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A new hybrid material with the composition [Zn; ¢Al(OH)s g][Cl,CsH;OCH,CO,-2.83H,0] has been synthesised
via ion exchange of chloride by ions of a molecule belonging to the pesticide family, 2,4-dichlorophenoxyacetate
(2,4D). The ion exchange in the zinc—aluminium—chloride layered double hydroxide, [Zn-Al-Cl], was
investigated by X-ray diffraction and infrared spectroscopy. The effects of the anion concentration in solution,
the 2,4D/[Zn-Al-Cl] molar ratio, the ageing time and the temperature on the ion exchange were studied. The
best sample, in terms of crystallinity and extent of ion exchange, was obtained at 100 °C in a 0.004 M 2,4D
solution in which the 2,4D/[Zn-Al-Cl] molar ratio was equal to 11, with 24 h of stirring time. This hybrid
material was further characterised by chemical analyses and its thermal behaviour was also studied.

Introduction

Increasing attention is being paid to the layered double
hydroxides, also called anionic clays or hydrotalcite-like
compounds,' owing to their layered structure and their high
anion exchange capacity>® which make them potential
materials for technical applications in various domains, such
as catalysis, electrochemistry, separation technology and
medicine.* 1

Their structural units are made from stacks of positively
charged octahedral sheets. The net positive charge, which is due
to substitution of trivalent by divalent metal ions in the brucite-
like metal hydroxide M(OH),, is balanced by an equal negative
charge from the interlayer solvated anions. The anionic clays
can be represented by the general formula''!? [M™,_ M™
(OH),]* T[X™" ynH,O ", abbreviated as [M"-M™"-X],
where, MY=Mg>*, Zn?*, Mn?*, .., MIU=AP*, Crt,
Fe’*, ..;and X" =Cl", NO;~, CO;*", PO, ...

This study forms part of a wider investigation undertaken to
study the anion exchange ability of anionic clays'*'* and their
use as sorbents for undesirable organic and inorganic
anions.®!> We report here on the results obtained in the case
of pesticides, which are present in many agricultural and
industrial water streams,'®'® in particular the intercalation of
an ion from a molecule belonging to the pesticide family, 2,4-
dichlorophenoxyacetic acid, abbreviated as 2,4D, in [Zn-Al-
Cl] by ion exchange, leading to the formation of a new stable
hybrid LDH. A review of the various syntheses of organic
anion-containing LDHs has been published by Carlino.!” The
effects of the anion concentration in solution, the 2,4D/[Zn—
Al-Cl] molar ratio, the ageing time and the temperature on the
ion exchange were studied in order to determine the optimum
conditions under which an intercalated clay is obtained with
good crystallinity and high extent of exchange. Both the [Zn-
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AL-CI] precursor and the exchanged phases were characterised
by powder X-ray diffraction (PXRD) and Fourier transform
infrared spectroscopy (FTIR). The best sample, in terms of
crystallinity, obtained in the series was further characterised by
chemical analyses, thermogravimetry (TG) and differential
thermal analysis (DTA).

Experimental
Materials

All experiments were carried out under a stream of N, in order
to avoid, or at least minimise, contamination by atmospheric
CO..

The anionic clay [Zn—Al-Cl], with a [Zn]/[Al] ratio equal to 2,
was synthesised by coprecipitation at a constant pH of 9.0.%
Mixtures of molar ZnCl, and AlCl; aqueous solutions were
slowly introduced into the reactor, where the pH was
maintained by the simultaneous addition of 1.0 M NaOH
solution. The resulting slurry was then left under stirring for
34 h at room temperature. The precipitate was filtered, washed
several times with water and then dried at 30 °C.

Exchange reactions were carried out at a pH around 7.
200 mg of [Zn-Al-Cl] suspended in the anion containing
solution (500 mL) was stirred and then centrifuged. The
reactions were carried out under reflux for temperatures
higher than room temperature.

The influence of the [2,4D)/[Zn-Al-Cl] ratio on the anion
exchange was examined at room temperature with 24 h of
ageing time in a 0.004 M 24D solution. The other three
parameters were studied with a [2,4D]/[Zn—Al-Cl] molar ratio
equal to 11.

The effect of the anion concentration in solution was
investigated at room temperature with 24 h of continuous
stirring. The influence of ageing time was studied at room
temperature in a 0.004 M 2,4D solution. Experiments were also
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carried out at different temperatures in a 0.004 M 24D
solution under stirring for 24 h.

Methods

Chemical analyses were effected by atomic absorption spectro-
scopy at the “Service Central d’Analyses” of the CNRS at
Vernaison (France).

The XRD equipment used was a Siemens D 501 diffract-
ometer. Samples of unoriented powder were exposed to Cu-Kao
radiation (1=1.5405 A). Measurement conditions: 20 range: 2—
76°; step size: 0.08° 20; step counting time: 4 s. Data acquisition
was effected on a DACO-MP microcomputer. Unit cell
parameters were calculated using a least squares refinement.

Absorbance IR spectra were recorded on a Perkin Elmer 16
PC spectrophotometer, at a resolution of 2 cm ™! and averaging
over 100 scans, in the range 400-4000 cm~'. Samples were
pressed into KBr disks.

DTA and TG experiments were performed in air on a
Setaram 92 instrument. Curves were recorded at a rate of
5°C min~" using 14.5 mg test samples.

Results and discussion
Characterisation of the [Zn—Al-Cl| precursor

The PXRD pattern for [Zn—-Al-CI] (Fig. 1), which shows good
agreement with those found for other hydrotalcite-like
compounds,”’20 indicates that the solid consists of a well
crystallised single phase with large constituting crystallites. The
lattice parameters, refined on the hexagonal setting with a
rhombohedral symmetry (space group: R-3m), are:
a=0.3060 and ¢=2.334 nm (d=¢/3=0.7789 nm).

The IR spectrum of the sample (Fig.2) presents profiles
which resemble those exhibited by all hydrotalcite-like
phases.?®?! Typical of this spectrum are the strong absorbance
at 3450 cm™ ! and the band at 1650 cm™ ! which correspond to
the valence vibrations of hydroxyl groups and the bending
vibration of water, 6(H,0), respectively. The bands observed in
the low-frequency region of the spectrum correspond to the
lattice vibration modes and can be attributed to M—O (841 and
647cm™ ') and O-M-O (435cm™!) vibrations.®"® Tt is
noteworthy that, despite the precautions taken during the
materials syntheses, the IR spectrum shows some contamina-
tion by CO;*” (1360 cm™ ') in the solid. However, CO5>",
which is known to form stable anionic clays,?* is only present in
trace amounts, since no carbonate clay phase is visible in the
PXRD pattern.
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Fig. 1 PXRD pattern of [Zn-Al-ClI].
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Fig. 2 FTIR spectrum of [Zn-Al-Cl].

Characterisation of the exchanged phases

PXRD patterns for [Zn-Al-2,4D] LDHs prepared with
different 2,4D/[Zn-Al-Cl] molar ratios, different 2,4D ion
concentrations, different ageing times, and at different
temperatures present some common features (Fig. 3-6). The
layered structure of the material is preserved upon exchange.
However, as in the case of hybrid LDHs,*>?* the crystallinity is
lowered, as attested to by the elimination of some (hk/)
reflections, the widening of the remaining PXRD lines and the
decrease in their intensity. In addition, the ion exchange is
observed to cause a little broadening of the (110) reflection,
indicating a certain amount of disorder in the layers, which
could be due to electrostatic interactions between the 2,4D ion
and the layers of the host matrix. However, this disorder could
also be due to the typical turbostratic effect caused by a
decrease of the ordering along the stacking axis of the layers
which in turn is induced by the loss of the van der Waals
interactions between adjacent layers and the absence of a
densely packed interlayer space formed by high charge density
anions, such as halides or oxo-anions. A displacement of (001)
lines denoting an increase in the interlayer distance, which is
due to the exchange of chloride by 2,4D, was also observed.

The 2,4D/[Zn—Al-Cl] molar ratio (abbreviated as R) plays an
important role in the exchange process (Fig. 3). When this ratio
is very small (R=0.14) no exchange is observed. Increasing this
ratio leads to a mixture of phases corresponding to the
precursor and an 2,4D-exchanged phase (R=1 and 5). Total
exchange is observed when this ratio is equal to 11.

The study of the effect 2,4D concentration indicates that the
best extent of ion exchange is obtained for the concentration
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Fig. 3 PXRD patterns of [Zn-Al-2,4D] phases obtained in solutions
with different 2,4D/[Zn-Al-Cl] molar ratios.
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Fig. 4 PXRD patterns of [Zn—-Al-2,4D] phases obtained in solutions
with different 2,4D concentrations.

corresponding to the solubility limit of 2,4D in water, which is
0.004 M. Below this concentration, the PXRD patterns present
some lines corresponding to the chloride phase. The important
background noise observed between 20 and 30° in 26 can be
attributed to amorphous Al(OH),.**

For ageing times below 24 h, the PXRD patterns (Fig. 5)
present lines corresponding to both the precursor and the
exchanged phase. For times longer than 24 h, the crystalline
phase undergoes degradation with an increase in the amount of
the amorphous phase. This lowering of crystallinity might be
due to the mechanical effects of the stirring, which favours
turbostratic disorder.

Temperature was observed to cause a slight improvement in
the crystallinity for the exchanged phase, as shown by the (001)
lines which become less broad and more intense when the
temperature is increased (Fig. 6).

Characterisation of the optimised phase

It can be concluded from the preceding investigations that the
best exchanged phase with high extent of ion exchange is
obtained at 100°C in a 0.004 M 2,4D solution in which the
2,4D/[Zn—Al-Cl] molar ratio is equal to 11 with 24 h of stirring
time.

The XRD powder data obtained for a phase prepared under
these conditions were refined on the hexagonal setting (space
group: P6s/mmc). The cell parameters were a=0.3060 and
¢=1.906 nm. The intercalation of the organic ion in the layered
host structure is clearly evidenced by the net increase in the
basal spacing from 0.7789 nm for [Zn—Al-Cl] to 1.906 nm for
the organic derivative.

The intercalation is also confirmed by IR (Fig.7). All
stretching and bending vibration modes of the organic anion
are observed in the spectrum, besides the absorption bands of
the hydroxylated layers. The band at 1620cm™! can be
attributed to the carboxylate ion vibrations and masks the
deformation vibration of water molecules in the interlayer
domain which appear in the spectrum of the parent material at
1650 cm ™ !. The C=C bond vibrations of the aromatic nuclei
appear around 1490 and 1420 cm™!. The bands observed at
1280 and 1060 cm™!' correspond to the antisymmetric and
symmetric vibrations of C-O-C, respectively. The band at
860 cm ™! can be assigned to the C—Cl vibration and those at
770 and 800 cm ™! to C—H deformation vibrations out of the
benzenic plane.?®’

Chemical analyses of the [Zn—Al-2,4D] phase confirm the
chloride-2,4D ion exchange and show that the exchange is
almost total (Table 1). The average composition of the phase
corresponds to the formula [Zn;  Al(OH);sg][Cl,CcH3;OCH,
CO,-2.83H,0].
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Fig. 5 PXRD patterns of [Zn—Al-2,4D] phases obtained with different
ageing times.
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Fig. 6 PXRD patterns of [Zn—-Al-2,4D] phases obtained at different
temperatures.

TG and DTA curves obtained for the [Zn-Al-2,4D] phase
are reported in Fig. 8. The thermal evolution under air takes
place in four consecutive stages with weight losses for which the
inflection points coincide with the temperatures corresponding
to minima and maxima in the DTA trace. The first weight loss
(ca. 10%), which begins as soon as heating is applied with a first
intense endothermic effect at 85 °C and a shoulder at 40 °C, is
attributed to the loss of adsorbed and interlayer water
molecules. The amount of these molecules, calculated from
the TG curve, corresponds to the elimination of 2.96 mol water
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Fig. 7 FTIR spectrum of the [Zn-Al-2,4D] phase obtained under
optimum experimental conditions.
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Table 1 Chemical analyses of the exchanged phase [Zn-Al-2,4D]

Anionic species

Layers

Zn/Al C/Al O/Al Cl/Al H/Al
Experimental 1.90 8.36 12.00 2.03 16.45
Theoretical 2.0 8.0 11.83 2.0 16.66

Calculated formula: [an gAl(oH)sg] [C12C6H3OCH2C02 2.8 3H20] .

per mol Al, in agreement with the value obtained by chemical
analyses. The second weight loss (ca. 9%), with an endothermic
peak at 200°C, is assigned to the dehydroxylation of the
brucite-like layers as well as the removal of carbon dioxide
from interlayer carbonate anions which are only present in
trace amounts, since no carbonate-LDH phase is seen on the
XRD pattern. These two first stages are similar to those
previously reported for hydrotalcite-like materials.*?%? 3! The
third and fourth weight losses (ca. 30 and 11%), with two
exothermic signals at 380 and 510 °C, respectively, arise from
decomposition of the organic anions by combustion reactions
in two steps; extraction of the dichlorophenol fragment
followed by the elimination of the acetate fragment. Supple-
mentary analyses are presently being performed, by linking a
mass spectrometer to the TG-DTA apparatus, in order to
elucidate the decomposition mechanism of the host matrix and
the organic entity.

Structural model

The experimental results show that the 2,4D anion is
intercalated in the interlayer space and bound to the host
matrix by electrostatic interactions and hydrogen bonding with
an interlayer distance of 1.906 nm. Knowing the layer thickness
(0.21 nm) and the hydrogen-bond distances between guest and
host (0.27 nm), gives the interlayer space available for the anion
as 1.60 nm. Comparison with the size of the 2,4D anion
(0.886 nm) indicates an opposite and perpendicular orientation
for the anion, as shown in Fig. 9.

Conclusions

2,4D-intercalated [Zn—Al] anionic clay phases were prepared
from a chloride precursor, which was obtained by the
coprecipitation method at constant pH, via an exchange
reaction in a 2,4D-containing solution. The effects of the
anion concentration and temperature on the exchange were
studied in order to determine the optimum conditions under
which the intercalated clay is obtained with a good crystallinity
and high extent of exchange.
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Fig. 8 TG and DTA curves for the [Zn—Al-2,4D] phase obtained under
optimum experimental conditions.
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Fig. 9 Model for the orientation of the 2,4D anion between the
hydroxylated layers.

PXRD revealed that, in all cases, the crystallinity of the
intercalated phases is lower than that of the precursor.
Intercalation was also observed to cause a certain degree of
disorder in the layers without destruction of the layered
structure of the material or degradation of the pesticide anion.
The best crystalline material, with a high extent of exchange,
was obtained by carrying out the exchange at 100°C in a
0.004 M 2,4D solution in which the 2,4D/[Zn-Al-CI] molar
ratio was equal to 11 with 24 h of stirring time.

The intercalation of the organic ion in the layered host
structure was clearly evidenced on a phase prepared under
these conditions by the net increase in the basal spacing from
0.7789 nm for [Zn-Al-CI] to 1.906 nm for the organic
derivative. This intercalation was also confirmed by IR, with
all stretching and bending vibration modes of the organic anion
being present on the spectra, besides the absorption bands of
the hydroxylated layers.

Chemical analyses of the intercalated phase obtained under
the optimum conditions confirmed the anion exchange and
provided the average composition of the sample, which
corresponds to the formula [Zn; ¢Al(OH)sg][Cl,C¢sH3;OCH,
CO,-2.83H,0].

Thermal treatment of the optimised [Zn—Al-2,4D] phase led
to the loss of adsorbed and interlayer water, as well as to
dehydroxylation of the layers below 300 °C. The decomposition
of the organic anion by combustion reactions was observed
after this point.
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