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TG AND DSC AS TOOLS FOR CONFIRMING HYBRID VERMICULITES
DERIVED FROM INTERCALATION

Maria G. da Fonseca*, Albaneide F. Wanderley, Oberto G. da Silva, Luiza N. H. Arakaki and
J. G. P. Espinola

Departamento de Quimica, CCEN, Universidade Federal da Paraiba, 58059-900 Jodo Pessoa, Paraiba, Brazil

Vermiculite was prepared to react with aliphatic diamines (ethylene-, trimethylene-, tetramethylene- and hexamethylene-) diamine.
The products were characterized by elemental analysis, infrared spectroscopy and X-ray diffraction. The amounts of diamines ad-
sorbed were 0.89, 0.86, 0.79 and 0.68 mmol g ', respectively for NH,(CH,)- nNH, where n=2, 3, 4, 6. The basal spacings of the inter-
calated vermiculites varied between 1300 and 1470 pm. Thermogravimetry and DSC data confirmed intercalation of diamines in

gallery space of vermiculite.
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Introduction

Intercalation process involves a reversible insertion
of mobile guest species such as molecules, atoms, or
ions into a crystalline host lattice forming new materi-
als with distinct optical, electrical, and catalytic prop-
erties from the precursor host [1, 2]. One example
concerning the natural material is the expansible clay
minerals whose lamellar structure behaves as a good
support for intercalation reactions. This kind of clay
lamellar material is normally classified in two groups
of hydrous phyllosilicates having inorganic structural
arrangement in 1:1 or 2:1 layers. The first natural lay-
ered structure consists of single tetrahedral coordi-
nated [Si,Os](OH), layer which is connected to an
edge-shared octahedral M(OH)¢ sheet, where M is
Mg and AI’" [3, 4]. The 2:1 layered material con-
tains one octahedral sandwiched by two tetrahedral
layers and in both cases the oxygen atoms are respon-
sible to connect the sheets. However, the main inor-
ganic layered structure can have the cation substituted
in either the tetrahedral or octahedral sites for cations
of comparable radii. e.g. one expected substitution
such as Si*"/AI’" generates a negative charge in the
layers. To compensate the excess of this layered
charge, typical cations like Na or Ca*" are incorpo-
rated into the interlayer space. The materials of this
general class are normally called to smectites such as
montmorillonite and saponite. At this point, the atten-
tion focuses on vermiculite, which is an aluminum
phyllosilicate having very similar structure to the
montmorillonite with higher negative charge in the
inorganic sheets [4]. Several works related to the
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modification of vermiculite have been reported,
e.g. vermiculite-polymer nanocomposites for rein-
forcing purposes [5-7], vermiculite-alkylammonium
for industrial applications [8] or pillared vermiculite
as catalytic support [9, 10]. The present investigation
deals with the synthesis and characterization of
hybrids derived from reaction of aliphatic diamines
and vermiculite using thermogravimetry (TG) and
differential scanning calorimetry (DSC) to identify
the mechanisms of the intercalation reactions.

Experimental
Chemicals
Vermiculite sample was obtained from ‘Unido

Brasileira de Mineracao’ company from the municipal-
ity of Santa Rita (Paraiba, Brazil). Chemical analyses of
the sample were performed by AAS using a
PerkinElmer 5100 model instrument with an air-acety-
lene flame. The samples were digested in a mixture of
HF-HCI. The cation exchange capacity (CEC) was
measured by using ammonium acetate buffered at
pH 7.0 [11]. The nitrogen content was measured in a
PerkinElmer model 2400 analyzer. Ethylenediamine,
trimethylenediamine, tetramethylenediamine and hexa-
methylenediamine (Aldrich) were used as received.

Reactions with diamines

50.0 mg s of vermiculite samples (V) were dispersed
in 25.0 cm’ of aqueous solutions, containing diamines
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with several concentrations, varying from zero to
0.010 mol dm™. The solutions were stirred for 48 h.
This equilibrium time was previously estimated at
298+1 K. The solid was separated by filtration. The
diamine concentrations were measured by acid-basic ti-
tration with HCI standard solution. The number of N;
amine moles adsorbed per mass () of the solid was cal-
culated from the Nf=(Ni—Ns)m’1 expression, where N;
and N are the initial and final amount of the diamine in
solution, respectively. The intercalated vermiculites
were characterized by infrared spectroscopy, X-ray dif-
fraction, CHN elemental analysis, TG and DSC.

Methods

Carbon, hydrogen and nitrogen contents were mea-
sured using a PerkinElmer model 2400 analyzer. At
least two parallel measurements were performed for
each sample.

X-ray diffraction patterns were obtained by a
nickel-filtered CuK, radiation on a Shimadzu
model XD3A diffractometric apparatus in the 20=1.5
to 70° range and at a scan rate of 0.67° s™'. Infrared
spectra between 4000 and 400 cm ™' were recorded in a
Bomem MB-Series spectrophotometer using KBr pel-
lets with 4 cm ™' of resolution and 35 accumulations.

Thermal behavior of the samples was followed
by TG and DSC. TG curves were obtained in a
DuPont 1090 B model thermogravimetric apparatus
coupled to a DuPont 951 thermobalance. The samples
were heated up to 1273 K at 0.17 K s' heating rate in
a dry nitrogen. The sample masses were be-
tween 15.0-30.0 mg. DSC curves have been recorded
on a Shimadzu model DSC-50 unit. About 15 mg of
sample was placed to an aluminium pan and heated
from room temperature to 773 K at 0.17 K s in a dry
nitrogen. The reference was an empty aluminium pan.

Results and discussion

The chemical composition of vermiculite in mass%
was: SiO, (44.62), ALO; (9.18), Fe,O; (5.46),
CaO (0.78), MgO (20.44), Na,O (0.11), K,O (0.48)
with 18.93% mass loss after heating at 1273 K. Based
on these data, the structural formulae of the studied sam-
ple (calculated on the basis of O,y(OH)4 per formula
unit)  was Mg 3Cao 128Nag.032Ko.004F €0 63Al1 66516 85,
where Fe' is equal to the total Fe on the basis of wet
chemical analysis. The CEC was 135 meq/100 g.

The reactions of (ethylene-, trimethylene-,
tetramethylene- and hexamethylene-) diamine with
vermiculite were followed by an acid-basic titration.
The isotherms are shown in Fig. 1.
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Fig. 1 Interaction isotherms of vermiculite with a — ethylene-,
b — trimethylene-, ¢ — tetramethylene- and
d — hexamethylene-diamine at 298+1 K

The intercalation decreased from the ethylene->
trimethylene->tetramethylene->hexamethylene-diamine
order, whose N; values were 0.89, 0.82, 0.76 and
0.64 mmol g', respectively. The maximum amount of
each diamine intercalated was also estimated by CHN
analysis (Table 1). The carbon:nitrogen ratio for di-
amine before and after reaction with vermiculite was es-
tablished. Therefore, based on the nitrogen content of
the samples, the maximum numbers of adsorbed
diamine moles were 0.90, 0.86, 0.78 and 0.68 mmol g’1
for ethylenediamine, trimethylenediamine, tetramethyl-
enediamine and hexamethylenediamine, respectively.
These values are in agreement with the N¢ values ob-
tained from the isotherm 0.89, 0.82, 0.76 and
0.64 mmol g ' for the same sequence of diamines. The
C:N molar ratio calculated from the C and N content
was very close to the predicted values.

Table 1 Carbon (C), hydrogen (H) and nitrogen (N) content
and carbon:nitrogen molar ratio (calculated value in
parenthesis) for the reaction of alkylenediamines in
vermiculite (V) at the saturation condition

Sample C/% H/% N/% CN
(cal)

L 1.14
V—ethylenediamine 2.04 158 1.79 (1.0)
. I 1.40
V-trimethylenediamine 253 162 172 (1.5)
L 1.80
V-tetramethylenediamine ~ 2.82  1.51 1.57 (2.0)
L 2.90
V-hexamethylenediamine 4.03 1.96 1.36 (3.0)

The infrared spectrum (Fig. 2) of vermiculite
showed a band at 1002 cm ™ associated to asymmetric
stretching vibrations of Si—O-Si and Si-O-Al[12, 13].

The bending vibration of Al-OH appeared at
814 cm™'; the OH stretching vibration was observed at
3416 cm™ related to OH hydroxyl groups of inter-
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Fig. 2 Infrared spectra of a — vermiculite and vermiculite in-
tercalated with b — ethylenediamine,
¢ — trimethylenediamine, d — tetramethylenediamine
and e — hexamethylenediamine

lamellar water and the silanol groups. Absorption at
1640 cm™' was attributed to the characteristic bend de-
formation of the O—H group of the water. After diamine
adsorption, a drastic change in spectra occurred.

For the V—ethylenediamine the absorption bands
at 2936 and 3013 cm ' were attributed to the CH,
stretching modes. Hydrogen bonds between OH and
NH, groups were confirmed by the band at 1509 cm ™'
corresponding to characteristic bending deformation
of the NH; group [14, 15].

For V—trimethylenediamine, the spectrum
showed bands are due to asymmetric and symmetric
NH} stretching modes at 3062 and 3008 cm ', respec-
tively. Asymmetric and symmetric NH, deformations
were detected at 1513 and 1463 cm ', respectively.
The absorption at 2896 cm ' was related to the C—H
stretching mode [14, 15].

V—tetramethylenediamine showed also the bands
for the asymmetric and symmetric NH; stretching vi-
bration at 3091 and 3013 cm ', respectively. Asymmet-
ric and symmetric C—H stretching bands were observed
at 2942 and 2877 cm ', while the asymmetric and sym-
metric C—H bending deformation bands were detected
at 1450 and 1413 cm ', respectively [14, 15].

For V-hexamethylenediamine, the bands associ-
ated to asymmetric and symmetric were observed
at 2944 and 2874 cm'. The presence of protonated
amine was indicated by bands at 3243 cm ™' related to
the NH; stretching mode and at 1512 and 1467 cm™'
due to asymmetric and symmetric NH; deformations,
respectively [14, 15].

The absorption band corresponding to symmet-
ric deformation vibration of the NH; group in all hy-
brid samples appeared near 1500 cm ' in agreement
with formation of weak hydrogen bonds.

J. Therm. Anal. Cal., 87, 2007

30000
25000 1
20000 1
15000
10000 A
5000 1

0_

0 10 20 30 40 S0 60 70

20/degree

Intensity/a. u.

Fig. 3 X-ray diffraction patterns of a — vermiculite and
diamine adsorbed (mmol g™) ethylene- b — 0.69,
¢ — 0.73; trimethylene- d — 0.763, ¢ — 0.788;
tetramethylene- f — 0.742, g — 0.759;
hexamethylene- h — 0.367, i — 0.409

The X-ray diffraction patterns for vermiculite
and the intercalated forms are summarized in Fig. 3.

The native vermiculite showed a peak at
20=6.03° angle indexed to the 002 plan, correspond-
ing to interlayer distance (d°), of 1465.0 pm [4]. The
other peaks detected characterize the vermiculite in-
organic matrix [4]. The diffraction patterns observed
for the native and the intercalated samples suggest the
maintenance of the original crystallinity inorganic
matrix as the intercalation process takes place. The
diffraction patterns of the diamine derivatives indi-
cated basal spacings around 1280-1300 pm. Compar-
ing with clays, as the same contraction process oc-
curred, the interpretation takes into account the
adopted difference in diamine structural conforma-
tions when simultaneously the host matrix dehydra-
tion occurred with the entrance of the guest mole-
cules. The influence of the humidity in vermiculite
matrix was previously demonstrated by considering
magnesium saturated vermiculite in equilibrium with
humid atmosphere. In such conditions the basal space
gave 1436 pm with two slightly incomplete interlayer
planes of water molecules as hydration shell around
the exchangeable cations [4]. The immersion in water
causes an increase in the basal spacing to 1481 pm,
which could affect the system to complete the two
interlayer planes of water molecules. On the other
hand, by dehydrating on heating the original 1436 pm
phase gives an interlayer distance of 1382 pm, which
could be more associated to a structure containing
two slightly incomplete planes of water in different
arrangement than the original phase [4]. Continuing
the dehydration process a 1159 pm phase was de-
tected with a single plane of water molecules; and a
final 902 pm talc-like phase resulted with no inter-
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layer water [4]. In the present case, the interlayer cat-
ion and the water content should be the responsible
agents for generating differences in stages of interca-
lation by changing the interlayer distance. During the
progress of intercalation it could be expected that the
diamine conformations change from parallel to in-
clined positions inside the interlayer space with a dif-
ferent degree of hydration compared to the native ver-
miculite. This possibility was investigated by using
DSC and TG.

The TG curve of vermiculite (Fig. 4) showed a
single mass loss of 9.1%, which was related to the re-
lease of surface and coordination water of interlayer
space [16].

100
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Fig. 4 TG curves of a — vermiculite, b — V—ethylenediamine,
¢ — V-trimethylenediamine,
d — V—tetramethylenediamine and
e — V-hexamethylenediamine

The  V—ethylenediamine, = V-trimethylene-
diamine, V-tetramethylenediamine and V-hexa-
methylenediamine hybrids generated 6.7, 7.3, 5.82
and 5.60% mass losses, respectively.

In the DSC curves (Fig. 5) two endothermic
peaks at 396 and 448 K were detected for vermiculite
and attributed to surface and coordination water of
interlayer space removal. And with respect to hybrids,
two endothermic peaks dislocated to lower tempera-
ture and new exothermic ones were revealed as it is
illustrated in Table 2.

Table 2 Temperature ranges, maximum peak temperature and
miculite and hybrids

Heat flow/mW
b
o

<—Endo

500 600 700 800

Temperature/K

300 400

Fig. 5 DSC curves of a — vermiculite, b — V—ethylenediamine,
¢ — V-trimethylenediamine,
d — V—tetramethylenediamine and
e — V-hexamethylenediamine

The first peaks of V—ethylenediamine (Fig. 5b)
correspond to a lower area when compared to precur-
sor vermiculite, being then attributed to the rearrange-
ment of matrix resulting from entrance of organic
molecules. The exothermic peak at 568 K might be
due to the diamine conformation change in the
interlayer space of solid. The same behavior was ob-
served for V-trimethylenediamine and V-hexa-
methylenediamine hybrids. For all hybrid system the
area of the endothermic peak which is attributed to
the dehydration of matrix is smaller than the precursor
vermiculite, as indicated by AH values obtained from
DSC data. In the V-tetramethylenediamine hybrid
just one endothermic event was detected correspond-
ing to AH=122.6 J g', as is shown in Table 2. In this
latter case, the evaporation of adsorbed and coordina-
tion water and the organic decomposition occurred in
a single stage. New exothermic peaks were detected
for all hybrids in the range of 520—650 K, which ac-
cording to the TG curves were not accompanied by
mass losses. Thus, these events in DSC were attrib-
uted to the diamine conformation change in interlayer
space of solid, resulting a more stable arrangement of
organic chains. This set of data is an indication of the
dehydration of solid with the entrance of diamine in
gallery space.

associated enthalpies originating from the DSC curves of ver-

Solid Trange/ Toad — AHY/ Trang/ Towd  AH/ Trange/ Toa/  AHy
K K Jg K K Jg K K Jg
\% 381412 396 +81.2 433463 448 +59.8 - - -
V-ethylenediamine 334-391 371 +433 398441 419 4368  532-591 567  -19.1
V-trimethylenediamine 338403 373 +22.7 405447 419 4125 492-566 523 553
V-tetramethylenediamine 333402 369  +122.6 - - - 477-570 521 404
V-hexamethylenediamine ~ 318-373 355 +334 378413 389 +53 585632 610 -5
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Conclusions

The synthesis of hybrids resulted from interaction of
vermiculites with aliphatic diamines as it was con-
firmed by X-ray diffraction, infrared spectroscopy
studies and elemental analyses. In one hand, TG and
DSC results supported the dehydration of solid with
the concomitant entrance of organic moieties in
interlayer space and, in the other hand confirmed the
hypothesis of intercalation and replacement of water
molecules by diamines.
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