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DTA, TG and DTG curves of montmorillonite and laponite treated with various amounts of
acridine orange, were recorded in air, simultaneously with EGA curves of H,0, CO,, NO,,CH,
and C,H¢. The thermal analysis curves could be divided into three regions representing
dehydration of the clay, oxidation of the organic cation and dehydroxylation of the clay. The
oxidation region showed two exothermic peaks representing the oxidation of H and C of the
organic matter, respectively. Thermal analysis curves of laponite differred from those of
montmorillonite. The profile of EGA curves of laponite did not change with the degree of
saturation of the clay by the dye whereas those of montmorillonite were affected by the degree of
saturation.

The adsorption of organic dyes by clay minerals has recently received increased
attention in surface photochemistry [1-4]. Clay minerals may serve as supports of
organic photochemical systems. They may organize the adsorbed molecules and
thereby may direct energy transfer between molecules. In a study of the visible
absorption spectrum of acridine-orange (AQ, Scheme I) adsorbed by montmoril-
lonite, Cohen and Yariv [5] showed that this dye undergoes metachromasy, namely
the absorption maximum of the n —=n* transition band shifts to shorter
wavelengths. Metachromasy in aqueous solutions results from the association of
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two dye cations and the blue shift is the consequence of = interactions between the
aggregated cationic aromatic entities. Cohen and Yariv showed by X-ray study that
up to a certain degree of saturation the c-spacing in the metachromic AO-
montmorillonite complex was too small to account for the aggregation of AO
cations in the interlayer space of the montmorillonite. They concluded that with a ¢-
spacing of about 1.3 nm in AO-montmorillonite complex metachromasy resulted
from 7 interactions between the oxygen plane of the montmorillonite and the
aromatic dye. A c-spacing greater than 1.5 nm may be due to a bilayer or tilting of
the cationic dye relative to the aluminosilicate layer. In the latter case it is possible
that the interlayer space is populated by dimers of the cationic dye. Recently Grauer
et al. [6] showed that = interactions are obtained between montmorillonite and
cationic dyes, but not between laponite and the same cationic dyes. According to
Yariv [7] the substitution of Si by Al is essential for = interactions between the
oxygen plane and the aromatic entity. An oxygen atom of an Si~O-Al group is able
to donate an electron pair to a = antibonding orbital of the cationic dye. Thus, this
type of bonding may occur with montmorillonite but not with laponite. Recently it
was shown that the cationic dye proflavine, which is of the same family as AO, does
not form 7 interactions with the oxygen plane of laponite [8]. DTA has been widely
used for the study of organo-clay complexes [9]. In the present communication we
shall describe an improved thermal analysis method in which combustion products
which are obtained during gradual heating, are mass-spectrometrically analyzed
simultaneously with DTA and TG runs. This technique was previously described
[10]. Thermal analysis curves of montmorillonite and laponite, both treated with
AOQ, were recorded in order to determine whether the 7 interaction has any effect on
the thermal behaviour of the organo-clay complex.

In a recent publication [11] we described the thermal analysis of montmorillonite
and laponite treated with the cationic dye rhodamine 6G (R6G Scheme II). Due to
steric hindrance the adsorption of rhodamine 6G by montmorillonite is not
accompanied by r interactions between the oxygen plane and the aromatic entity.
In the present communication we shall compare the thermal analysis curves of AO
treated clays with those of the R6G treated clays.

-Ct”

Rhodamine 6 G (R6G)
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Experimental

AO was supplied by BDH. Laponite XLG (a synthetic Na-hectorite) was kindly
donated by Laporte Industries, Ltd., U.K. Montmorillonite (Wyoming bentonite)
was supplied by Ward’s Natural Science Establishment, Inc. Air-dried clay samples
(250 mg) were dispersed in 20 ml of water. After an aging period of 24 hours,
various amounts of the dye solution were added dropwise to the well-stirred clay
suspension. The suspension was kept in the dark and after 24 hours the organo-clay
was separated by centrifugation. Samples were washed three times with distilled
water to remove excess dye.

Oriented samples of AO treated clay were prepared for X-ray diffraction by
drying the suspension on glass slides. X-ray diffraction patterns were recorded on
Philips PW 1730 diffractometer.

Thermoanalytical experiments were carried out under a flow of air on a Mettler
TA-1 thermal analysis instrument coupled with a Balzers quadrupole mass-
spectrometer [10]. Samples of 20 mg were used for each run. The rate of the air flow
was 1.9 L.p.H. Heating rate was 10 deg/min. Calcined kaolinite was used as a
reference material.

The following atomic masses were used for the gas evolution curves: H,0, 18;
CO,;. 44: NO,. 46; CHj;, 15 and C,Hq, 30.

Results and discussion

X-ray studv

Oriented specimens of clay samples treated with various amounts of AQ were
examined by X-ray diffraction under ambient conditions (Table 1). Heating natural
montmorillonite or laponite at 195° for six days results in a c-spacing of 1.0 nm due

Table 1 Basal spacings (in nm) of air-dried montmorillonite and laponite treated with different
amounts of AQ

mM AOQO per 100 g clay Montmorilionite Laponite
0 1.28 .34
4 1.44 1.37
25 1.25 1.27
30 131 (1.27 sh, [.52 sh) 1.39
75 — 1.38. 1.52
100 1.58 (1.70 shy —

sh — shoulder
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to dehydration. However, in the presence of AO only minor changes in the c-
spacing due to dehydration by the same thermal treatment were observed. From
these results it may be concluded that the c-spacing is principally determined by the
presence of the organic cation in the interlayer space. Table 1 shows that up to a
degree of saturation of 50 mmole dye per 100 g clay the ¢-spacing is 1.3 nm, a
monolayer of AO is formed in the interlayer space with the aromatic rings parallel
to the silicate layer. With a higher degree of saturation, the ¢-spacing is greater than
1.5 nm, indicating a bilayer or tilting of the cationic dye relative to the silicate layer.

Thermal analysis

DTA curve, of the pure dye together with H,0, CO, and NO, evolution curves,
are shown in Fig. 1. The evolution of H,O in the temperature range 350-715°, gives
rise to Several small exothermic peaks, whereas the evolution of CO, or NO,
(between 500 and 715°) is accompanied by one strong exothermic peak at 615°,
followed by a shoulder at 640° and a very small peak at 700°. The CH; evolution
curve shows two sharp peaks at 245 and 405°, whereas the C;H, evolution curve
shows a very broad peak with a maximum extending between 625 and 650°.

Representative DTA curves of montmorillonite and laponite saturated with
various amounts of AO are shown in Figs 2 and 3. The H,0, CO, and NO,
evolution curves are also shown in the figures. All these curves differ from those of
pure AO. According to the directions of the various peaks, the DTA curves of both
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Fig. 1 DTA and gas evolution curves (CO,, NO, and H,0) of acridine orange

J. Thermal Anai. 35, 1989



YARIV et al.: THERMAL ANALYTIC STUDY 2001

350 480 c)
® 400 520 810
g
350 “80 625 670690 120 650
10 2 ,_\< \ i AV
f ., K l-...‘ . K ': 400 A
I-----.Hl'-—’; i \l'—"--' F.---hnpi-.n'_"'.‘.ﬁ-" ‘-‘ T VR
b) d) 350 B
655
375 485 115, }5/ OTA
....... H,0
120 2
100 655 ) -waCO,
T i 685 =-=NO,
i 375 485 }' R f% a0 600
R o . -l._..-.-‘- AR Pt }o':lv----- ,.-'__.'n.....---—r.-,_.,w‘_\;}'—--_'&..---_-q
) | 1 { N { L L ] L | 1 1 I !

0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature, °C Temperature ,°C

Fig. 2 DTA and gas evolution curves (CO,, NO, and H,0) of AO treated montmorillonite: a = 100,
b = 50, ¢ = 25 and d =4 mmole AO per 100 g montmorillonite

organo-clays can be divided into three regions. From the DTG curves (not shown)
it is obvious that the three regions are associated with three stages of weightloss. In
the first region (region A), up to 200°, the endothermic dehydration of the clay is the
major thermal reaction. The second region (region B) is between 200-575° and
between 200-670° in the curves of montmorillonite and laponite, respectively. The
exothermic oxidation of the adsorbed AO is the principal thermal reaction of this
region. The DTG curves show that this region can be further divided into three sub-
regions. The third region (region C) occurs at temperatures above 575 and 670° for
montmorillonite and laponite, respectively. The major thermal reacions of this
region are the dehydroxylation and recrystallization of the smectite minerals and
the last stages of the oxidation of organic matter. Weightloss occurring in the
different regions were determined from TG curves (Tables 2 and 3).

The first region

According to the H,O evolution curves the first region represents the
dehydration of the clay. At this stage the interlayer water is evolved. It is
characterized by a single endothermic peak in the DTA curve and a single peak in
the DTG curves. The peak maximum in the DTA or DTG curves shifts from 115 or
135 to 100 or 110° with each increasing degree of saturation of montmorillonite or
laponite, respectively. At the same time the amount ot evolved water decreases (see
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Fig. 3 DTA and gas evolution curves (CO,, NO, and H,0) of AO treated laponite: a = 75, b = 50,
¢ =25and d = 4 mmole AO per 100 g laponite

Table 2 Weightloss (%) obtained by TG of montmorillonite treated with various amounts of AO in
three regions (A, B and C) of the thermal analysis

Montmorillonite

mM AO per
100 g clay A B ¢
25-200 C 200-300'C 300425 C 425-575°C 575-1000 °C
0 6.60 0.00 0.10 0.20 3.40
4 5.25 0.00 0.25 0.50 3.00
25 4.00 0.25 0.75 1.50 7.00
50 3.90 0.25 1.50 3.00 10.25
100 2.15 0.50 3.30 6.25 11.25
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Table 3 Weightloss (%) obtained by TG of laponite treated with various amounts of AO in three regions
(A. B and C) of the thermal analysis

Laponite
mM AO per
100 g clay A B ¢
25-200 °C  200-300 °C 300450 °C  450-670 °C  670~1000 °C
0 11.10 1.30 0.80 1.70 2.40
4 13.75 0.50 1.25 2.00 3.00
25 9.75 0.50 1.50 5.75 3.00
50 8.00 0.25 1.75 8.75 3.25
75 8.00 0.50 2.00 10.50 3.75

H,O evolution curves and Table 2 and 3). The shift in the peak temperature and the
decrease in weightloss are probably associated with increasing hydrophobicity of
the interlayer space as a result of increase in the amount of adsorbed dye. As a
consequence of increasing hydrophobicity the amount of interlayer water
decreases.

The second region

In the DTA curves of AO treated laponite, two exothermic peaks are traced at
320-325 (medium) and 500-570° and a shoulder at 630-670°. The location of the
second peak moves to lower temperatures with decreasing degrees of saturation of
the clay. It appears at 500° with a degree of saturation of 4 mmol: dye per 100 g
laponite. In the curves of AO treated montmorillonite peak m .xima appear at
350400 and 480-520°. The second peak is strong in comparisor with the first peak
only when the degree of saturation is 100 mmole dye per 100 g montmorillonite. It
shifts to higher temperatures and is weak and broad with lower degrees of
saturation. It is not observed with 4 mmole dye per 100 g clay. These exothermic
peaks, which do not appear in the DTA curves of untreated montmorillonite and
laponite, result from the oxidation of the adsorbed AO. These peaks are associated
with weightloss which increases with increasing degrees of saturation (Tables 2 and
3). The H,O which is evolved in this region results from the combination of
hydrogen atoms of the AO cations with oxygen atoms of air. The H,O evolution
curves of AO treated laponite differ from those of montmorillonite, the former
showing an intense peak at 325-330°, followed by a smaller peak at 535-540°,
whereas the curves of the latter show a single intense peak at 350-400°. The degree
of saturation has no effect on the shape and peak temperature of the H,O evolution
curves of laponite in the temperature range of the second region. On the other hand,
it has an effect on the location of the peak of the H,0O evolution curve of AO-
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montmorillonite. It appears at 340° with 4 mmole AO per 100 g clay, shifts to 400°
with 25 mmole dye and returns to 350° with 100 mmole dye per 100 g
montmorillonite. -

The evolution of CO, and NO, results from the oxidation of the carbon and
nitrogen atoms, respectively, originating from the AQO cations. The evolution curves
of AO-montmorillonite show a great dependency on the degree of saturation
whereas those of AO-laponite show only a slight dependency, as indicated by the
location of the peaks. All evolution curves of laponite show one shoulder at 325°
and an intense peak at 500-575° followed by a shoulder at 610—675°. In the case of
montmorillonite, the evolution of CO, starts below 300°. With 4-25 mmole AO per
100 g montmorillonite the principal oxidation reaction takes place above 600°
(third region). With 50 mmole AO per 100 g clay a CO, or NO, evolution peak
appears at 480°. The intensity of this peak increases with each increasing degree of
saturation.

Correlation of the DTA curve with the H,O and CO, evolution curves reveals
that the profile of the DTA curve is determined by the amounts of hydrogen and
carbon which are oxidized. In the case of montmorillonite the first exothermic peak
at 350-400° is the consequence of the oxidation of hydrogen atoms. The second
peak at 480-520° is due to the oxidation of carbon. In the case of laponite the first
exothermic peak at 325° is due to the oxidation of hydrogen atoms. The second
exothermic peak at 500-570° is due to the oxidation of carbon atoms. Hydrogen
atoms are also oxidized at this stage, and due to the simultaneous oxidation of both
clements this exothermic peak is more intense than the first peak.

Mass 15 represents CH; radicals. They are characteristic of methane. The
identification of these radicals in the evolved gases may serve as proof of the
pyrolysis of AO. Peak maxima are located at 330-360 and 330° in the evolution
curves of montmorillonite and laponite, respectively, before the maxima of peaks
which characterize oxidation reactions of carbon atoms.

Mass 30 represents C,Hg and NO. The identification of the former among the
evolved gases may serve as a proof of pyrolysis. NO is obtained due to the
incomplete oxidation of nitrogen atoms of the AO. Peaks in the gas evolution
curves of mass 30 are much more intense than those of mass 15. Representative gas
evolution curves of mass 30 are given in Fig. 4. From the figure it is obvious that the
degree of saturation has an effect on the shape of the curves in the case of
montmorillonite and no effect in the case of laponite. The first peak in the gas
evolution curves of montmorillonite and laponite is located at temperatures slightly
less than the temperatures of the first peak in the CH; evolution curves and less than
those of the peaks of the oxidation reactions. It probably characterizes the pyrolysis
of AO. The last peak in these evolution curves may represent, at least in part, the
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Fig. 4 Gas evolution curve of mass 30 (C,H¢ and NO) of pure AO and of AQ treated laponite and
montmorillonite. I =4, II = 25, IIT = 50, IV = 75 mmole AO per 100 g laponite; V = 4,
VI = 25, VII = 50, VIII = 100 mmole AO per 100 g montmorillonite and IX = pure AO

incomplete oxidation of the nitrogen. The temperature of this peak is slightly above
that of the last peak of the CO, evolution curve.

Weightloss in the temperature range 300425 and 300—450° in the TG of AO-
montmorillonite and AO-laponite, respectively, is mainly due to the combination
of the hydrogen atoms with oxygen atoms of air. In the case of laponite only part of
the hydrogen is oxidized at this stage and weightloss increases very little with
increasing degrees of saturation (Table 3). The remaining hydrogen is oxidized at
540°,

Weightloss in the temperature range of 425-575 and 450-670° in the TG of AO-
montmorillonite and AO-laponite, respectively, is due to the combination of
carbon atoms with oxygen atoms of air. In the case of laponite weightloss increases
significantly with increasing degrees of saturation. In the case of montmorillonite,
weightloss increases to a smaller extent with increasing degrees of saturation,
indicating that only part of the carbon is oxidized at this stage. In the discussion
about the third region of the DTA curve, it will be shown that the oxidation of the
residual carbon in montmorillonite occurs above 600°,

J. Thermal Anal. 35, 1989
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The third region

This region represents the dehydroxylation of the smectite minerals. The DTA
curve of untreated montmorillonite shows an endothermic peak at 695°. In the case
of untreated laponite the dehydroxylation occurs simultaneously with a re-
crystallization reaction. A broad endothermic peak is recorded at 730°, followed by
a sharp exothermic peak at 755°.

Tables 2 and 3 show that the degree of saturation has almost no effect on the
thermal weightloss of AO-laponite at the temperatures of the third region, but
affects the thermal weightloss of AO-montmorillonite. In the latter, weightloss
during the third region increases with each increasing degree of saturation,
indicating that the oxidation of organic matter has not been completed in the second
region but continues into the third region. In agreement with this, the CO, and NO,
evolution curves of montmorillonite show two peaks at 640-670 and 665-690°.
However, weightloss at this stage increases only up to a degree of saturation of
50 mmole AO per 100 g montmorillonite. With higher degrees of saturation the
increment in weightloss becomes very small. It should be mentioned here that with a
high degree of saturation a large portion of carbon is oxidized during the period of
the second region of the thermal analysis. '

In AO treated montmorillonite the exothermic oxidation reaction overlaps the
endothermic dehydroxylation reaction (compare H,O and CO, evolution curves in
Fig. 2). An endothermic peak is shown in the DTA curve of montmorillonite
saturated with 4 mmole AO per 100 g clay. On the other hand, with 25, 50 and
100 mmole AO per 100 g montmorillonite exothermic peaks are detected in this
region (Fig. 2).

The temperature of the dehydroxylation of montmorillonite can be determined
from the H,O evolution curve. It is located at 695° in the H,O evolution curve of
untreated montmorillonite. Figure 2 shows that the dehydroxylation peak shifts to
lower temperatures with increasing degrees of saturation. It is located at 680 and
625° with 4 and 100 mmole dye per 100 g montmorillonite, respectively.

Comparison of thermal analysis curves of AO treated clays
with those of R6G treated clays

1. The exothermic peaks of DTA curves of montmorillonite or laponite treated
with R6G or AO and recorded in air are due to the oxidation of H, C and N atoms.
The first exothermic peak is the result of the oxidation of the H atoms, whereas the
other peaks result from the oxidation of C and N atoms.

2. The shapes of the gas evolution curves of R6G treated montmorillonite or
laponite are not affected by the degree of saturation of the clay. This may indicate
that only one type of association is obtained between R6G and montmorillonite
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and one type between R6G and laponite. Both these associations are independent
of the degree of saturation.

The shape of the gas evolution curves of AO treated laponite is independent of
the degree of saturation of the clay, indicating that only one type of association is
obtained between AO and laponite. On the other hand, gas evolution curves of AO
treated montmorillonite showed that the shapes of the different curves and the
appearance of several péaks depend on the degree of saturation of the clay. This is
an indication of the presence of several types of association between the dye and
montmorillonite. '

3. During the thermal analysis of AO- or R6G-laponite most of the organic
matter is oxidized before the dehydroxylation of the clay, whereas with AO- or
R6G-montmorillonite a large portion of the organic matter is oxidized only during
the dehydroxylation of the clay.

4. Pyrolysis products such as CH; and C,H were detected in the gaseous phase,
in spite of being thermal-analyzed in an oxidizing atmosphere. With R6G treated
clays CH; was the principal pyrolysis product whereas with AO treated clays C,H
was the principal pyrolysis product.
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Geology at the Hebrew University of Jerusalem. His assistance is gratefully acknowledged. Our thanks
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Zusammenfassung — Parallel mit den DTA-, TG- und DTG-Kurven wurden auch die H,0-, CO,-,
NO,-, CH;- und C,H4-EGA-Kurven von mit verschiedenen Mengen Akridinorange behandelten
Montmorilionit- und Laponitproben in Luft bestimmt. Die Thermoanalysendiagramme k6nnen in drei
Regionen unterteilt werden: die Dehydration der Tonerde, die Oxydation des organischen Kations und
die Dehydroxylierung der Tonerde. Die Oxydationsregion beinhaltet zwei exotherme Peaks, die die
Oxydation von H und C der organischen Substanz reprisentieren. Die Thermoanalysendiagramme von
Montmorillonit unterscheiden sich von denen von Laponit. Im Gegensatz zu Montmorillonit werden
die EGA-Kurven von Laponit nicht durch den Grad der Sittigung der Tonerde mit Farbstoff beeinflufit.

Pestome — B at™Mocdepe Bo3ayxa bt namepenst JATA, TT u ATT kpuBble MOHTMOPHIIOHATA K
JIATIOHMTA, OOpabOTaHHBIX PA3NUYHBIMM KOJIMYECTBAMM KPaCHTENs aKPHIAMHOBOTO OPaHXEBOTO.
OnuoBpemMeHHO Obuti M3MepeHb! Kpusbie ABIT s Boawl, aByokucH yriepona, ABYOKHCH a30Ta,
MeTafa ¥ 3TaHa. TepMuyeckre KpHBbIe MOTYT ObITh pa3jiesieHsl Ha TpH 00.1acTy, NpeIcTaBIIsIonHe
NeruIpaATalyio MHHEpana, OKHCIeHHE OPraHHYeckoro KaTHOHA H IETHIPOKCHINPOBAHHE MIHEDAA.
OB61aCTh.OKHCIIEHHS NIOKA3bIBAET JBA K30 TEPMUYECKHX THKA, 00YCIIOBICHHbIE OKHCIEHHEM BOAOPOAA
M YIJIEpPOAa OPraHHYecKoro BelecTsa. TepMHUYECKHe KPHUBbIE JIANOHATA OTJHYAIOTCH OT TAKOBBIX IS
MOHTMOpHLTOHUTA. ITpoduns kpuBbix ABI™ JaNOHNTA HE 3aBUCHT OT CTENEHN HACHILLIEHHS MHHEPAIa
KPACUTEJIEM, TOr 1A KaK TaKOBbIE [/11 MOHTMODHJUIOHHTA 3aTPAarHBAIOTCH CTENEHBIO HACBILICHHS €T0
KPACHTENEM.
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