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Abstract—Syntheses of Fe-, Co-, and Ni-containing Mg-Al-layered double hydroxides (LDHs) are
described here because Fe, Co, and Ni represent the major constituents in steel containers used for storing
spent nuclear fuel. Much evidence exists for the formation of LDHs during the corrosion of such containers
under repository-relevant conditions. Because of their anion-exchange properties, LDHs can be considered
as materials with the potential to retain and immobilize anionic radionuclides. Evaluation of the
thermodynamic properties of LDHs is essential for reliable prediction of their behavior (solubility, anion
exchange properties) in geochemical environments. The impact on the thermodynamic properties of the
isostructural incorporation of divalent cations into the LDH was the main focus of the present study.

Mg-Al-CIl-LDH and the Fe-, Co-, and Ni-doped LDHs were synthesized by the co-precipitation method
and then characterized (using powder X-ray diffraction (PXRD), extended X-ray absorption fine structure
(EXAFS), X-ray absorption near edge structure (XANES), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDX), and
thermogravimetric analyses (TGA)).

The PXRD and EXAFS analyses indicated that all synthesized samples were pure LDHs where Co, Ni,
and Fe were incorporated isostructurally. The EXAFS and XANES results demonstrated that Ni and Co
were incorporated as divalent cations and Fe as a trivalent cation. Thermodynamic calculations were
performed assuming an equilibrium state between aqueous solutions and corresponding precipitates after
synthesis. The first estimates of the molar Gibbs free energies for Fe-, Co-, and Ni-containing LDHs at
70°C were provided. The calculated Gibbs free energy of the pure Mg-Al-LDH (—3629 kJ/mol) was
slightly less than those for Fe-, Co-, and Ni-containing compositions (—3612+50, —3604+50,
—3593+50kJ/mol).

Key Words— EXAFS, Corrosion Products, Layered Double Hydroxides, Solubility, Thermodynamic
Modeling.

INTRODUCTION
interlayer solvated anions (e.g. CO3~, NO3, CI, etc.)

Layered double hydroxides (LDHs), or the so-called
‘anionic clays,’ constitute a class of lamellar compounds
containing positively charged brucite-like layers and
exchangeable anions in the interlayers (Miyata, 1975).
Besides the anions, water is also present in the interlayer
spaces. The general formula that represents this kind of
material is [M3= M>"][47,,-mH,0], where M* and M*>*
are di- and trivalent metal cations, respectively, x is the
molar ratio of M*>*/(M** + M*"), and 4 is an interlamellar
anion with charge n~. The structure of these compounds
can be visualized as a brucite (Mg(OH),)-like octahedral
layer in which part of the Mg®" is replaced isomor-
phously with trivalent cations and the positive charge of
the layer is balanced by equal negative charge from the

* E-mail address of corresponding author:
h.curtius@fz-juelich.de
DOI: 10.1346/CCMN.2013.0610503

https://doi.org/10.1346/CCMN.2013.0610503 Published online by Cambridge University Press

(Cavani et al., 1991). A large number of LDHs with
variations in the M>"—M>" cation pair including M —M>"
(e.g. Li-Al) and M*'—M*" (e.g. Co-Ti) and their
applications have been documented (Taylor, 1984).
Layered double hydroxides have been the subject of
intensive research because of their wide applications as
catalysts and as anion exchangers. In the nuclear field,
the interest is in LDHs as anion exchangers because
long-lived anionic fission products (e.g. 129I, 7986, 99Tc,
etc.) are very mobile and scarcely retarded by the multi-
barrier system of many disposal sites (NAGRA 02-05).
Different waste matrices in contact with groundwater
corrode and LDHs form as a corrosion product. When
cementitious waste corrodes in salt solutions the so-
called “Friedel’s salt” is formed (Renaudin et al., 1999).
Friedel‘s salt is an anion-exchange mineral belonging to
the class of LDHs with the general formula
Ca,Al(OH)¢(C1,OH)-2H,0. In the octahedral layer, Ca
rather than Mg is present as the divalent cation. In
MgCl,-CaCl, salt solution, nuclear-waste glass and
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basaltic-glass alteration processes occurred and the
formation of LDHs was observed (Abdelouas et al.,
1994). In many countries, spent fuel will be disposed in
canisters made of iron. In contact with groundwater, iron
will corrode and hydrogen will be produced, creating a
reducing environment. Under these conditions, magne-
tite and a LDH-like compound known as ‘green rust’
(Fe(II)- and Fe(III)-containing LDHs) were identified as
corrosion products (Cui and Spahiu, 2002).

In Germany, irradiated research-reactor fuel elements
with uranium silicide as the fuel will be stored in cast
iron containers and, after an interim period of dry
storage, direct disposal in deep geological formations is
planned. Research-reactor fuel samples (UAL,-Al- and
U;Si,-Al-types) were leached in the presence of Fe(II)
aqueous species in a repository-relevant MgCl,-rich salt
brine. Mg-Al-layered double hydroxides and the ‘green
rust’” were identified as crystalline secondary phase
components (Mazeina et al., 2003; Curtius et al., 2009,
2010).

Besides iron as a major component of the spent-fuel
container, the elements Ni and Co are present also and,
therefore, the possible formation of solid solutions of
(Mg,Co)/Al-LDH, (Mg,Ni)/Al, and (Mg,Fe)/Al-LDHs in
a final repository cannot be ruled out. Many research
groups have focused on these LDHs because they may be
useful as catalysts in the selective conversion of acetone
to other valuable products such as methyl isobutyl
ketone, methyl isobutyl carbinol, and mesityl oxide.
These compounds are mostly prepared using the co-
precipitation method with carbonate in the interlayer.
Note that during the co-precipitation-step, Ni(II) and
Co(I) were found to substitute easily for Mg(II)
(Unnikrishnan and Narayanan, 1999), whereas Fe pre-
sent as Fe(III) substituted for the Al(III) ion. Information
on the thermodynamic and stability properties of pure
and complex solid solutions of LDHs is very sparse. In
recent years the first estimates of thermodynamic
properties and aqueous solubilities of Mg-Al-LDHs
were obtained by applying calorimetric measurements
(Allada et al., 2005), and for Mg-Al-Fe(Ill)-LDH by
combining the results of co-precipitation and long-term
(>200 days) dissolution experiments (Rozov et al., 2010,
2011).

The present study focused on (1) the synthesis of Co-,
Ni-, and Fe-containing Mg-Al-LDHs, (2) their structural
properties, and (3) their thermodynamic properties in
order to assess the stability and aqueous solubility in
comparison to a pure Mg-Al-LDH.

EXPERIMENTAL

Deionized water was boiled and stored under an
argon atmosphere before use. The chemicals were of
analytical grade and used without further treatment. All
experiments and working steps were performed under an
argon atmosphere.
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Synthesis of LDHs

The Mg-Al-LDH was synthesized using the co-
precipitation method at controlled pH conditions as
described by Weiss and Toth (1996) with some
modifications in relation to the purification and drying
steps. A detailed description was given by Curtius and
Kattilparampil (2005).

The Co-, Ni-, and Fe-bearing LDHs were prepared
according to the same co-precipitation method.
Specifically, 250 mL of water was placed in a three-
necked glass flask and a pH of 10.0+0.1 was achieved
using 2 M NaOH. A mixed aqueous solution containing
MgCl,-6H,0 (0.29 moles), CoCl, (0.01 moles), or
FeCl,-4H,0 (0.01 moles); or NiCl,-6H,0O (0.01 moles)
and AICl3-6H,0 (0.1 moles) in 250 mL of water was
added over a period of 5 h while the pH was maintained
at 10.0+£0.1 by simultaneous addition of 2 M NaOH.
During the precipitation process the temperature was
maintained at 70+1°C. After the addition was complete,
the temperature was raised to 90+1°C and stirring was
continued for 24 h. After cooling to room temperature
(25£1°C), the precipitate formed was filtered and then
dialyzed at 60+1°C for 72 h. For this washing step the
dialysis hose was filled with the precipitated solid and
then placed in a 2 L vessel containing deionized water.
The water was changed three times a day until it was
chloride-free (chloride measurements were performed
using the cuvette test LCK 311, Dr. Lange™) The
detection limit of the chloride test used was 2.82 x 107>
moles L', Then the precipitate was filtered and dried in
a desiccator under argon.

The substances obtained were characterized by
photometry (UV-visible spectrometer), PXRD, EDX,
EXAFS, TGA, FTIR, and inductively coupled plasma-
optical emission spectroscopy (ICP-OES).

Characterization techniques

Scanning electron microscopy (SEM). Investigation by
SEM was performed using the environmental scanning
electron microscope FEI Quanta 200 F (FEI, Oregon,
USA). The measurements were carried out in low-
vacuum mode at 0.6 mbar (20 kV, spot size 4, working
distance 10 mm). The counting time was 50 s and the
energy setting of the energy-dispersive analysis was
20 keV. The resolution was 132.40 eV. When using this
mode, sputtering of the samples with gold or carbon was
unnecessary and analytical artifacts were, thus, avoided.
The samples were prepared as powders on adhesive
carbon tabs. The microscope is equipped with the EDX-
system Genesis (EDAX).

Photometric/UV-visible analyses. The chloride content
in the precipitates and in the corresponding supernatant
liquids was determined by photometric measurement
(wavelength of 300—600 nm, with a maximum reflection
at 468 nm) (Dr. Lange photometer CADAS 100) (Dr.
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Lange, Berlin, Germany) using a test cuvette (LCK 311,
Dr. Lange™). Aliquots of the liquid phases were
measured, over the wavelength range mentioned above,
after dilution (1 to 1000) with water. Each solid
(100 mg) was dissolved in 10 mL of a 2 M HNO;
solution. Then another dilution (1 to 50) with water was
performed. This solution was measured using test
cuvette LCK 311 (path length = 10 mm).

Determination of the oxidation state of Fe in Mg-Al-Fe-
containing LDHs. The presence of Fe(Ill) in the Fe-
bearing LDH was determined by the formation of an
Fe(Ill) thiocyanate complex (Hollemann and Wiberg,
1976) and the photometric measurement was performed
using a Dr. Lange Photometer CADAS 100 instrument.
In the first step, 200 mg of the Fe-bearing LDH was
dissolved in 5 mL of concentrated HNOj; solution and
then diluted with water to a volume of 20 mL. Then
50 pL of this sample solution was added to 50 mL of
water. Next, 15 mL of TBP (tributylphosphate) and
15 mL of a NH4SCN (20 wt.%) solution were added.
The mixture was shaken for 10 min. Finally, 5 mL of the
organic phase was separated and dried with Na,SO,.
After 10 min, ~2 mL of this solution was used for the
measurement. The concentration of Fe(Ill) was calcu-
lated according to Beer-Lambert Law. The analytical
error was in the range of +£5%. Pure Fe(III)Cl; and
Fe(II)Cl, salt solutions were used as internal standard
solutions.

ICP-OES analyses. The Mg, Al, Fe, Co, Ni, and Na
contents in the solid and liquid phases were determined
by ICP-OES using a Perkin-Elmer ICP-OES instrument
(Thermo Fisher Scientific Model 11189 (Massachusetts,
USA)). The liquid samples were analyzed directly
without dilution steps. Each solid sample (100 mg) was
dissolved in 10 mL of a 2 M HNOj; solution. This
solution was further diluted (1 to 100) with a 0.1 M
HNO; solution and then the measurement was per-
formed.

Thermogravimetric analyses (TGA). The TGA measure-
ments were carried out using a NETSCH STA 449 C
Jupiter™ instrument (Netsch, Selb, Germany). In the
temperature range between 25 and 1000°C the heating
rate was 10°C/min. The measurements were carried out
under nitrogen flow. Within the measurements the
interlayer water contents, hydroxyl groups, and chloride
anions were determined. The temperatures of removal of
interlayer water, chloride, and hydroxyl groups were
also determined.

FTIR analyses. The interlayer composition (anion,
interlayer water) was determined by FTIR analysis
using a Bruker Equinox™ (Massachusetts, USA)
spectrometer with the KBr pellet technique.
Approximately 200 mg of KBr and ~2 mg of LDH
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were mixed carefully and a pressure of 10 tons was
applied and held constant for 3 min to prepare each
pellet. The IR spectra were recorded in the range 4000 to
400 cm™".

XRD measurements — Phase identification. The XRD
measurements were carried out using a D8 Advance
powder diffractometer from Bruker AXS (Karlsruhe,
Germany). The structural analysis and the phase
quantification were carried out using the BGMN soft-
ware package (Bergmann ef al., 1998). The program is
based on the fundamental parameter approach (FPA)
which considers the diffractometer geometry, i.e.
physical parameters, in order to describe the device
function (Klug and Alexander, 1974).

The goniometer of the diffractometer features a 0-0
Bragg-Brentano geometry with a radius of 250 mm. For
the XRD measurements, CuKo radiation at 30 kV and
45 mA was applied. The intensity gained was registered
by a 1D VAntec line detector. A nickel filter was
inserted to suppress parasitic CuKp radiation. An
automatic aperture system was used to maintain a
constant X-ray irradiation length on the sample of
3 mm. Primary Soller slits with a device angle of
2.376° were also applied to reduce divergence of the
incident beam. The XRD measurements were carried out
in continuous mode with a step size of 0.028° and with
1 s/step over the range 5 to 85°26.

A non-certified Zincite p.A. standard of known
weight (10 wt.%) was added as an internal standard for
goniometer alignment corrections, using the DiffracPlus
Eva software (by Bruker-AXS), which references the
observed Zincite reflections to entry no. 00-036-1451 of
the powder diffraction file PDF-2 database of the
International Centre for Diffraction Data (ICDD). The
magnitude of these corrections was ~0.1 mm. Zincite
was also used (by adding it to the LDH and then
applying Rietveld to determine the amounts of phases) to
quantify byproducts (crystalline and/or amorphous)
which may have formed during the LDH syntheses.

Refinement of real structure parameters of the LDH
compounds using the Rietveld method was demonstrated
by Ufer et al. (2008). Practical considerations of that
investigation, which refer to the sample preparation of
LDH compounds and the application of Zincite as an
internal standard, were followed here, e.g. for the
estimation of the amorphous content.

X-ray diffraction — Rietveld refinement and quantitative
phase analysis. In order to quantify the phases observed
and determine their lattice parameters and the degree of
disordering, the Rietveld method was applied. The
arrangement of the layers in the ¢ direction of the
LDH compounds synthesized showed no long-range
ordering, i.e. the respective stacking sequences of the
ordered hexagonal (ABAB) and trigonal LDH end-
members (ABCABC) were randomly distributed.
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The analysis was carried out using the BGMN
software which is able to evaluate parameters of the
real structure such as the randomized stacking sequences
of the layers in LDHs (Ufer et al., 2008; Curtius et al.,
2009). This feature is based on a recursive approach
which has been developed by Treacy et al. (1991) and
implemented in the DiFFaX software package. This
program simulates XRD patterns of compounds which
exhibit virtual stacking faults and has been applied
widely in the characterization of LDH compounds (e.g.
Faour et al., 2012; Britto et al., 2008; Prasanna et al.,
2007; Radha et al., 2007; Thomas et al., 2004). The
stacking faults of the layers lead to anisotropic peak
broadening in the XRD pattern as the long-range order
perpendicular to the layers is not present. Therefore, the
related Kkl reflections will broaden. The model for the
calculations is based on the structure given by
Arakcheeva et al. (1996).

In a projection parallel to the ¢ axis (Figure 1), one
octahedral layer and the oxygen positions of CO3~ and
H,O are revealed. The Wyckoff positions are 3f and 3g
referring to the space group P62m (189) and could be
occupied by both O*~ and CI~. The cations, which
occupy the Wyckoff positions 4h and 2e, have been
omitted for clarity. Due to ordering of the Mg and Al
cations the octahedra are slightly distorted. This type of
LDH belongs to the 2H; polytype (Bookin and Drits,
1993).

The metal cations are six-fold octahedrally coordinated
by hydroxides (transparent edge-sharing octahedra).
Between chloride anions and water molecules (black
and gray spheres, respectively) are the constituents of the
interlayer. The respective color differentiation of the
spheres refers to the different atomic, i.e. Wyckoff,
positions occupied by oxygen and chlorine.

The transition from one octahedral layer to the next is
described as a mirror operation carried out with a mirror
plane being situated virtually in the interlayer.

Fe-, Co-, and Ni-containing Mg-Al-layered double hydroxides
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According to the nomenclature of Bookin and Drits
(1993) the hexagonal structure is referred to as the 2H,
polytype. The respective layer sequence has the notation
AC=CA=AC. Contrary to that, the trigonal structure
represents the 3R; polytype and the ordering of layers
exhibits the sequence AC=CB=BA=AC. The capital
letter notation “A”, “C”, and “B” denotes the sites in
which the hydroxyl anions of the octahedra reside. The =
sign between adjacent layers indicates that the upper
hydroxyl of the layer below and the lower hydroxyls of
layer above form a prism and is, therefore, referred to as
‘p-type.” If the minus sign is given, the respective
hydroxyls form an octahedron. This arrangement is also
referred to as ‘o-type.’

The synthesis of this study exhibits a 3:1 ratio of the
(M(I1)/A1(111)) cations, which is observed in 3R,
polytypes and the notation sequence is
AC=CB=BA=AC. For this polytype the upper hydroxyls
of the lower layer and the lower hydroxyls of the upper
layer also form prisms. This polytype was described by
Allmann and Jepsen (1969) and by Bellotto et al. (1996).
The space group of this LDH is R3m (166). The metal
cations M(Il) and M(III) occupy, unlike the 2H,
polytype, the same Wyckoff position 3a. Due to this
common position of the different cations, the surround-
ing octahedra are not distorted, i.e. are identical
considering the atomic positions, bond distances, and
angles. The position of the interlayer oxygens of the
CO3™ anion easily triggers the formation of hydrogen
bonds to the adjacent hydroxyls when the arrangement of
the related layers follows the p-type (Rives, 2001). This
site occupancy of the cations is the same as that given by
Allmann and Jepsen (1969) and Bellotto et al. (1996).
The layer transition of two adjacent octahedral layers for
this LDH type, referred to as 3R type, is described as a
2/3 shift parallel to the a and 1/3 parallel to the b axis.
Following the notation of Bookin and Drits (1993) the
respective layer sequence is AC=BA=CB=AC.

W74

Figure 1. View down the ¢ axis of the octahedral layer of the LDH (black solid lines). Hydroxyl groups have been omitted. Black and
gray spheres represent the positions of chloride and water, respectively, in the interlayer. The depicted structure is in accord with

Arakcheeva et al. (1996).
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In order to treat structural parameters more indepen-
dently for the Rietveld refinement, the symmetry of the
given structures which belong to the space groups P62m
(189) and R3m (166) were reduced to P1 (1). As the
LDH syntheses being considered do not reflect exactly
the structural properties of the applied model given by
Arakcheeva et al. (1996), some further assumptions have
been made for the calculation, i.e. the amount of Mg and
Al and the M(II) site occupancy was a constraint on the
stoichiometry listed in Table 1. Chloride and carbonate
occupancies were also fixed for charge-balancing
reasons. The stacking vectors which characterize the
layer transition sequence were also fixed to 1/3, 1/3, 1
for the 3R, type and to 0, 0, 1 for the 2H; type.
Hydrogen was not taken into account due to its very
small contribution to the scattering power of the LDH
compounds. The lattice parameters, the atomic positions
of the interlayer water, the chloride, and the carbonate of
the pure Mg-Al LDH were treated as restraints. This is
also valid for the transition probability of the layers and
the temperature factors which were considered to be
isotropic. To account for the quality of the Rietveld
refinements the ratio of Ry,/Reyp is given.

EXAFS measurements The samples were investigated as
powders pressed without diluent into 7 mm-diameter
pellets. Pellet preparation and measurements were done
under inert gas. Four scans were performed for the Fe-
and Co-bearing LDH and six scans for the Ni-doped
LDH. All scans were recorded in transmission mode
with an accumulation time of 2 s.

The accumulation time in the EXAFS range was
increased by a factor square root of k, reaching its
maximum at the end of the spectrum at £ 16 A~ with 8's
counting time.

The fits were performed simultaneously on the
Fourier transform (FT) of the kz-weighted E(k) data
and on the FT of k*-weighted &(k) data.

The Fe/Co/Ni K edge X-ray absorption fine structure
(EXAFS) spectra were recorded at the INE-Beamline at
ANKA (located in Karlsruhe, Germany (Rothe er al.,
2012) — the storage ring is operated at 2.5 GeV with a
current of 180 mA). The spectra were energy calibrated
to the first inflection point in the XANES of a Fe/Co/Ni
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metal foil (7.112/7.709/8.333 keV, respectively) and
measured simultaneously. The EXAFS signal was
recorded at room temperature in transmission mode
using N,-filled ionization chambers at ambient pressure.
Si<111> crystals were used in the double crystal
monochromator, operating in fixed-exit mode. The
parallel alignment of the crystal faces was detuned to
~70% of the maximum beam intensity at the beginning
of each scan. The incident intensity was then held
constant by means of a piezo-driven feedback system to
the second crystal.

The EXAFS fits were performed using Artemis, a
program of the /FEFFIT package (Newville, 2001), using
phase and amplitude data calculated for a 128 atom
cluster (~8 A diameter size, centered on the individual
metal cations) and based on the modified model of Belloto
et al. (1996), where the carbonate groups in the interlayer
space were simply replaced by chloride. Among the
possible occupation sites for ClI™ in the interlayer, four
were represented. For Cl atoms, single-path scattering
files for phase and amplitude were used. For the Ni- and
Co-doped compounds, the multiple scattering paths (MS)
for the first oxygen shell were taken into account in the
fit. The k-range used in modeling was [4.2—14.7 10\_1] for
Ni-doped CI-LDH, [4.2—14.2 A_'] for Co-doped CI-
LDH, and [3.4—11.4 ;\_1] for Fe-doped CI-LDH. All fits
were performed in the R-space simultaneously on the k>
and &’-weighted data.

Thermodynamic description of LDH solid
solution—aqueous solution systems

Estimations of the molar Gibbs free energies, Gy, at
25°C and 70°C of the LDH solids were performed in
order to investigate the effect of Fe-, Ni-, and Co-
substitution into the Mg-Al-containing LDH on the
aqueous solubility. Possible effects of oversaturation in
the aqueous phases after synthesis were ignored and
equilibrium between the precipitated solids and their
corresponding ‘synthesis’ solutions was assumed.

To estimate the values of the Gibbs free energies of
the solids, the following scheme was applied: (1) the
speciation of the aqueous solutions obtained from the
synthesis experiments was modeled for 70°C using the
Davies model (Davies, 1962) for aqueous electrolytes

Table 1. Stoichiometric formulae, cationic ratios of the synthesized LDHs, and estimates for molar Gibbs free energies of

formation at 70°C.

Stoichiometric formulae MD/M(II)" MIT/M(IIT) ™ G((343K)™" (kJ/mol)
[Mg3Al;(OH)5]Clg g5(CO3)0.060-2-40H,0 3.000 2.988 -3629.65
[Mgs oFeg 007Al1(OH)7.954]Cly 042.70H,0 2.997 2.883 -3612.74
[Mg2_9C00_100A11 _01(0H)g]C11_03'2.25H20 2970 2911 *360467
[Mg,.0Nig 090Alg.00(OH); 56]Cl g0-2.64H,0 3.020 2.926 —3593.14

* results obtained from ICP-OES analyses; * results obtained from EDX measurements; ~ results are presented for ‘water-

free’ stoichiometries
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and Gibbs free energy minimization software GEM-
Selektor (Kulik et al., 2013), which includes the built-in
NAGRA-PSI and SUPCRT/Slop98 chemical thermody-
namic databases (Hummel et al., 2002; Shock et al.,
1997). (2) From the calculated chemical potentials of
Mg**, Ni**, Co**, Fe**, AI’", CI7, and OH™ species in
the aqueous phase and from the measured stoichiometric
compositions of the synthesized solids, the molar Gibbs
free energies of formation of water-free compositions
were calculated from the following equilibrium equation:

Gy = a-p(Mg™") + brp(Me™™) +

(AP + d-p(OHY) + eu(Cl7) (1)

where Me®* = Fe**, Ni**, or Co*", p is the calculated
chemical potential of the bracketed aqueous species, and
indexes a to e are the stoichiometric coefficients,
obtained from the chemical analyses of the solids
synthesized.

RESULTS AND DISCUSSION

Characteristics of LDHs

The characterization of the pure Mg-Al-LDH was
presented by Curtius and Kattilparampil (2005). Data
obtained for the Fe-, Co-, and Ni-bearing LDHs are
summarized (Table 1). The corresponding compositions
of the supernatant liquids were also analyzed (Table 2).
The amounts of Mg, Al, Fe, Co, Ni, and Na in the solids
and their concentrations in aqueous solution after
synthesis were determined by ICP-OES with an analy-
tical error of +5% (standard solutions were used in order
to determine the deviation). The EDX technique (error
range of +1—-6%) was applied to achieve greater
accuracy with respect to the stoichiometry. The chloride
in aqueous solutions and in the solids was determined
photometrically (analytical error of £5%). For the Fe-
bearing LDH, the amount of Fe(IIl) was determined to
be 5 wt.% by formation of a thiocyanate complex and
this value is within the error range. Note that these
measurements were performed using ‘freshly prepared’
Fe-bearing LDHs. An aliquot of this solid was sent to
Karlsruhe (ANKA Beamline) for EXAFS measurements.
The solid was stored for 8 weeks before measurement
and, during that period, oxidation of Fe(II) could not be
ruled out, although the sample was stored in a glass tube
under argon atmosphere. Thermogravimetric analyses

Table 2. Compositions of aqueous solutions (pH =
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produced step-wise profiles having three main tempera-
ture regions, namely 50—-260°C, 260—500°C, and
500—650°C. The weight loss in the first step is related
to the interlayer water. The second weight loss is due to
the first step of dehydroxylation and the removal of
chloride from the interlayer. Above 500°C, the LDHs
decompose and produce a mixture of metal oxides
(Miyata, 1980). No differences were observed in the
TGA curves of the Fe-, Co-, and Ni-bearing LDHs,
indicating that the temperatures required for the removal
of interlayer water, dehydroxylation of the cationic
layers, and removal of interlayer anions were similar
regardless of cation substitution. The thermal stabilities
of Fe-, Co-, and Ni-bearing LDHs are, therefore, also
similar.

Fourier-transform infrared spectroscopic measure-
ments showed strong hydroxyl stretching bands
(3460 cm™') and interlayer water bending bands
(1636 cm™'). In the fingerprint region
(1090 cm™'—=550 ecm™') the metal—O vibration bands
were detected. All spectra showed a very weak adsorp-
tion band due to adsorbed CO3~ at 1352 cm™!. The KBr
pellets were produced under air and the carbonate ion
had the greatest affinity for the LDHs (Miyata and
Kumura, 1973).

Qualitative evaluation of the XRD measurements

The XRD patterns of the samples investigated
(Figure 2) were quite similar and could be clearly
identified with LDH compounds. Besides Zincite,
which was added as an internal reference, no indications
of other crystalline phases were observed.

To explain the peak shifts due to the incorporation of
Fe, Co, and Ni in the LDH structure, a displacement-
error correction by a Kal/a2 stripping of the XRD
patterns on the basis of the Zincite PDF-2-entry 00-036-
1451 (cross symbols) was carried out. The stripping
helped to overcome difficulties in the determination of
peak positions by peak overlapping.

The XRD peaks from the synthesized LDH phases
were broadened (Figure 2) due to the statistical
distribution of the layer sequences of the 2H and 3R
polytypes. The hexagonal 2H type is typical of the
mineral manasseite (Arakcheeva et al., 1996) and the 3R
type, of hydrotalcite (Allmann and Jepsen, 1969;
Bellotto et al., 1996). This disordering could be

10.00 + 0.02) after syntheses at 25°C and 70°C.

T (°C) Mg Al Fe Ni Co Na Cl Corresponding
pmolkg — mmol/kg — synthesized solid

25 70.70 1.11 Below DL — - 90.16 117.70 Mg-Al-LDH

70 1.73 88.95 0.53 — — 904 900 Mg-Al-Fe-LDH

70 34.10 1.85 — — 1.36 903 900 Mg-Al-Co-LDH

70 1.89 9.64 — 1.19 - 903 900 Mg-Al-Ni-LDH
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Figure 2. XRD patterns of LDH of Mg/Al (solid black), Fe (dashed gray), Co (dotted light gray), and Ni (dotted dark gray).

observed in the distinct asymmetric peak broadening of
the reflections at 39 and 46°20. Yet the stacking faults do
not have a strong impact on the ¢ parameter. The
interlayer distance in the ¢ direction is not affected by
this disordering and, thus, the 00/ basal reflections at
~11 and 22°20 do not suffer from peak overlap and
exhibit a full-width at half maximum (FWHM) of
~0.5-0.7°26.

In order to assess the impact on the shift of the a and
c lattice parameters due to the incorporation of the small
amounts of Co (dotted light gray), Fe (dashed gray), and
Ni (dotted dark gray) in the octahedral layer, the peak
shift of 00/ and 110 were evaluated, as, from these
reflections, the lattice parameters could be derived
directly (Figure 3a,b). The black XRD patterns refer to
the pure Mg-Al-LDH compound.

The lattice parameters obtained by the Rietveld
refinement were ~0.03 A smaller than those determined
manually (Table 3), a difference which may be
explained by the FPA which has been applied in the
evaluation of the ¢ parameter.

Generally speaking, at low 20 angles, the impact of
the device function on the peak shape is greater than at
higher angles (Klug and Alexander, 1974), leading to an
overestimation of the ¢ parameter.

The value of the ¢ parameter was largest in the pure
Mg-Al-LDH, was slightly less in the Co- and Ni-
containing LDH, and was least in the Fe-containing
LDH. Analogous decreases were also observed for the a
parameter. By considering the ionic radius (Shannon,
1976, Table 3) of Fe(Il), Fe(Il), Co(II), Ni(Il), Mg(II),
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Figure 3. Alteration of the LDH lattice parameters ¢ (a) and a (b)
due to the substitution of Mg(II) by Co(Il) (dotted light gray),
Fe(II) (dashed gray), and Ni(II) (solid light gray).
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and AI(III) and its effect on the lattice parameters, the
observed decrease in the Fe-LDH may be explained by
the relatively low radius of Fe(III).

In order to estimate the Fe(Il)/Fe(Ill) ratio, the
respective occupancy density for these cations was
calculated using the Rietveld method by introducing
Fe(IIl) into the Fe(II) atomic position. The additional
positive charge introduced by Fe(IIl) was compensated
by carbonate, which was, therefore, assumed to be
present due to sample alteration by the oxidation of
Fe(II). The outcome of this calculation showed that
Fe(Ill) can occupy completely the atomic position of
Fe(Il). The Ry,/Rcxp ratio improved slightly (Table 3)
but, considering the small admixtures of iron, no shift of
any significance in the a or ¢ parameters was observed.
These data were insufficient, however, to determine
whether the sites were occupied by Fe(II) or Fe(III). The
Fe concentrations used, equivalent to only 1/30 of the
amount of Mg(II), were quite small. Reliable statements
regarding the presence of Fe(IIl) due to oxidation of
Fe(II) may only be made after analyzing solid solutions
of LDH compounds having greater Fe concentrations.

During the refinement, elongation of the octahedral
layer in the ¢ direction was also computed. According to
Rives (2001) this parameter, which describes the
octahedral flattening perpendicular to the ¢ axis, should
become smaller as the radius of the metal cations
increases.

The trend of increasing ionic radii (Shannon, 1976) of
Fe(III) < Ni(II) < Mg(II) and Co(II) < Fe(Il) failed to
yield a corresponding elongation of the octahedra in the
¢ direction, which remained constant, thus showing a
clear lack of dependency on the ionic radius. This
observation may be attributed to the small concentra-
tions of the metal cations despite their different ionic
radii. Note also that this calculated parameter (4c) for
the elongation exhibits a value which is generally ~0.1 A
larger than the reported distances (Arakcheeva et al.,
1996; Allmann and Jepsen, 1969; Bellotto ef al., 1996).
Whether this observation could be attributed to the large
amount of stacking faults (Table 3) or to any other cause
has yet to be clarified.

With respect to the stacking faults, all the LDHs
investigated exhibited a transition probability of ~50%
(Table 3), which means that the probability of adjacent
layers in the ¢ direction being a 3R type or a 2H type is
50%.

The calculated amounts of interlayer water were in
good agreement with those determined by thermogravi-
metric analysis. The small deviations of these values
from the chemical formulae of the different LDHs
(Table 3) could be attributed to exposure to the atmo-
sphere during the addition of the internal standard.

The amount of interlayer water could have an effect
on the ¢ parameter, i.e. the pure Mg-Al-LDH has the
largest amount of interlayer water and exhibits the
largest ¢ parameter. The application of different
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humidities during XRD measurements could help
evaluate and clarify the related impact.

Generally, the calculated X-ray densities (see
Table 3) were in excellent agreement with the theore-
tical value of 1.87 g/cm’. The latter calculation was
based on an assumed chemical composition
[Mg,,5Al5.75(0OH)6]-C1-:3H,O of the LDH exhibiting
lattice parameters of 3.05 A and 23.85 A for the a and
¢ axes, respectively.

A Rietveld refinement of the Ni-bearing LDH (the
pure Mg-Al-LDH and the Co-, Fe-containing LDHs are
not presented) was performed (Figure 4). By simple
visual inspection, the applied structural model for the
LDH syntheses fits the measured XRD patterns very
well. The R,,/Rcy, ratios are in the same range from
1.73 to 1.96 for the LDH synthesis doped with Fe, Ni,
and Co. The equivalent ratio for the pure Mg-Al-LDH is
slightly increased (Table 3). In order to clarify the
incorporation of cations of different radius, synthesis of
a solid-solution series with increased concentrations
should be carried out.

The structural properties of LDHs also depend on the
identity and quantity of constituents in the interlayer,
e.g. the water content may be altered when the samples
are prepared for X-ray analysis. The possibility that
carbonate was incorporated cannot be ruled out. Such
alterations must, therefore, be considered as restraints,
i.e. as parameters which are allowed to vary within
predefined intervals in the structural model being
applied for the Rietveld analysis. If the starting values
and the related intervals are not well constrained, the
optimization calculations within the Rietveld method
could possibly end up with values which may not reflect
sound structural properties. Furthermore, as the LDH

Intensity (cps)

Curtius et al.

Clays and Clay Minerals

samples considered suffer from distinct stacking faults,
providing a suitable structure model which considers the
loss of the long-range ordering of lattice constituents in
crystalline samples is challenging.

EXAFS

Interatomic distances and coordination numbers can
be determined by EXAFS measurements. For a pure Mg-
Al-LDH, taking the metal cation as the center, the
interatomic distances for the nearest coordination shells
are summarized in Table 4. For comparison, the
distances of the nearest coordination shells are given
for the fougerite structure, (Fe(OH),)(OH)(25(H20)0.5
(Trolard et al., 2007), a LDH analogue compound where
the Mg/Al is replaced completely by Fe with an Fe(II)/
Fe(III) ratio = 3.

The FT magnitude taken in the range 3.2—13.5 At
for all samples (Figure 5) and the EXAFS (Figure 6)
signals recorded for the Ni- and Co-bearing LDHs were
very similar. The compounds seemed to have a well
organized structure as neighbor contributions can still be
seen at ~6 A (5.6 A in the FT which has not been phase-
shift corrected). On the contrary, the EXAFS signal for
the Fe-doped LDH and its FT differed significantly
compared with the spectra of samples doped with Ni or
Co.

Firstly, the FT peak at ~6 A was no longer visible,
and useful information seemed to end near 3.0 A in the

FT. In addition, the O first shell FT peak was at a smaller
distance than for Ni/Co; it was expected at a similar or
slightly longer distance as given by the valence-bond
theory: in coordination 6, Fe(I)—O is expected at
2.14 A, Co(ID—O at 2.10 A, and Ni(I)—O at 2.06 A
(Brown and Altermatt, 1985).

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

°20

Figure 4. Rietveld plot of the Ni-doped LDH with background (BG).
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Table 4. Metric parameters (R = distances, N = coordination numbers) of LDH with a metal cation as the center. Distances are

given for Mg-Al LDH (left) and for fougerite (right).

Back-scatterer N R (A) Back-scatterer N R (/ﬂk)

(¢} 6 2.01 o 6 2.09

Mg/Al 6 3.05 Fe 6 3.19

O 6 3.65 o 6 3.82

Cl* 1 3.79/4.18/4.86/5.17/6.00 cr 1 4.15—-4.70/5.65—6.38
(¢} 12 4.76 (¢} 12 4.97

Mg/Al 6 5.28 Fe 6 5.53

Mg/Al 6 6.09 Fe 6 6.38

(¢} 12 6.42 (¢} 12 6.71

* five positions established among all possible positions for C17/CO;3 in the interlayer.

The complete predictions for oxidation states +II and
+III in coordinations 4 and 6 were summarized
(Table 5), and the fitted results obtained for the Ni-,
Co-, and Fe-bearing LDHs were compiled (Table 6).

During the fit, the overall scaling factor, S3, was
varied and the coordination numbers, N, were fixed to
the expected values. The R factor of the fit yielded a 0%
residual disagreement between fitted and experimental
data for Ni, 0.4% for Co, and 0.1% for Fe.

This similarity between the Ni and Co solids was
confirmed by the structural parameters obtained. For
both Ni- and Co-doped LDHs, the data were well
reproduced using nine shells in the FT range [1.25—
6.20 A] for Ni and [1.09—6.20 ;\] for Co (Figures 5, 6).

The first shell distance was slightly greater for Co
(2.08 A) than for Ni (2.04 A). These distances matched
well the distance predicted by the valence-bond theory
for a metal cation having an oxidation state of +II in six-
fold coordination.

These distances were also longer than in the Mg-Al
LDH (2.01 A), where the distance was averaged
statistically between Mg—O (2.10 A) and —Al-O
(1.88 A). This reflects the smaller ‘mean ionic radius’
(0.67 A) obtained for a statistic distribution of Mg
(0.72 /0\) and Al (0.54 A) in the undoped LDH compared
to ionic radii of Ni(II) or Co(Il) (=0.69 10\). The first
cation shell distances for Mg or Al (cannot differentiate
between them) were perfectly compatible with the LDH
structure for Ni (3.05 A) and for Co (3.08 A). The only
significant difference between the Ni and Co samples
was in the position of the second cation shell (5x
Mg/Al+1 x Ni or Co) which was located at the same
distance as for pure LDH in the case of Co and 0.16 A
farther for Ni.

For Fe-doped CI-LDH, only three shells were needed
to reproduce the data over a shorter FT range [1.13—
3.15 A] (Figures 5, 6). A first coordination sphere with 6
oxygen atoms at 2.00 A with a Debye-Waller factor (%)

FTIk> (k)|

4 5 6 fi 8

R-A(A)

Figure 5. Fourier Transform (FT) magnitude (thick solid line) and fitted result (open triangles for Fe, open squares for Co, and open
circles for Ni) with FT taken in the range 4.2—14.7 A~! for Ni (lower), 4.2—14.2 A~! for Co (middle), and 3.4—11.4 A~! for Fe
(upper) as used for the fit .
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Figure 6. k>-weighted EXAFS of the sample (solid line) and its fitted results (open triangles for Fe, open squares for Co, and open

circles for Ni) for all three samples.

of 7.28 A? was obtained. This bond distance was far
from that expected for Fe(Il) in octahedral coordination
(Table 5) or as found for six-fold coordinated Fe(Il) in
the literature (2.16 A in FeO (ICSD 82233)). Even in the
case of fougerite (Fe-containing LDH), where the
crystal-structure parameters account for both Fe(Il) and
Fe(III) (ratio 3:1) in octahedral positions, the mean value
was found to be 2.09 A (crystal-structure data by Trolard
et al., 2007).

Table 5. Bond distances expected according to the valence-
bond theory predictions. The relationship between bond
length (R) and bond valence (s) is: s = exp((Ro—R)/B) where
Ro and B are valence-bond parameters that depend on the
two atoms forming the bond (Brown and Altermatt, 1985). B
is 0.37. CN: coordination number.

Cation—O CN R (A) Ro (A)
i 4 191 Lesd
Co(Il) g é:?g 1.692
_— ¢ 199 74
Ni(III) 2 }:;g 1.74
Co(IIl) g i:;i 1.70
Fe(IIT) 2 ;gz 1.759
Mg(Il) 6 2.10 1.693
AI(TIT) 6 1.88 1.620
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Such a short bond distance can be achieved either by
Fe(Il) in tetrahedral or Fe(Ill) in octahedral coordina-
tion. The LDH or fougerite structure does not allow for
tetrahedral sites. Study by XRD of the present samples
gave no evidence for the presence of crystalline phases
other than LDH. Furthermore, the Fe-K EXAFS intensity
did not match the four-fold oxygen coordination. The
presence of Fe(Ill) in the octahedra was likely as it
occurred in fougerite and in the LDH at the position of
trivalent cations (Al(IIT)). In addition, the presence of
trivalent Fe, suggested by the EXAFS analysis, was
confirmed by the XANES analysis (Figure 7).

Most of the Fe was in oxidation state +1II as the edge
position matched perfectly that of Fe(Ill). The first
derivative of the signal (Figure 7b) revealed a smaller
amount of Fe(Il) which was invisible in the original
signal. The inset shows an enlargement of the character-
istic feature for the 1s — 3d/4p transition (Wilke et al.,
2001; Fink et al., 2012) confirming that no Fe(Il) was
detected, and that Fe occurred as Fe(III) in the Fe-doped
CIl-LDH.

With respect to the first cation Mg/Al shell, the
determined distance of 3.08 A for the Fe-bearing LDH is
perfectly compatible with the LDH structure. The
presence of another Fe(Ill) located in the next direct
octahedral shell forming an Fe(Ill)-Fe(Ill) pair, where
the octahedra share an edge, was observed. This was not
the case for Ni(II) and Co(II) cations where the next Ni/
Co was farther away.

Estimation of Gibbs free energies of LDHs

The molar Gibbs free energies of the precipitates
were calculated by assuming a thermodynamic equili-
brium between solids (Table 1) and corresponding
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Table 6. Metric parameters (R = distances, N = coordination numbers, o? = EXAFS Debye-Waller factors, AE, = relative
energy shifts held as global parameters for like atoms) from least-squares fit analysis of FT data.

Sample Back- R (/ﬂk)n N . o’ SE, Goodness
scatterer (£0.02 A) fixed (A x 1073 (eV) of fit (%)
O 2.05 6 5.82 -1.0
Mg/Al 3.05 6 6.84 -1.8
O 3.55 6 12.1 -1.0
Ni-doped CI-LDH O 4.78 12 20.0 -1.0
Ni 5.39 1 4.85 —0.0 0.20
S% =0.84 £ 0.03 Mg/Al 5.43 5 21.8 -1.9
Cl 5.84 1 3.25 —-0.8
Mg/Al 6.21 6 3.83 -1.9
(0] 6.41 12 5.48 -1.0
O 2.08 6 7.88 +1.7
Mg/Al 3.08 6 6.64 +2.5
O 3.57 6 12.2 +1.7
Co-doped CI-LDH O 4.76 12 21.8 +1.7
Co 5.19 1 4.60 +2.1 0.40
S2=0.85 + 0.04 Mg/Al 527 5 5.80 +2.5
Cl 5.88 1 1.97 +2.6
Mg/Al 6.24 6 3.82 +2.5
(0] 6.43 12 4.78 +1.7
Fe-doped CI-LDH O 2.00 6 7.28 —-1.3
a - Mg/Al 3.08 5 8.28 —0.4% 0.14
S5 = 0.69 = 0.05 Fe 2.94 1 9.00 —0.4%

* parameters are constrained to the same value.

mother liquor (Table 2). Using the GEM-Selektor (Kulik
et al., 2013) as described above, the compositions of
liquids were modeled and the chemical potentials of the
dissolved compounds calculated. The estimates demon-
strated the effect of (1) intercalation of different anions
(i.e. chloride and carbonate) in the interlayer space and
(2) isostructural incorporation of various divalent
cations (i.e. Fe?', Co?", Ni2+) in the brucite-like layers,
on the aqueous solubility of LDHs.

The effect of intercalated anion

The effect of intercalation of CO3™ and Cl™ anions in
the interlayer space of the LDH has been investigated by
comparing the estimated values of the formation
constants. In the first step, the value of the Gibbs free
energy of formation (—3619.14 kJ/mol) obtained for a
pure ‘water-free’ MgzAl(OH)gCl; LDH at 25°C was
used. Then, the reaction of formation of this composition
from the aqueous species was formulated:

3Mg(2.:q) + Alf;q) + 80H(aq) + Clagy = MgzAI(OH)3C1  (2)

The value of the Gibbs free energy of this reaction
(A.G) was calculated using the standard Gibbs free
energies of the aqueous species Mg(zafq)
(—453.99 kJ/mol), Al?;q) (—483.71 kJ/mol), OH(,g
(—157.27 klJ/mol), and Clq) (—131.29 kJ/mol) from
the NAGRA-PSI database (Hummel et al., 2002).
Finally, the fundamental relationship A,G = —RT"InK

https://doi.org/10.1346/CCMN.2013.0610503 Published online by Cambridge University Press

has been used in order to obtain the value of the
formation constant for the LDH composition at 25°C.

The same scheme was applied to calculate the
formation constant for the carbonate-bearing LDH
composition Mg3zAI(OH)g(CO3)¢.5s with G395 =
—3746.90 (Rozov et al., 2011). The formation of the
LDH was represented as:

3Mghag) + Aljag) + 80HGg) + 0.5C03 (o) =
Mg3;Al(OH)5(CO3)o.5 (3)

where G3505(CO37) = —527.98 kJ/mol (Hummel et al.,
2002).

The observed difference between the formation
constant of the CO3 -bearing LDH (logK = 66.45) and
the C1™-bearing LDH (logK = 67.29) denotes the effect
of the intercalated anion, demonstrating that Cl-contain-
ing LDHs are more soluble than carbonate-containing
types. This result is in agreement with previous data of
Allada et al., (2005), who performed calorimetric
measurements and predicted greater solubility of chlor-
ide-containing LDHs in comparison with carbonate-
containing substances.

The effect of substituted cations

The Gibbs free energies of formation were calculated
for the synthesized LDHs which include Fe(II), Co(Il),
and Ni(II) cations in the brucite-like layers. Note that at
the present stage of this study, estimation of the


https://doi.org/10.1346/CCMN.2013.0610503

436 Curtius et al. Clays and Clay Minerals
= Hydratalcite - Fe
Fe(lll) - FeCl, Fe(ll)! ! Fe(lll)
seseees Fa(lll) - Hematite I
a ' b 0.3 9 ——Fe(lljiFe(lll) - Magnetite 2 -
——Fefll) - Mohr salt s
g
1.4 £
@
0.2 4 o
1.2+
my
T K T e - o T L1
H 1 2 o014 7i08 70 7112 7118
o
= 08 2 E (eV)
g 5
& 06 -
= — Hydrotalcite - Fe 0.0
0.4 Fe(lll) - FeCl,
------- Fe(lll) - Hematite
Fe(llyFe(lll) magnetite
0.2 4 —s— Fe(ll) - Mohr salt 0.1+
0.0 -
T T T T T T T T T v T T T T T T T
TI00 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200 7110 7120 7130 7140 7150
E (eV) E (eV)

Figure 7. (a) Comparison of the normalized XANES profile for different reference samples (hematite and FeCl; for pure Fe(11l),
Mohr salt for pure Fe(II), and magnetite for mixed Fe(II)/Fe(III)) with the Fe CI-LDH. (b) Comparison of the first derivative of the
XANES signal shown for the reference samples and Fe C1-LDH with the characteristic feature for the 1s — 3d/4p transition in the

inset.

formation constants for Fe(Il)-, Co(Il)-, and Ni(II)-
containing compositions was not performed because the
standard thermodynamic properties of these substances
are unknown. First, no reliable database exists of the
standard entropies, enthalpies, and heat capacities of
these substances. Second, the calculations performed
were done for the conditions during syntheses only (i.e.
T ="70°C, P =1 bar). The estimated Gibbs free energies
(Figure 8, Table 1) at 70°C correlate strongly with the
ionic radii (Shannon, 1976) of the substituting cation in
octahedral coordination (r: = 0.78 A; ré5 = 0.745 A; 13
= 0.69 /0\), demonstrating that the stabilities of LDHs
depend heavily on the type of substituting divalent
cation.

A comparison of the estimated Gibbs free energy
values for Fe(Il), Ni(Il), and Co(II)-doped solids with
mole fraction (sz\}e) of Fe, Co, or Ni ~ 0.1, with the
Gibbs free energy of the pure CO3 - and Cl™-containing
LDH end-members (Figure 8) was performed. For this
purpose the standard Gibbs free energy of a pure ‘water-
free’ LDH (composition Mgz Al(OH)gCl;) was estimated
at 70°C using the data obtained from Rozov et al. (2011)
(standard molar entropy 238.46 J/(molK), enthalpy
—4161.19 kJ/mol, and heat capacity 324.20 J/(mol-K)
at 25°C for a CO3 " -bearing LDH with a stoichiometry of
Mg3;Al(OH)g(CO3)g.5). This process allows extrapolation
of the data for G¢ of a pure Cl -containing LDH from
25°C (—3619 kJ/mol) to 70°C (—3629 kJ/mol) as well as

T T m O
Mg-Al-Ni-LDH
-3600 - g ®
Mg~A|vCO—LDHO
Mg-Al-CI-LDH
Mg-Al-Fe-LDH
(@]
©
=
—
b |
=
<
o)
(sl;) -3700 < -
&
<]
Mg-Al-COz-LDH
()]
T L T
0.0 0.1

xMe(Il) = nMe(I1)/[nMg + nMe(I)], Me(ll) = Ni¢*, Co?*, Fe?*

Figure 8. Gibbs free energies of ‘water-free’ pure Mg/Al-LDHs and Fe(II)-, Co(II)-, and Ni(Il)-containing LDHs at 70°C as a
function of mole fraction of substituted cation in octahedral coordination.
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for a Mg;Al(OH)g(CO3).5 from 25°C (—3746 kJ/mol) to
70°C (—3757 kJ/mol).

The Gibbs free energies (Figure 8) of a pure Mg-Al-
CI-LDH and of a pure Mg-Al-CO5-LDH are smaller than
the values for Fe(II)-, Ni(Il)-, and Co(lI)-containing
LDHs. Only the addition of 0.1 stoichiometric units of
Fe(Il), Co(Il), and Ni(II) into the LDH structure
increases the Gibbs free energy value to —3612+50,
—3604+50, and —3593 +50 kJ/mol, respectively, and
explains the effect of the incorporation of various
divalent metals into the structure on the aqueous
solubility of LDHs.

The effect of the incorporation of divalent metals on
the aqueous solubility of LDH phases observed is in
agreement with the recent literature (Allada et al., 2002).
Based on calorimetric measurements of Ni(II)- and
Co(II)-containing samples (Allada er al, 2002), the
calculated solubility constants increased with increased
substitution of Ni(II) for Co(II) mole fractions.
However, the change in solubility as Ni(Il) substitutes
for Co(Il) exerts a relatively minor effect. The same
point was confirmed in the present study. The difference
between the Gibbs free energy values determined for
Ni(II)- and Co(II)-containing LDH is ~11 kJ/mol, which
is in the range of the estimated uncertainties. The results
suggest that the difference in the solubility of Co- and
Ni-containing phases will be scarcely distinguishable.

SUMMARY AND CONCLUSIONS

Mg-Al-Cl-bearing LDHs doped with Ni, Co, or Fe
cations (the mole fraction of Ni, Co, and Fe ~ 0.1) and
the (Mg/Al, (Mg+Ni)/Al, (Mg+Co)/Al, and (Mg+Fe)/Al
cationic ratios close to 3:1) have been synthesized
successfully by the co-precipitation method. Analyses by
PXRD and EXAFS were performed in order to
characterize the structures of these LDHs. The PXRD
results showed that all the samples were pure LDHs with
each exhibiting distinct stacking faults (the 3R/2H-type
layer stacking sequence determined was ~0.5). The
estimated lattice parameters of Co-containing, Ni-con-
taining, and pure Mg/Al LDHs were significantly
different, as one might expect, taking into account the
differences in the ionic radii of the different M(II)
cations. The very small Co and Ni contents in these
LDHs (M(I11)/Mg =~ 1:30) might explain this observa-
tion. The results of EXAFS measurements demonstrated
similar structural features of Ni- and Co-bearing LDHs
where Ni and Co atoms were incorporated as divalent
cations in the LDH structure at octahedral crystal-
lographic positions. The distances determined matched
very well the distances predicted by the valence-bond
theory for a metal cation in an oxidation state of +1I in a
six-fold coordination.

Unexpectedly, the smallest lattice parameters were
observed for the Fe-bearing LDH. The EXAFS results
indicated clearly the isostructural incorporation of Fe in
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the octahedral layers but as Fe(III) only. For the first
coordination sphere with 6 oxygen atoms, a bond
distance of 2 A was obtained. Such a short distance
can only be explained by Fe(Il) in tetrahedral or by
Fe(III) in octahedral coordination.

With XANES measurements, the presence of Fe(III)
was confirmed and no Fe(Il) was detected. Nevertheless,
the presence of Fe(II) in amounts up to 5 wt.% cannot be
ruled out. Indeed, information about the oxidation state
of iron in synthesized Mg-Al-Fe-Cl-containing LDH is
contradictory. With freshly prepared Fe-bearing LDH,
only Fe(Il) (using the thiocyanate complex reaction) was
detected.

Thermodynamic modeling using the GEMS-PSI code
package was performed in order to predict the behavior
of different LDH compositions in aqueous media.
Assuming that thermodynamic equilibrium was achieved
between synthesized solids and solutions, the first
estimates (—3593+50, —3604+50, —3612+50 kJ/mol)
for the Gibbs free energies of formation of Mg-Al-Ni-
Cl-, Mg-Al-Co-Cl-, and Mg-Al-Fe(1l)-Cl-bearing LDHs
at 70°C were obtained. The incorporation of Fe, Co, and
Ni within the LDH lattice revealed no impact on the
aqueous solubilities of these LDHs, in good agreement
with the data of Allada et al. (2002). Moreover, the
estimated Gibbs free energies correlated with the ionic
radii of substituting divalent cations, a finding which is
useful in the prediction of thermodynamic properties and
aqueous solubilities of LDHs with variable divalent
cations. The influence of the interlayer anion on the
aqueous solubilities of LDHs was investigated for
carbonate (Rozov et al., 2011) and chloride (present
study) and carbonate-containing LDHs were shown to be
significantly less soluble than analogous chloride-bear-
ing substances.
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