Radiochim. Acta 101, 101-109 (2013) / DOI 10.1524/ract.2013.2007
© by Oldenbourg Wissenschaftsverlag, Minchen

Synthesis, characterization and stability properties of Cl-bearing

hydrotalcite-pyroaurite solids

By K. Rozov*, H. Curtius, A. Neumann and D. Bosbhach

Forschungszentrum Julich, Institut fiir Energie- und Klimaforschung (IEK-6), 52425 Julich, Germany

(Received January 31, 2012; accepted in final form July 4, 2012)
(Published online November 19, 2012)

Secondary phases / Layered double hydroxides /
Hydrotalcites / Thermodynamic properties

Summary. A layered double hydroxides (LDH) hydro-
talcite-pyroaurite solid solution series (Mg;_,Fe(ll),)sAl;Cl;-
nH,O with variable XFey;q = Fe*t/(Fe?* +Mg?*") iron mole
fractions were studied in co-precipitation experiments at
T =25, 40, 45, 50, 55 and 60°C and pH = 10.0040.05.
The compositions of the solids and reaction solutions were
determined using ICP-OES, EDX (Mg, Al, Fe) and TGA
techniques (Cl-, OH~, H,0). Powder X-ray diffraction was
applied for phase identification and determination of unit-cell
parameters a, = b, and ¢, from Bragg evaluation. Syntheses
products containing xFeyq > 0.13 display additional X-ray
patterns attributed to the mixture of iron oxides and hydrox-
ides. On the other side, precipitates with 0 < xFeg;q < 0.13
show only X-ray reflexes typical for pure LDH composi-
tions. Moreover, in this case unit-cell parameters a, =b,
as a function of xFey;q follow Vegard’s law corroborating
the existence of a continuous solid solution series. TGA
data demonstrated the temperatures at which interlayer H,O
molecules and Cl--anions are lost, and at which tempera-
tures dehydroxylation of brucite-like layer occurs. Based on
detailed analyses of TGA curves it was established that the
increase of xFey;q does not result in a visible change of
the thermal stability of hydrotalcite-pyroaurite solids. From
the chemical analyses of both the solids and the reaction
solutions after syntheses, preliminary Gibbs free energies of
formation were estimated by using GEMS-PSI code pack-
age. Values of G;(Hydrotalcite) = —3619.04 £ 15.27 kJ/mol
and Gg(Pyroaurite) = —2703.61 £ 191.93 kJ/mol were found
at 298.15K. A comparison of our estimate with Gg
value —3746.90411.00 kJ/mol for CO,* -bearing hydrotal-
cite presented in our previous studies, denotes the effect of
intercalated anion on the aqueous solubilities of LDH when
Cl-containing solids have to be more soluble than CO4* -
bearing substances. Estimation of the standard molar entropy
of the hydrotalcite end-member by applying Helgeson’s
methods and using results of co-precipitation experiments
at variable temperatures let us to conclude that deriva-
tion of more precise § values would require calorimetric
measurements.

*Author for correspondence (E-mail: K.Rozov@fz-juelich.de).

1. Introduction

The disposal of radioactive waste (especially, spent fuel
elements) in natural geological environments calls for the
development of new radionuclide-binding materials. These
materials have to: (1) be physically and chemically stable
at repository conditions for a long enough time to ensure
that radioactive decay will greatly reduce the level of activity
and (2) prevent the migration of different (i.e, cationic and
anionic) radioactive compounds and their decay products
from deep geological conditions to the biosphere. Layered
double hydroxide phases (LDHSs) or hydrotalcite-like solids
are of interest to these studies due to their ability to retain
very wide range of different cations (like, Li*, Ba?", Mg**,
Fe?t, Ni*t, AP, Fe*, Cr¥t, Ga*, Sc®t, Zr*, etc.) [1-7]
and especially due to their anion-exchange properties (sub-
stitutions of 1=, Br-, CI-, OH~, CO;*", SO,%~, Fe(CN)s*",
carboxylates, sulfonates or dicarboxylates C,H,,(CO,"),,
etc.) [8-15]. The anion-exchange properties of LDHs with
general formula [M"_xM"  (OH),**[A},,-nH, O] re-
sult directly from their structure which is composed of
positively charged brucite-like layers (the first set brack-
ets) and intercalated anions which are accompanied by
molecules of water (the second set of brackets in the for-
mula). This means that LDHs can be considered espe-
cially as potential buffer materials in multibarrier systems
for retention of mobile, soluble and long-lived radioac-
tive anions (like, *C, *°1, *Cl, ™Se etc.) [16]. However,
the understanding of the retention properties, behavior of
LDHs in aqueous environment and finally, applying these
substances for geochemical modeling at conditions of nu-
clear repositories are hampered by scarce information on
their thermodynamic and solubility properties. The prob-
lem of retrieving thermodynamic data and predicting sta-
bility of LDHs have been recently touched only in a few
studies [8,17-20]. This work on the synthesis, character-
ization of a particular case of big LDH family, namely,
chloride-bearing hydrotalcite (Htlc) Mg;Al(OH)sCI-nH,0
— pyroaurite (Pyr) Fe(ll)sAl(OH)gCl-nH,0 solids because
they have been identified as characteristic secondary phase
components in corrosion products under repository con-
ditions of disposed nuclear fuel elements [4,21]. Using
various experimental techniques (X-ray powder diffraction,
infrared spectroscopic measurements, thermogravimetric
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analysis, scanning electron microscopy, energy dispersive
X-ray spectroscopy), the primary objective was to ascertain
the presence of a continuous solid solution series between
hydrotalcite and pyroaurite (i.e, isostructural substitution
of Mg by Fe(ll)). The next objectives were to quantify the
standard Gibbs free energies and entropies of formation
with the help of thermodynamic modeling [22] based on
the chemical analysis of solid and liquid phases at equi-
librium and to provide temperature corrections for thermo-
dynamic properties of solids by using data from synthesis
experiments at different (25, 40, 45, 50, 55 and 60 °C)
temperatures.

2. Materialsand methods
2.1 LDH synthesis

Samples of hydrotalcite-pyroaurite solids with varying mole
fractions of iron(ll) xFeg,q = Fe** /(Fe*t +Mg?*) were syn-
thesized by a co-precipitation method at T = 25, 40, 45, 50,
55 and 60°C and pH = 10.00+ 0.05. The syntheses were
performed under argon gas flow by slow addition (at a rate
0.2-0.3mL/min) of 50 mL degassed metal-chloride solu-
tion with (Mg** + Fe?") /AI** =3.0+0.1 into a reactor ves-
sel containing 350 mL of boiled MilliQ water under stirring.
To maintain pH = 10.004+0.05, 2M NaOH solution was
added simultaneously into the reactor using an automated
titrator 736 GP TITRINO. The overall reaction of synthesis
can be described as:

(3 —3x)-MgCl, + AIClI; + 3x-FeCl, + 8NaOH + nH,0
= (Mgl_xFeX)gAh(OH)sChnH20+8NaC| (1)

After the addition step, the stirring was continued for 24 h
under controlled pH (pH = 10.00+0.05) and needed tem-
perature. The precipitate and supernatant liquid were then
separated by using 0.22 um MILLEX® GP filters. The
formed solid was washed three times by boiled MilliQ water
and dried in a desiccator for 72 h.

2.2 Chemical analyses of solid and liquid phases
2.2.11CP-OES analyses

The contents of Mg, Fe, Al and Na in the solids and
supernatant liquids were determined by ICP-OES method
using TJA-IRIS™ instrument. The supernatant solutions
were analyzed after acidifying with drops of 8 M HNO:..
The solid samples were analyzed after dissolving in 2 M
HNO;. Solutions of internal standards were prepared from
MgCl, -6H,0, FeCl,-4H,0, AICI;-6H,0 and NaCl chemi-
cals (Merck®).

2.2.2 Photometric analyses

Chloride anions in the product liquid phase and in syn-
thesized solids were analyzed photometrically (spectropho-
tometer CADAS 100). The solid samples were analyzed
after dissolving in 2 M HNO;. The supernatant liquids were
measured after dilution (1:10 and 1:100) with degassed
MilliQ water. Solutions of NaCl were used for the prepar-
ation of internal standards.

2.3 Powder X-ray diffraction (PXRD)

The powder X-ray diffraction measurements were applied
for structural characterization of the synthesized solids with
respect to long-range ordering by using a 3003 TT (Gen-
eral Electric) diffractometer (Bragg-Brentano geometry). No
internal standards for possible specimen displacement were
used. The samples were measured from 5 to 85° 2@ with
a step size of 0.02° 2 and a measuring time of 15s per
step. The cell parameters were calculated from the Bragg
equation and using relation between indexed d, distances
and the lattice unit-cell parameters for hexagonal symme-
try based on the first 4 reflections: (003), (006), (012), and
(015).

2.4 Infrared spectroscopy

Infrared spectra of precipitates were acquired using an FTIR
Bruker Equinox spectrometer in order to identify the inter-
layer composition (anions and water-molecules). Pellet sam-
ples were prepared by weighing approximately 200 mg KBr
powder (Merck®) together with approximately 2 mg of each
sample (1% by mass) which were finally mixed and pressed
in 20 mm disks. Spectra were recorded in the wavenumber
interval from 800 to 4000 cm~.

2.5 Thermogravimetric analyses (TGA)

TGA-DSC was carried out in order to determine the contents
of interlayer water, hydroxyl groups and chloride-anions in
solids. Measurements were performed on a Netzsch STA
449 C Jupiter™ instrument. The weight loss of the solids
was analyzed from 25 °C to 1000 °C with a heating rate of
10 °C/min, under a nitrogen flow.

2.6 Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX)

In order to investigate the morphology of synthesized
crystallites the low-pressure scanning electron microscopy
(SEM) photographs were taken with a Quanta 200 micro-
scope. Examinations were performed at a pressure of 70 Pa.
Additional quantitative chemical analyses of solids (content
of Mg, Fe, Al, Cl, C, O) and information about chemical
homogeneity of precipitates were carried out with energy
dispersive X-ray spectroscopy (EDX) an Apollo X Silicon
Drift Detector from EDAX™, at a voltage of 20 kV.

3. Thermodynamic modeling
3.1 Estimation of Gibbsfree energies

Gibbs free energies of formation of the solids at T = 25, 40,
45, 50, 55 and 60 °C were estimated under assumption of
the thermodynamic equilibrium between synthesized solids
and liquid phases after synthesis experiments. This assump-
tion was used because our previous co-precipitation and
long-term (> 140 day) dissolution tests with CO;* -bearing
hydrotalcites [19] had clearly shown a non-significant over-
saturation degree in aqueous solutions after analogous syn-
theses. Therefore, in the present study the following scheme
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of G;(298) estimations has been applied: 1) using results
of chemical analyses the speciation of aqueous phases has
been modeled in order to calculate activities and chemical
potentials of all relevant components (i.e., Mg?", Fe**, AP,
OH-, CI7). For this purpose we used the Gibbs free en-
ergy minimization software GEM-Selektor [22] with built-
in NAGRA-PSI and SUPCRT/SIop98 chemical thermody-
namic database [23, 24]; 2) on the second step, we applied
the statement of the thermodynamic equilibrium which says
that: Gibbs free energy of the system at the equilibrium
is minimum, and chemical potentials of the components at
equilibrium are the same in each phase. This permitted the
determination of the Gibbs free energies from chemical po-
tentials of solutes and from the stoichiometric coefficients in
Tables 3 and 4 according to:

G; (Htle-Pyr) = auu (Mg?) + bya (Fe) + cu(AF)
+du(OH™) +en(Cl) 2)

where a—e: stoichiometric coefficients; u — chemical poten-
tials, calculated from the supernatant liquid composition.

3.2 Estimation of absolute molar entropies of
formation

We estimated the absolute molar entropies at 298 K and
1bar in order to provide temperature and pressure cor-
rections for Gibbs free energies of synthesized hydrotal-
cite solids. This has been done applying two different ap-
proaches: 1) the method of Helgeson [25] (see below); and
2) based on results of hydrotalcite syntheses at various tem-
peratures (25, 40, 45, 50, 55 and 60 °C).

By applying the approach of Helgeson [25] we con-
sidered the absolute molar entropy (236.66 J/molK) of
the carbonate-bearing hydrotalcite Mgz AI(OH)g(CO3)o5
investigated in co-precipitation and dissolution experi-
ments at ambient (234+2°C, 1bar) conditions [19]. Then,
we constructed the hypothetical anion-exchange reaction
between carbonate-containing composition and chloride-
bearing solid:

MgsAI(OH)g(CO;3)5 4 Cl™ (g <>
MgzAl(OH)sCl; +0.5CO5° ) (3)

Since the reactant and product solids have similar structures,
the approximation can be made (following [25]) that A, S is
zero. This assumption and the data on the entropies of Cl-
and CO;*" aqueous species (56.735 and —49.999 J/mol K,
respectively [24]) allowed to estimate the absolute molar en-
tropy of the chloride-bearing hydrotalcite substance.

The experimental method to evaluate the absolute molar
entropy of hydrotalcite was based on the temperature depen-
dence of the molar Gibbs free energies of synthesized hydro-
talcites. In the first step, we used results of chemical analyses
of hydrotalcite solids and corresponding supernatant liquids
from syntheses at different temperatures (25, 40, 45, 50, 55
and 60 °C) and obtained values of Gibbs free energies of
hydrotalcite according to the scheme described in Sect. 3.1.
Then we constructed the reaction of hydrotalcite decompos-
ition to simple aqueous species:

Mgs;Al(OH)Cl =3M92+(aq) + AP ) +80H )
+Cl g » (4)

and calculated the corresponding equilibrium constants at
T =25, 40, 45, 50, 55 and 60 °C using free energies (Gs1)
of simple aqueous species (Mg®*, AT, OH-, CI) at given
temperatures T, taken from NAGRA/PSI database [23] and
using Eg. (5):

AG(T) =3G41(Mg*" ) + G (AP o)
+ SGfVT (OH_(aq)) + Gf,T (CI_(aq)) — GfT(HtIC)
— _RTInK (5)

Next, we used the Van’t Hoff equation (Eq. 6) in order to cal-
culate the enthalpy effect of this reaction at 298.15 K and to
find the standard enthalpy of hydrotalcite phase:

(K AH@29815K) [1 1
—_— X — e —
Kas.15 R T 298.15|°

(6)

where Ky and Kyg 15 — the equilibrium constants of Eq. (4)
at given temperature T and 298.15 K, respectively; A H
(298.15 K) — the enthalpy effect of reaction at 298.15 K. Fi-
nally, in order to calculate the entropy change in Eq. (4) and
the absolute molar entropy of hydrotalcite, the fundamen-
tal relation defining the important thermodynamic functions
(Gibbs free energy, entropy and enthalpy) has been applied:

ArS= (ArH _ArG)/T (7)

4. Results

4.1 Compositions of solidsand liquid phases after
Co-precipitation experiments

The compositions of liquid and solid phases after co-
precipitation experiments are provided in Tables 1-4.

Tablel. Compositions of aqueous solutions (pH = 10.00 + 0.05) after
hydrotalcite-pyroaurite synthesis at 25 °C.

Approxi- Mg Al Fe Na Cl  (Mg+Fe)/Al
mate mole (wmol/kg) (mmol/kg)  in aqueous
fraction phase
(XFesolid)

0.000 70.70 111 below DL 90.16 111.70 63.69
0.033 254.00 1.11 below DL 89.23 99.85 228.83
0.067 29.50  7.49 below DL 90.16 102.95 3.94
0.100 33.33 13.48 below DL 94.07 99.85 2.47
0.133 95.60 11.24 below DL 98.02 102.95 8.51
0.500 35.00 435.02 below DL 95.07 105.20 0.08

Table2. Compositions of aqueous solutions (pH = 10.00 +0.05) after
hydrotalcite syntheses at 25, 40, 45, 50, 55 and 60 °C.

T (°C) Mg Al Na Cl Mg/Al
(wmol/kg) (mmol/kg) in aqueous

phase
25 666.00 1.12 100.25 122.42 594.64
40 129.00 1.13 97.58 93.65 114.16
45 143.00 1.43 96.87 92.23 100.00
50 15.00 1.61 95.84 104.36 9.32
55 83.70 1.12 95.50 102.11 74.73
60 215 3.03 98.00 110.29 7.10
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Table3. Stoichiometric formulae of hydrotalcite-pyroaurite solids syn-
thesized at 25°C and pH = 10.00 +0.05.

Mole frac- Stoichiometric formulae (Mg?++ Fe?*)/
tion of iron AP* in
in solids solid phase
0.000 MgsAl; 630 (OH)s 187 Clo 03 - 2.37H,0 2.913
0.029 M02.612F€0.088 Al1.090 (OH)g.490 Clo 780 - 2.451H,0 2.752
0066 MgZ.BOlFe0.199A|1.013 (OH)7.723C|1.315'3~97HZO 2962
0096 Mg2.713 Fe0.287A|1.116 (OH)8.731C|0.617 2475HZO 2688
0132 MgZ.GOAFeOG%AIO.QSQ (OH)7.696C|1.181'2~595HZO 3128

Table4. Stoichiometric formulae of hydrotalcite solids synthesized at
25, 40, 45, 50, 55 and 60 °C and pH = 10.00 £ 0.05.

T Stoichiometric formulae (Mg?+/AFT)
(°C) in solid phase
25 MgsAl; gg5 (OH)g 481 Clo 774 -2.489H,0 2.765
40 MgsAl; 017 (OH)g 203Cl 745 - 2.309H,0 2.950
45 MgsAl; 034 (OH)g 203Clg 709 -2.294H,0 2.901
50 MgsAl; 48 (OH)g 626 Clo 518 -2.630H,0 2.863
55 MgsAL 12 (OH)g 465 Clo g3 - 2.313H,0 2.879
60 MgsAl; 47 (OH)g629Clo 512 -2.367H,0 2.865

Tables 3 and 4 reveal the average (Mg*" + Fe?") /AR
ratio in the solids to be 2.890+0.119. Analyses of hydrox-
ide and chloride are quite constant throughout the whole
range of iron mole fractions in solids from 0.00 to 0.13
as well as for hydrotalcite phases synthesized at different
temperatures. It was found that each formula unit contains
8.3244+0.361 OH™ and 0.795+0.268 CI. In addition, we
observed that washed solids contained only traces of Na
(about 1 wt. %), which means that the stoichiometric coeffi-
cient of sodium in synthesized solids was less than Nag g, .

Measured concentrations of dissolved Mg and Al in
experiments at 25°C vary over the range from 29.50 to
666.00 umol/kg, and from 1.11 to 435.02 wmol/kg. We
observed that molalities of dissolved Al increase with the
growth of iron mole fraction in solids (Table 1). The mo-
lalities of dissolved iron in these experiments were below
the detection limit of ICP-OES method (0.54 wmol/kg).
Therefore, for further modeling calculations and in order
to determine chemical potentials of aqueous Fe?" species
using GEM-Selektor software, the total dissolved molali-
ties of iron in these experiments were assumed to be equal
0.54 umol/kg. Chemical analyses of dissolved chloride and
sodium demonstrated that Cl~ and Na concentrations are
constant (99.85-111.70 mmol/kg and 89.23-98.02 mmol/
kg, respectively). Results of hydrotalcite syntheses at higher
temperatures demonstrated that concentrations of dissolved
magnesium decrease (from 666.000 to 21.5 pumol/kg) with
the growth of temperature (from 25 to 60 °C) (see Table 2).
At the same time Al concentrations (1.11-3.03 wmol/kg)
do not depend on temperature. Measured concentrations
of chloride and sodium were determined on the level
92.23-122.42 mmol/kg and 90.16-100.25 mmol/kg, re-
spectively. In conclusion we see that the ionic strength
(~ 0.1 M) of all “synthesis solutions” is generally defined by
sodium content and this fact permitted the use of the Davies
model for estimating activities and chemical potentials of

relevant dissolved components (i.e., Mg?*, Fe?*, Al*+, OH-,
CI-).

4.2 Characterization of hydrotalcite-pyroaurite solids
by PXRD, IR spectroscopy, TGA analyses, SEM
and EDX techniques

The PXRD technique was applied in order to prove that all
precipitates are indeed pure hydrotalcite-pyroaurite phases
and to check that hydrotalcite-pyroaurite compositions form
a continuous solid solution series. We observed that pre-
cipitates with mole fractions of iron xFey,;q = Fe*"/(Fe*" +
Mg?*) varying from 0.00 to 0.13 display diffraction patterns
(Fig. 1) typical for pure hydrotalcite-like phases [26].

This means that the amounts of any conceivable crys-
talline impurities in the solids (such as, gibbsite, brucite
and ferric oxides and hydroxides) do not exceed the detec-
tion limit of the PXRD technique (about 1-5wt. %) [27].
However, in precipitates with higher mole fraction of iron
(XFegoig > 0.13), we detected additional reflexes which
were attributed to lepidocrocite [28], ferric hydrates [29]
or goethite [30]. The presence of these substances can
be explained by the partial oxidation of Fe(ll) to Fe(lll)
during the preparation of samples. This is confirmed by
numerous observations of very fast iron oxidation pro-
cesses in similar Fe(11)- containing phases (called as “green
rusts”), when in contact with air or another oxidizing agent
green rust phases transform into magnetite, goethite o-
FeOOH, lepidocrocite y-FeOOH, akaganeite, or ferrihydrite
5Fe,0;-9H,0 [31-35]. It was concluded that the applica-
tion of a glove-box with an argon atmosphere would allow
us to exclude the oxidation of Fe(ll) in the synthesized
hydrotalcite-pyroaurite compositions. Unit-cell parameters
of hydrotalcite-pyroaurite phases with xFeyy,;q from 0.00 to
0.13 have been calculated using a Bragg-type evaluation ac-
cording to the scheme described previously [20]. Evaluated
unit-cell parameters a, = b, and ¢, (Table 5, Figs. 2 and 3)
of hydrotalcite-pyroaurite solids synthesized at 25°C are
represented as a function of mole fraction of iron.

As seen on Fig. 2, the unit-cell parameter a, = b, corre-
lates with the mole fraction of iron and was approximated by
using the linear function (see dashed line in Fig. 2). More-
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Fig. 1. X-ray diffractograms of synthetic hydrotalcite-pyroaurite solids
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Table5. Unit-cell parameters of synthesized hydrotalcite-pyroaurite
solids synthesized at 25 °C (the present study) and at 70 °C (Curtius et
al., unpublished data) determined from Bragg evaluation and refined in
the space group R-3m.

Approximate a, =b, (A) G (A) Source
mole fraction
of iron solid
0.000 3.082 4+0.002 24.065+0.010 1)
0.000 3.066 £ 0.001 23.959 +0.006 2)
0.033 3.061 40.002 23.783+0.010 Q)
0.033 3.067 +0.001 23.951 +0.006 2)
0.033 3.065+0.001 23.779+0.006 2)
0.067 3.051+0.002 23.591+0.010 1)
0.067 3.062 +0.001 23.612+0.006 2)
0.100 3.063 +0.002 23.351+0.010 1)
0.133 3.063+0.002 23.286+0.010 (1)
0.167 3.042+0.001 23.011+0.006 (2)
0.167 3.057+0.001 23.243+0.006 (2)
References: (1) — the present study, (2) — Curtius et al., unpublished
data.
' ' g2+ =0.720 A |
" rFe2* = 0,610 A
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Mole fraction of iron in solid xFesais = [nFe/(nFe+nMg)]sons
Fig. 2. Unit cell parameters a, = b, as a function of the mole fraction
of iron. The dashed line represents the linear approximation of experi-
mental points. The dotted lines correspond to the theoretical curves
based on a regular octahedral layer. Filled squares represent parameters
determined from samples synthesized at 25°C, open circles demon-
strate unit cell parameters of solids synthesized at 70 °C (Curtius et al.,
unpublished data).

over, we found that the theoretical dependence (see dotted
curves) of unit-cell distance a, = b, on the mole fractions of
iron for an idealized octahedral layer (where ionic radii are
Mgt = 0.720 A, reer = 0.610A, r ps+ = 0.535A [36]) has
the same slope as the linear approximation. This can be ex-
plained by the fact that hydrotalcite-pyroaurite solids in the
range xFeyiq from 0.00 to 0.13 form continuous solid solu-
tion series and the variation of cell-parameter a, = b, is in
agreement with the Vegard’s law [37].

On the other hand, the lattice parameter ¢, corresponds to
three layer rhombohedral polytype 3R and is represented as
a function of iron mole fraction shown in Fig. 3.

As seen on this plot, this unit-cell parameter ¢, does not
change significantly with increasing mole fraction of iron.
The slight decrease (from 24.065 to 23.011 A) can be at-
tributed to the isostructural substitution of Mg?+ (0.720 A)
by smaller Fe?* (0.610 A).

T T
=
240 -
(=9
(.)_O .@
3
o5}
T 235 4
2
2 n
=
> .
23.0 1 . :
0.0 0.1

Mole fraction of iron in solid x¥Fesis = [nFe/(nFe+nMg)]ssia

Fig. 3. Dependence of the unit cell parameter ¢, on the mole fraction
of Fe. Filled squares demonstrate results from samples synthesized at
25°C, open circles represent unit cell parameters of solids synthesized
at 70 °C (Curtius et al., unpublished data).

Table6. Unit-cell parameters of hydrotalcite solids synthesized at 25,
40, 45, 50, 55 and 60°C and determined from Bragg evaluation and
refined in the space group R-3m.

(Mg?+ /AIF*) Temperature a,=h, G

ratio in solid (°C) A A)

2.912 25 3.082+£0.002 24.065+0.010
2.765 25 3.065+0.002 23.863+0.010
2.950 40 3.086+£0.002 23.778+0.010
2.901 45 3.099+0.002 23.784+0.010
2.863 50 3.090£0.002 23.641+£0.010
2.879 55 3.071£0.002 23.860+£0.010
2.865 60 3.100+£0.002 23.644+0.010

Unit-cell parameters of synthesized pure hydrotalcite
(XFegig = 0) solids as a function of temperature of co-
precipitation experiments are represented in Table 6. We ob-
served that the measured unit-cell parameters a, = b, and
c, are remarkably constant (3.0854-0.013 A and 23.805+
0.146 A, respectively) in all synthesized hydrotalcites and
do not deviate significantly with increasing temperature.
The correlation between cationic (Mg?*/AI**) ratios in hy-
drotalcite solids and lattice parameters also was not ob-
served. However, due to the difference of ionic radii of
Mg?+ (0.720 A) and AP+ (0.535 A) the increase of cationic
(Mg*t/AIPP*) ratio should increase the intermetallic dis-
tances (i.e., a, = b, parameters) in the hydrotalcite structure.

Infrared spectroscopic measurements have been per-
formed to identify the nature of interlayer anions and to
investigate its interaction with brucite-like layers. We found
that IR spectra show very strong hydroxyl- and water-
stretching bands at 3450 cm~* and 1640 cm=?, respectively.
Other strong bands at about 850 cm™, were attributed to
the translational movements of the oxygen in the octahedral
brucite-like layers. The quite weak band due to adsorbed
carbonate was detected at 1370 cm~*. The presence of car-
bonate in precipitates is explained by the very strong affinity
of LDHs for this anion. We expect that carbonate was ad-
sorbed during the preparation of the samples for IR analyses
when LDH powders were mixed with KBr phase or even
during the synthesis procedure.
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Fig.4. TGA curves of solids with xFeg,q = 0.00 (solid curve) and
with XFey ;g = 0.132 (dashed curve). The applied heating rate was
10°C/min. Decomposition steps are shown according to (Rives, 2002).

Thermogravimetric analyses together with coupled dif-
ferential scanning calorimetric measurements of synthesized
hydrotalcite-pyroaurite series with mole fraction of iron
from 0.00 to 0.13 demonstrated that thermal decomposition
includes three main stages (Fig. 4).

These results are in agreement with the previous liter-
ature data [38—40] showing that thermal decomposition of
layered double hydroxides takes place in three steps: (1)
the removal of the interlayer water, (2) the decomposition
of structural hydroxyl groups and finally (3) the loss of the
interlayer anions. For the current compounds, these three
decomposition steps were evaluated by determining the sec-
ond derivative TGA-curve and confirmed by the results of
DSC measurements. We demonstrated that: (1) the first en-
dothermic peaks occur between room temperature and ap-
proximately 239 °C, with its maxima at 136 °C due to de-
sorption of the interlayer water; (2) the second endothermic
peaks between 239 °C and 410 °C indicate a partial dehy-

=0.132), investigated by SEM.
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droxylation of brucite-like layer. The final (3) decompos-
ition step from 410°C to 1000 °C is recognized as loss of
interlayer anions and formation of the mixture of Mg, Al
and Fe oxides. We found that the incorporation of divalent
iron into the structure of solids does not strongly affect their
thermal stability because we observed that an increase of the
mole fraction of iron does not cause a significant effect on
the temperatures of removal interlayer water, dehydroxyla-
tion and removal of interlayer anions.

Scanning electron microphotographs demonstrated that
majority of precipitated samples were typical for LDHs
“sand rose” aggregates [41] (Fig.5). The most common
morphologies of the particles were based on deformed hex-
agonal platelets, 1-20 um in size.

Using energy dispersive X-ray analyses of individual par-
ticles we investigated the elemental distribution and these
results showed that in synthesized phases with xFeiq from
0 to 0.13 the distribution of Mg, Al, Fe, C, O and CI com-
ponents is generally homogeneous and no other phases were
observed.

4.3 Estimation of molar Gibbsfree energies and
standard entropies of hydrotalcite-pyroaurite
solids

The solids as described in Tables 3 and 4 precipitated from
the solutions presented in Tables 1 and 2, respectively. In
this study we neglected the possible effect of oversaturation
and we assumed equilibrium between the precipitated solids
and their corresponding “synthesis solutions”. This allowed
the calculation of the molar Gibbs free energies of precip-
itates by modeling compositions of liquids and calculating
chemical potentials of relevant dissolved compounds using
GEM-Selektor [22] as described in Sect. 3.1.

The estimated standard Gibbs free energies of hydro-
talcite-pyroaurite phases as a function of iron mole fraction
XFegia = nFe/(nFe +nMg) are demonstrated in Fig. 6. As
seen in Fig. 6, there is a tendency of G;7(298) growth when
the mole fraction in synthesized solids increases.

However, this dependence is not clear and in order to im-
prove the situation we examined the dependence of molar

-3400 —— T T T T L T ) T 7 T T T v T

CR=313 @
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Mole fraction of iron in solid MFemlf = [nFe!{nFe+nMg}]W

Fig. 6. Standard Gibbs free energies of “water-free” solids calculated
as a function of the mole fraction of iron.
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Gibbs free energy on the Mg/Al molar ratio in synthesized
hydrotalcite phases (Fig. 7).

As seen on this plot, standard Gibbs free energies of
hydrotalcite (xFes;q = 0) can be represented as a linear
function of the measured Mg/Al cationic ratio. This lin-
ear dependence allowed us to extrapolate compositions of
synthesized iron-containing compositions to the idealized
(Mg +Fe)/Al = 3/1 stoichiometry and to obtain signifi-
cantly improved linear relationship: G; = (—3619.04 +
15.27) +(915.43 +191.32) - xFeyig  (kJ/mol), R* =0.98
(Fig. 8), from which we determined the standard Gibbs
free energies of end-members: Gg(Htlc) = —3619.04 +
15.27 kJ/mol; G;(Pyr) = —2703.61+191.93 kJ/mol.

This is in agreement with the G; value for hydrotalcite
from the study of Bravo-Suarez [42]. These authors deter-
mined a value of —890.10+ 12.06 kJ/mol for a “water-free”
solid having the stoichiometry [MggsAlg25(OH),](Clos).
Normalizing this stoichiometry to three Mg (i.e,
MgsAl; (OH)sCl;) gives —3560.40 + 48.25 kJ/mol. In order
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Fig. 8. Standard Gibbs free energies of hydrotalcite-pyroaurite solids

calculated as mole fraction of iron. Open circles are calculated from

actually analyzed stoichiometries of synthesized solids. Filled circles

are results obtained from idealized (Mg;_,, Fe,)sAl; stoichiometries

of hydrotalcite-pyroaurite solids (see text above). The diamond sym-

bol represents a result from Bravo-Suarez et al., 2004 normalized to
Mgs-stoichiometry.

to assess the influence of the intercalated anions on the
aqueous solubility of hydrotalcite-like solids we compared
the standard Gibbs free energy of Cl-bearing hydrotal-
cite (—3619.04 +15.27 kJ/mol) obtained in the present
study with data presented for COs-containing hydrotalcite
(—3746.90 £ 11.00 kJ/mol) [19]. The difference 127.86 +
18.82 kJ/mol denotes the effect of the intercalated an-
ion on the aqueous solubility, demonstrating that Cl—-
containing hydrotalcite have to be more soluble than the
carbonate-bearing hydrotalcite. This conclusion confirms
recent literature results of Allada et al., [8]. Based on
calorimetric measurements these authors predicted equi-
librium constants for the dissolution of ClI- and CO;* -
containing hydrotalcites and concluded that carbonate sub-
stances will be less soluble than solids bearing chloride
anion.

To provide reasonable temperature and pressure correc-
tions for the thermodynamic properties of the hydrotalcite
end-member, we estimated the absolute molar entropy at
298K and 1bar. This has been done using the method
of Helgeson and using results of hydrotalcite syntheses at
variable (25, 40, 45, 50, 55 and 60°C) temperatures (see
Sect. 3.2).

Applying the method of Helgeson we found that ab-
solute entropy of hydrotalcite composition is equal to
318.40 J/mol K. On the other hand, the second approach
demonstrated that absolute entropy varies in the range from
558.93 to 1434.75 J/mol K.

These significant discrepancies in estimates of standard
molar entropy are demonstrated on the temperature depen-
dence of Gibbs free energies of hydrotalcite end-member
(Fig. 9).

Assuming that heat capacity of hydrotalcite is a constant
over the temperature from 25 to 60 °C, we were able to con-
struct the theoretical dependence of Gibbs free energy on the

G(T)= G;-[T—ZSS.IS]-S: (Co(T) = const )
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Fig.9. Gibbs free energy of hydrotalcite end-member as a function
of temperature. Diamond symbols correspond to results from co-
precipitation experiments at different temperatures and using the ide-
alized Mg;Al;-stoichiometry. Lines (1), (2), (3) show results obtained
from temperature dependences of Gibbs free energies corresponding
to Eq. (8) with absolute molar entropies are equal to 318.40, 558.93,
1434.75J/mol K, respectively.
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temperature from the following relation:
Ge(T) = G; — (T —298.15)- § 8)

From Fig. 9 it can be seen that all estimates of absolute
molar entropies do not fit experimental results sufficiently
well. For the possible further work in order to provide more
accurate information about absolute molar entropies, we
would recommend to perform calorimetric measurements.
The providing data about absolute molar entropy of hydro-
talcite solids by calorimetric measurements is the objective
of our forthcoming separate study.

5. Discussion and conclusions

The aim of the present work was to investigate aqueous
solubilities of the hydrotalcite-pyroaurite solids by using re-
sults of syntheses (by co-precipitation) experiments carried
out at ambient conditions (25°C, P =1bar) and at ele-
vated temperatures (40, 45, 50, 55 and 60 °C). Hydrotalcite-
pyroaurite solids with different iron mole fractions xFeyy,iq =
Fe?*/(Mg?" + Fe?*) varying from 0 to 0.13 have been
successfully synthesized. The (Mg?* + Fe?")/AIP* ratios
of these precipitates were kept constant at 2.890+ 0.119.
All PXRD patterns of these solids indicated the formation
of a single phase belonging to the hydrotalcite-pyroaurite
solid solution series [26]. However, products of syntheses
with iron mole fraction higher than 0.13 display addi-
tional PXRD reflexes attributed to the mixture of Fe oxides
and hydroxides (for instance, lepidocrocite, ferric hydrates
or goethite) [28—-30]. Formation of these phases was ex-
plained by very fast oxidation of hydrotalcite-pyroaurite
solids in contact with air or other oxidizing agent dur-
ing the preparation (or during PXRD measurements) of
samples.

The thermal behavior of samples with 0 < xFegiq < 0.13
is that expected for LDH with 3 main decomposition steps
(removal of interlayer water, dehydroxylation of brucite-
like layers and removal of interlayer anion). Temperatures
of these three events do not depend on the content of iron
in solids. TGA-DSC measurements were used here suc-
cessfully for measuring the water, hydroxyl and chloride-
content. For hydrotalcite-like phases this is usually difficult
to achieve because the three decomposition steps are often
not well separated.

Infrared spectra of synthesized solids show strong hy-
droxyl- and water-stretching bands at 3450 cm~' and
1640 cm™2, respectively. The strong bands at about 850 cm?
have been attributed to the translational movements of the
oxygen in the octahedral brucite-like layers. The quite weak
band at 1370 cm~* was attributed to adsorbed traces of car-
bonate ions. We explained the presence of carbonate in
precipitates by very strong affinity of hydrotalcite-like solids
to this anion.

An extended aim of the present study included quan-
tifying the standard Gibbs free energies and absolute mo-
lar entropies of hydrotalcite-pyroaurite compositions. These
aims can be achieved by analyzing solution- and solid
compositions and assuming that thermodynamic equilib-
rium between precipitated solid and mother solution was
reached. All chemical analyses have been performed by

using ICP-OES, photometric, EDX and TGA techniques and
the results of thermodynamic calculations are described in
Sect. 4.3.

We demonstrated that the estimated values of stan-
dard Gibbs free energies correlate strongly with the sto-
ichiometry of hydrotalcite-pyroaurite solids. Firstly, we
observed that values of molar Gibbs free energies are re-
lated with Me?*/Me3* cationic ratio. In fact, the growth
of Mg? /AR ratio from 2.77 to 3.00 in hydrotalcite end-
member results in increase of Gibbs free energy value from
—3673.37 to — 3619.04 kJ/mol. This observation permitted
to normalize all estimates of G; with respect to ideal-
ized hydrotalcite-pyroaurite compositions with cationic ratio
(Mg* +Fe*") /APt =3 :1and 0 < XFeyiq < 0.13. As are-
sult, we observed that the estimates of standard Gibbs free
energy follows the linear function of iron mole fraction and,
therefore, yields the following first estimates: —3619.04 +
15.27 and —2703.61 + 191.93 kJ/mol for Htlc and Pyr end-
members, respectively.

Applying Helgeson’s method [25] and results of hydro-
talcite syntheses at elevated (40, 45 50, 55 and 60 °C) tem-
peratures we obtained absolute molar entropy estimates for
hydrotalcite end-member. It was recognized that two ap-
proaches do not fit experimental results sufficiently well
and these clearly seems the need to perform more pre-
cise calorimetric measurements. Particularly, it is expected
that such a method will be appropriate for a more detailed
comparison of stability properties of CO,* - and CI- bear-
ing LDHs and, finally, for specifying the effect of interca-
lated anion on the aqueous solubilities of hydrotalcite-like
solids. At the present state of the investigation we were not
able to perform thermodynamic and solubility modeling of
hydrotalcite-pyroaurite system from point of view of solid
solution concept due to the missing information about: 1) the
existence of hydrotalcite-pyroaurite phases with xFeyyiq >
0.13 and, especially, pyroaurite end-member, and 2) the de-
gree of oversaturation in “synthesis solutions”. Because of
this, we believe that further co-precipitation experiments
as well as dissolution studies with synthesized solids will
provide more results, extending the knowledge about the
behavior of hydrotalcite-pyroaurite system in aqueous en-
vironment, i.e, particularly, at conditions of nuclear waste
repositories.
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