal precursor alizarinate was ad-
sorbed into the interlayer but in the latter it was
adsorbed onto the external surface.

In order to find out the arrangement of the or-
ganic species inside the interlayer space, it was neces-
sary to heat the samples to 250°C, a temperature
above the dehydration stage of the Cu-clay. Two
types of alizarin-Cu-montmorillonite complexes were
identified. In one type alizarinate anions were lying
between the layers, the aromatic rings being parallel
to the oxygen planes and in the second type,
alizarinate anions were slightly tilted between the lay-
ers relative to the clay-oxygen planes.

At room temperature relatively intense diffrac-
tions were recorded from tactoids with water in the
interlayers, with basal spacings very similar to those
of the tactoids containing the alizarinate species. Af-
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ter dehydration, due to their high quantity, diffraction
of collapsed tactoids may conceal the diffractions of
the relatively small amounts of tactoids containing the
organic dye, which may be present in the interlayer
space. Curve-fitting calculation of the diffractograms
enables the identification of the peak components re-
sulting from the diffraction of tactoids, which con-
tained the organic species in their interlayer space.
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