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Preparation, characterization and thermodynamic
properties of Zr-containing Cl-bearing layered
double hydroxides (LDHs)
Abstract:Zr-containing layered double hydroxides (LDHs)
with variable 𝑥Zr

solid
=Zr/(Zr + Al) mole fractions were

synthesized by a co-precipitation method at ambient con-
ditions. The chemical compositions of samples and cor-
responding aqueous solutions after syntheses were an-
alyzed by ICP-OES, EDX (Mg, Al, Zr) and ion chro-
matography (Cl−). Results of PXRD technique demon-
strated that solids with 0 ≤𝑥Zr

solid
≤ 0.5 show only X-

ray reflexes typical for pure LDH compositions, while
products of syntheses with 𝑥Zr

solid
> 0.5 display addi-

tional patterns attributed to brucite. ICP-OES and EDX
techniques shown that in pure Zr-containing LDHs the
Mg/(Al + Zr) ratio is reducing with increase of 𝑥Zr

solid

and the stoichiometry of brucite-like layers corresponds
to [Mg

3−2x
Al
1−x
Zr
x
]. This fact may indicate that the in-

corporation of 1Zr-containing specie results in the re-
moval of 1Al- and 2Mg-containing species from the
pure Mg-Al-composition. Such mechanism may be con-
firmed by the observation that measured 𝑎

0
= 𝑏
0
dis-

tances are generally consistent with theoretical estimates
obtained from [Mg

3−2x
Al
1−x
Zr
x
]-stoichiometry. The pres-

ence of predominant Mg2+, Al(OH)−
4
and Zr(OH)

5

−

complexes in aqueous solutions after syntheses was
established in thermodynamic calculations by apply-
ing GEMS-Selektor v.3. code and, therefore, the reac-
tion:Mg

3
Al
1
(OH)

8
Cl
1
+Zr(OH)

5

−

=Mg
1
Zr
1
(OH)

5
Cl
1
+

Al(OH)
−

4
+ 2Mg2+ + 4OH− can describe amechanism of

Zr-substitution. Estimates of the molar Gibbs free ener-
gies of Zr-containing LDHs with 0 ≤𝑥Zr

solid
≤ 0.5 show

that the incorporation of Zr into the LDH increasing sig-
nificantly their aqueous solubility. Thus, it is not possible
to neglect that Zr can be partly localized as Zr(OH)

5

−-
ligands in the interlayer space of the LDH structure.
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1 Introduction
The disposal of radioactive waste materials at geologi-
cal conditions requires the development of physically and
chemically stable materials which will prevent the mi-
gration of various (i.e., cationic and anionic) radioactive
compounds and their decay products from deep geolog-
ical environments to the biosphere. Layered double hy-
droxides (LDHs) or hydrotalcite-like solids are of interest
of these studies due to their unique properties to immo-
bilize very wide range of cations (like, Li+, Ba2+, Mg2+,
Fe
2+, Ni2+, Co2+, Eu3+, Fe3+, Cr3+, Ga3+, Sc3+, Zr4+,

etc.) [1–9] and especially due to their anion-exchange
properties (substitution of I−, Br−, Cl−, OH−, CO

3

2−,
SO
4

2−, Fe(CN)
6

4−, carboxylates, sulfonates or dicarboxy-
lates CnH2n(CO2

−

)
2
, etc.) [10–17]. The anion-exchange

properties of LDHs are directly attributed with their struc-
ture consisting on positive charged octahedral brucite-
like layers [MII

(1−x)M
III

(x)(OH)2]
x+. The charge deficit of the

octahedral layers is compensated by intercalated inter-
layer anions which are accompanied by molecules of wa-
ter [Ayx/y ⋅ nH2O]. Therefore, LDHs can be considered as
potential buffer materials for retention of mobile and
hazardous anionic radionuclides (like, 14C, 129I, 36Cl,
79

Se, TcO
4

−, etc.) [18]. At the present time the applica-
tion of LDHs as anion-bindingmaterial is problematic task
due to their chemical complexity when LDHs have to be
considered as complex multicomponent solid solutions
which thermodynamic, mixing and solubility properties
are hardly achievable. Consequently, there is a problem to
apply LDHs for geochemical modeling (partially at condi-
tions of nuclear waste repositories). The present study is
focused on the synthesis, characterization of a particular
case of big LDH family, namely, chloride-bearing hydro-
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talcite (Htlc) Mg
3
Al(OH)

8
Cl ⋅ nH

2
O where the isostruc-

tural incorporation of Zr(IV) is expected. The selection of
this system was based on the knowledge that similar Fe-
containing LDHs were already identified as characteris-
tic secondary phases when research nuclear fuel elements
were in the contact with salt brine solutions under repos-
itory relevant conditions [5]. To investigate the incorpora-
tion of tetravalent cations into the LDH structure is inter-
esting task because there is no clarity concerning incor-
poration of tetravalent metals in LDHs. Some of studies
reported the possibility of synthesizing LDHs containing
M(IV) ions [5, 19–24]. Another authors based on results of
X-ray absorption spectroscopy (XAS) andMössbauer spec-
troscopy [25] concluded that the M(IV) cations are segre-
gated from LDH structure andmay form amorphousM(IV)
oxide-like particles. In our study the main reason to in-
vestigate the possibility of Zr-containing LDH formation
was the expectation that the incorporation of tetravalent
cation has to affect on anion-exchange properties of LDHs
due to the change of positive charge in brucite-like lay-
ers. Moreover, Zr(IV) can be considered as analogue of
4-valent actinides (i.e., U4+ and Th4+) and to investigate
the behavior of zirconium is important task from point
of view of geochemistry of nuclear waste repositories. Fi-
nally, Zr(IV) is an important constituent of nuclear waste
repositories because it presented in cladding elements
of nuclear fuel. Using various experimental techniques
(X-ray powder diffraction, Raman spectroscopic measure-
ments, scanning electronmicroscopy, energy dispersive X-
ray spectroscopy), the primary objective of this work was
to explore the isostructural incorporation ofZr into the hy-
drotalcite structure (i.e., to proof the presence of solid so-
lutions). The next objectives were: 1) to quantify stability
properties (i.e., standard Gibbs free energies of formation)
of Zr-containing LDHs with the help of thermodynamic
modeling [26, 27]; 2) to develop the provisional scheme of
Zr-substitution in the hydrotalcite structure.

2 Experimental

2.1 LDH synthesis

Samples of LDH solids with varying zirconium
𝑥Zr
solid
=Zr/(Zr+Al) mole fractions were synthe-

sized by a co-precipitation method at 𝑇 = 25 ± 2 ∘C and
pH= 10.00±0.05. The synthesis procedure was based on
the slow (0.2–0.3mL/min) addition of 40mL degassed
metal-chloride solution withMg/(Al+Zr)= 3.0±0.1 and
desired Zr/(Zr+Al) ratios into the reactor vessel con-
taining 250mL of boiled MilliQ water under stirring and

under argon gas flow. The total concentration of Mg, Al
andZr inmetal-chloride solutionwas 0.8 moles/L. Simul-
taneously 2MNaOH solution was added into the reactor
by using an automated titrator 736 GP TITRINO in order
to maintain pH= 10.00±0.05 constant. After the addition
step, the stirring of suspension was continued for ap-
proximately 24 h under the controlled pH= 10.00±0.05.
Then precipitate and supernatant liquid were separated
by using 0.22 μm MILLEX® GP filters. The formed solid
productwaswashed three times by boiled degassedMilliQ
water and finally dried in a desiccator for 72 h.

2.2 Chemical analyses of solid and liquid
phases

The contents of Mg, Al and Zr in the solids and aqueous
solutions after syntheses have been determined by ICP-
OES method using TJA-IRIS™ instrument. The aqueous
solutions after syntheses were analyzed after acidifying
with approximately0.5 mLof8MHNO

3
. Samples of solid

phaseswere analyzed after dissolving in 2MHNO
3
. Inter-

nal standard solutionswereprepared fromMgCl
2
⋅ 6H
2
O,

AlCl
3
⋅ 6H
2
O and ZrOCl

2
⋅ 8H
2
O chemicals (Merck®).

2.3 Photometric analyses

Chloride anions in the product liquid phase and in synthe-
sized solids were analyzed photometrically (spectropho-
tometer CADAS 100). The sample preparation and analysis
procedure are described in details in [7].

2.4 Powder X-ray diffraction

The powder X-ray diffraction measurements were applied
for structural characterization of synthesized solids. The
patterns were recorded using 3003 TT (General Electric®)
diffractometer (Bragg–Brentano geometry) at the ambient
temperaturewithin a 2𝜃-range from5 to80∘witha step size
of 0.02∘ 2𝜃 and ameasuring time of 15 s per step. Unit-cell
parameters (𝑎

0
= 𝑏
0
and 𝑐

0
) of pure Zr-LDH solids have

been estimated applying a Bragg-type equation and us-
ing relation between indexed d

ℎ𝑘𝑙
distances and the lat-

tice unit-cell parameters for hexagonal symmetry based on
the first 4 reflections: (003), (006), (012), and (015). The
scheme of these estimations is described in details previ-
ously [7, 28, 29].
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2.5 Raman spectroscopy

Ramanspectroscopicmeasurementshavebeencarriedout
to identify the type of anion in the interlayer space of
LDH structure. Raman scattering spectra were acquired
using a LabRAM HR Vis® spectrometer equipped with
632.81 nm laser and recorded in wavenumber interval
from 200 to 3800 cm−1. The spectra were calibrated using
Si standard. The data were manipulated and recorded us-
ing LabSpec v.5. software. The band component analysis
was carried out using “Fityk” (http://fityk.nieto.pl/) soft-
ware, and the band fitting and smoothing were done using
Gaussian functions.

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

The low-pressure scanning electronmicroscopy (SEM)was
performedwith Quanta 200® microscope in order to inves-
tigate the morphology of synthesized crystallites. Exami-
nations were performed at 70 Pa. Analyses of solids (Mg,
Al, Zr, O, Cl, C, O) and the information about chemi-
cal homogeneity were performed with EDX spectroscopy
by using Appolo X Silicon Drift Detector from EDAX™, at
a voltage 20 kV.

2.7 Thermodynamic modeling and
estimation of Gibbs free energies

The thermodynamicmodelinghas beenperformed assum-
ing the thermodynamic equilibrium between precipitates
and aqueous solutions after syntheses. This assumption
was made based on previous results [29] which demon-
strated that the degree of oversaturation in liquid phase af-
ter similar co-precipitation experiments is negligible and
precipitates and corresponding aqueous solutions are at
conditions which close to the equilibrium. The sequence
of calculation steps needed for estimating Gibbs free ener-
gies of LDH solids was described in details before [7, 28,
29]. Firstly, by applying GEMS-Selektor v.3. code [26, 27]
with built in Nagra-PSI thermodynamic database [18] and
by using chemical analyses of aqueous solutions, the spe-
ciation of dissolved metals, activities and chemical poten-
tials of relevant components (i.e.,Mg2+,Al3+, Zr4+,OH−,
Cl
−) have been calculated. Then the statement which says

that: “Gibbs free energy of the system at equilibrium is
minimum, and chemical potentials of the components are
the same at each phase” allowed to calculate the molar

Gibbs free energies from chemical potentials and from sto-
ichiometric coefficients in Table 1 according to equation:

𝐺
∘

f(LDH) = 𝑎 ⋅ 𝜇(Mg
2+

) + 𝑏 ⋅ 𝜇(Al
3+

)

+ 𝑐 ⋅ 𝜇(Zr
4+

) + 𝑑 ⋅ 𝜇(OH
−

) + 𝑒 ⋅ 𝜇(Cl
−

) (1)

where 𝑎–𝑒: stoichiometric coefficients; 𝜇-calculated
chemical potentials.

3 Results

3.1 Compositions of solids and liquid
phases after co-precipitation
experiments

Chemical compositions of pure Zr-containing LDHs and
aqueous solutions after syntheses are provided in Tables 1
and 2, respectively.

Results of chemical analyses demonstrated that each
formula unit of Zr-bearing LDH contains 7.612±0.285
OH
− and 0.613±0.230 Cl−. In addition we observed that

washed solids contained only traces of Na (less than
1 wt%), which means that the stoichiometric coefficient
of sodium in solids was less than Na

0.001
. Table 1 reveals

clearly that with the increase of the zirconium mole frac-
tion (𝑥Zr

solid
) from 0.086 to 0.488 in synthesized solid the

Mg/(Al+Zr) cationic ratios reduces significantly (from
2.768 to 2.005). It is necessary to remind that for all co-
precipitation experiments the Mg/(Al+Zr) ratio in ini-
tial metal-containing solutions always was fixed constant
(3.0±0.1).Weobserved that chemical compositions of syn-
thesized solids are well described by [Mg

3−2x
Al
1−x
Zr
x
]

– stoichiometry, where 𝑥 – is the mole fraction of zir-
conium. The correctness of this statement has been ad-
ditionally proofed by comparing measured 𝑎

0
= 𝑏
0
unit-

cell distances in solids and those theoretical values ob-
tained from regular octahedral brucite-like layers having
[Mg
3−2x
Al
1−x
Zr
x
]-stoichiometry (see Section 3.2). More-

over, based on these stoichiometry variations it can be ex-
pected that the incorporation of 1Zr-containing specie in
to the pure Mg

3
Al
1
(OH)

8
Cl
1
composition results in re-

moval of 2Mg- and 1Al-containing species. In details this
provisional scheme is described in Section 3.3. As seen in
Table 2 measured concentrations of dissolvedMg, Cl and
Na are varying on the millimolal level (4.76–51.26, 180–
200, 157.69–190.49 mmol/kg, respectively). At the same
time concentrations of dissolved Al and Zr are lower than
the detection limit of ICP-OES method. Therefore, for fur-
ther modeling and for determining chemical potentials of
Al
3+ and Zr4+ species, the total dissolved molalities of
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Table 1: Stoichiometric formulae and estimated standard Gibbs free energies (𝐺𝑜
𝑓
) of formation of Zr-containing LDHs synthesized at

𝑇 = 25 ± 2
∘

C and pH= 10.00±0.05.

Chemical compositions of Mole fraction Mg/(Al + Zr) in 𝐺
∘

f ,
“water-free” solids of zirconium solid phase [kJ/mol]

in solid phase
(𝑥Zr
solid

)

Mg
2.768
Al

0.914
Zr

0.086
Cl

0.577
(OH)

8.045
0.086 2.768 −3459.41

Mg
2.681
Al

0.862
Zr

0.138
Cl

0.638
(OH)

7.862
0.138 2.681 −3387.37

Mg
2.662
Al

0.814
Zr

0.186
Cl

1.026
(OH)

7.484
0.186 2.662 −3384.78

Mg
2.410
Al

0.733
Zr

0.267
Cl

0.575
(OH)

7.512
0.267 2.410 −3222.86

Mg
2.527
Al

0.709
Zr

0.291
Cl

0.751
(OH)

7.594
0.291 2.527 −3320.76

Mg
2.326
Al

0.635
Zr

0.365
Cl

0.381
(OH)

7.636
0.365 2.326 −3193.11

Mg
2.005
Al

0.512
Zr

0.488
Cl

0.346
(OH)

7.152
0.488 2.005 −2971.14

Table 2: Compositions of aqueous solutions (pH= 10.00± 0.05)
after LDHs syntheses at 𝑇 = 25 ± 2 ∘C.

Mole fraction of Zr in Mg Cl Na Al Zr

solids (𝑥Zr
solid

) [mmol/kg] [μmol/kg]

0.086 4.76 199.00 184.76 1.14 0.51
0.138 51.26 192.00 190.49 1.14 0.51
0.186 7.01 180.00 169.19 1.10 0.54
0.267 8.60 200.00 174.33 1.14 0.51
0.291 8.27 191.00 177.07 1.14 0.51
0.365 14.95 195.00 169.48 1.10 0.54
0.488 19.40 187.00 157.69 1.10 0.54

these metals were assumed to be on the level 1.10–1.14
and 0.51–0.54 μmol/kg, respectively (i.e., detection limit
of ICP-OES for these metals). In conclusion we see that
the ionic strength (∼0.2 M) of all “syntheses solutions” is
generally defined by sodium concentrations and this fact
permitted the use Davies model [30] for estimating activi-
ties and chemical potentials of relevant dissolved compo-
nents.

3.2 Characterization of synthesized solids
by PXRD, Raman spectroscopy, SEM and
EDX techniques

PXRD technique has been used in order to proof that
synthesized solids are indeed pure Zr-containing
hydrotalcite-like solids and, thereby, to check that Zr
is structurally incorporated in the LDHs. Moreover,
PXRD approach could be applied to construct the provi-
sional scheme of Zr incorporation into the structure of
hydrotalcite-like solids.

We observed that precipitates with the mole fraction
of zirconiumwith 0 ≤𝑥Zr

solid
≤ 0.5 display only X-ray pat-

terns (Figure 1a) typical for pure hydrotalcite-like solids.
The increase of 𝑥Zr

solid
in pure LDH solids is accom-

panied with the widening of X-ray reflexes and, there-
fore, may indicate on: (1) the decrease of crystallite size
in solids, or (2) the presence of undetectable amorphous
substance (for instance, brucite). The second hypothesis
is confirmed by the fact that the background of diffrac-
togramms (Figure 1a) is continuously climbing with the
growth of 𝑥Zr

solid
. In synthesized phases with 𝑥Zr

solid
>

0.5 we observed additional X-ray reflexes attributed to
brucite (see light-gray circles on Figure 1b).

Evaluated unit-cell parameters 𝑎
0
= 𝑏
0
reflex inter-

metallic distances in octahedral brucite-like layers in the
LDH structure and shown as a function zirconium content
(𝑥Zr
solid

) (Figure 2a) and as a function of Mg/(Al+Zr)
cationic ratio (Figure 2b). As seen on Figure 2, 𝑎

0
= 𝑏
0

unit-cell distances are generally correlating with these
compositional changes. Moreover, the theoretical values
of 𝑎
0
= 𝑏
0
unit-cell parameters were calculated based on

the regular brucite-like layers having [Mg
3−2x
Al
1−x
Zr
x
]-

stoichiometry (where ionic radii of cations in octa-
hedral coordination are r

Mg
2+ =0.720 Å, r

A
3+ =0.535 Å,

r
Zr

4+ =0.720 Å) [31]. Figure 2 is demonstrating that theo-
retical dependences of 𝑎

0
= 𝑏
0
(solid curves) are generally

consistent with experimental values. Therefore, this fact
can indicate that [Mg

3−2x
Al
1−x
Zr
x
]-stoichiometrymay de-

scribe the variety of chemical compositions of precipi-
tates. Moreover, this chemical variability is pointing out
on ont the situation when the incorporation of 1Zr-specie
into the hydrotalciteMg

3
Al
1
(OH)

8
Cl
1
structure replaces

2Mg- and 1Al-containing species. Nevertheless, the struc-
tural position of Zr in LDH solids is still questionable be-
cause of the big scatter of measured 𝑎

0
= 𝑏
0
values. The

clarifying of the structural position of Zr in the LDH is
complicated by the presence in Zr-bearing precipitates of
unidentified amorphous phase.
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Fig. 1: X-ray diffractograms of Zr-containing LDHs: (a) with𝑥Zr
solid
≤ 0.5; and (b) with 𝑥Zr

solid
> 0.5 (light-gray circles correspond to patterns

attributed to brucite).

Fig. 2: Unit-cell distances 𝑎
𝑜
= 𝑏

𝑜
as a function of Zr/(Al +Mg) the zirconium mole fraction (a) and as a function ofMg/(Al +Zr) cationic ratio

(b) in synthesized LDHs. Solid curves represent theoretical estimates based on the regular octahedral brucite-like layers having
[Mg

3−2x
Al

1−x
Zr

x
] – stoichiometry.

Fig. 3: Unit-cell parameter 𝑐
𝑜
as a function of Zr/(Al +Mg) the zirconium mole fraction (a) and as a function ofMg/(Al +Zr) cationic ratio (b) in

synthesized LDHs.

Unit-cell parameters 𝑐
0
of pure Zr-LDH solids as

a function of 𝑥Zr
solid

mole fraction and as a function of
Mg/(Al+Zr) cationic ratio are shown on Figure 3a and b,
respectively.

As seen on Figure 3a and b the increase of unit-cell pa-
rameter 𝑐

0
is related with the growth of Zr-content (and

corresponding decrease ofMg/(Al+Zr) ratio) in synthe-
sized solids. At first sight this observation is in the contra-
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diction with the solid stoichiometry variations presented
in Table 1. The reason is that unit-cell parameter 𝑐

0
reflexes

mainly changes in the size of the interlayer space of the
LDH structure. Therefore, the unit-cell parameter 𝑐

0
has

to be a very sensitive to compositional changes of the in-
terlayer (content of water, hydroxyl groups, chloride ions).
From Table 1 it is clearly seen that there is the decrease of
OH
−- andCl−-contents inLDHswith thegrowthof𝑥Zr

solid

values. Consequently, it is expected that 𝑐
0
-value should

decrease with the growth of Zr-content. The opposite ob-
servation should indicate that: (1) amount of structural
water-molecules can increase with growth of Zr-content
or (2) there is a substitution of Zr-species in the interlayer
space of LDH structure. The first explanation is doubt-
ful because we demonstrated that in all solids the water-
content is approximately constant (2.33–2.50 molecules).
Therefore, it is necessary to consider the hypothesis which
implies the possibility of partial Zr-substitution into the
interlayer space. The structural position of Zr-atoms in
LDHsmaybe elaborated by applying different approaches.
Particularly, the Rietveld structural refinements would
help to specify the structural rearrangements of Zr in the
LDH structure. However, at the present study these refine-

Fig. 4: Raman spectra of Zr-containing LDH with 𝑥Zr
solid
≈ 0.1. Amore detailed description of individual spectra is given in the text.

mentswerenotperformedbecauseof thepoor crystallinity
of synthesized precipitates. Consequently, we were fo-
cused onother available approaches to identify the coordi-
nation environment of Zr in the LDH structure (i.e., ther-
modynamic modeling with GEMS-Selektor v.3. code) (see
Section 3.3).

Raman spectroscopy has been used as suitable
method for identifying the nature of the interlayer anions.
Ramanbands (around467, 546, 1060, 3450and3700 cm−1)
which are typical for hydrotalcite-like solids [32] have been
observed. Typical Raman spectra of synthesized LDHs
with 𝑥Zr

solid
≈ 0.10 are displayed on Figure 4. The band

detected around 467 cm−1 is unique for hydrotalcite-like
solids and assigned to theMe-O-Me linkage bonding [33].
The band around 546 cm−1 is presented in all Raman
spectra of synthesized Zr-containing LDHs and according
to [32] originates from the interlayer carbonate-water unit,
where two hydrogen atoms ofH

2
O molecule are interact-

ing with two oxygen atoms of carbonate-anion, strongly
indicating the presence of carbonate in the system. The
presenceof carbonate inprecipitates is explainedbya very
significant affinity of this anion to LDH phases. Carbon-
ate can be contaminated during the synthesis procedure
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or/and during the preparation of samples for Ramanmea-
surements. The band around 1060 cm−1 is also confirming
the presence of CO

3

2− and corresponds to interlayer car-
bonate anions associated withMe(OH)

6
octahedral units

in the brucite-like layers [32]. In the whole range of Zr-
content in synthesized hydrotalcite-like solids the position
of this peak remains almost constant indicating no change
in symmetry of carbonate anions. The large bands around
3450 cm

−1 and 3700 cm−1 representOH-stretching vibra-
tions fromMeOH-groups as well as stretching vibrations
of interlayer water molecules. Results of band component
analyses demonstrated that the peak positions and inten-
sities of all Raman bands are not correlating with the Zr-
content in precipitates.

Scanning electron microscopy demonstrated that the
majority of synthesized solidswere similar to typical LDHs
“sand rose” aggregates. Energy dispersive X-ray analyses
shown that in synthesized solidswith𝑥Zr

solid
from0 to 0.5

the distribution ofMg,Al,Zr,C,O andCl components is
generally homogeneous and obtained stoichiometric coef-
ficients of precipitates are in good agreement with results
of ICP-OES analyses. The chemical homogeneity of sam-
ples has been proved by numerous replications (up to 10)
of EDXmeasurements on various regions of LDH grains.

3.3 Estimation of the standard Gibbs
energies and thermodynamic properties
of synthesized Zr-containing LDHs

Thermodynamic properties of synthesized Zr-containing
LDH solids have been estimated according to the scheme
described in Section 2.7 and assuming the thermodynamic
equilibrium between precipitates and aqueous solutions
after synthesis experiments. This assumption was based
on previous results [29] which clearly shown that the de-
gree of oversaturation in liquids after co-precipitation
experiments was negligible and, therefore, precipitated
solids and corresponding aqueous solutions were at con-
ditions close to thermodynamic equilibrium. On Figure 5
the calculated values of standard molar Gibbs free ener-
gies of solids are shown as a function of Zr-content (i.e.,
Zr/(Zr+Al) ratios in solids). Moreover, from this figure
it is clear that the addition of only 0.1 units of zirco-
nium into the hydrotalcite structure increases the value
of standard Gibbs free energy significantly (approximately
100 kJ/mol). The reason of this increase has to be re-
lated with structural modifications originating from the
Zr-incorporation into pureMg-Al-LDH composition. The
obvious explanation of this major effect of zirconiummay

Fig. 5: Standard Gibbs free energies of “water-free” solids
calculated as a function of the mole fraction of zirconium.

be that Zr occupies the interlayer space in hydrotalcite
structure and, therefore, significantly disturbing the struc-
tural stability of LDHs. As mentioned in Section 3.2, in the
present study we were not able to check this hypothesis
by applying analytical and spectroscopic methods. There-
fore, only theoretical thermodynamic considerations have
been used. On the first step, the compositions of aque-
ous solutions after syntheses have been modeled by us-
ing GEM-Selektor code package as described before and
predominant aqueous complexes of Mg, Al and Zr were
determined. Results of the modeling shown that at con-
ditions of syntheses (pH= 10.00±0.05, 𝑇=25–2 ∘C) the
dissolved metals have to be mainly presented as Mg2+,
Al(OH)

−

4
and Zr(OH)

5

− aqueous species. Thus, from this
result we can suppose that Zr could play a role of “an-
ionic” Zr(OH)

5

− constituent and it can be incorporated
(at least partially) into the interlayer between brucite-like
layers. The possible reaction of such incorporation of Zr
into the pureMg-Al-LDH is written as:

Mg
3
Al(OH)

8
Cl
1(s)
+ Zr(OH)

5

−

(aq)
= Mg

1
Zr
1
(OH)

5
Cl
1(s)

+ Al(OH)
4

−

(aq)
+ 2Mg

2+

(aq)
+ 4𝑂H

−

(aq)
, (2)

whereMg
1
Zr
1
(OH)

5
Cl
1
composition is corresponding to

the “hypothetical” end-member according to discovered
[Mg
3−2x
Al
1−x
Zr
x
]-stoichiometry (𝑥Zr

solid
= 1). Thermody-

namically the Reaction 2 seems to be reasonable: assum-
ing the equilibrium (i.e., 𝛥

r
𝐺 = 0) and by using known

values (see Table 3) of the molar Gibbs free energies of
Mg
3
Al
1
(OH)

8
Cl
1
, Zr(OH)

5

−, Al(OH)−
4
,Mg2+,OH−, the

molar Gibbs free energy of formation ofMg
1
Zr
1
(OH)

5
Cl
1
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Table 3: Standard molar Gibbs free energies used in thermodynamic
calculations.

Substance/Complex 𝐺
𝑜

𝑓
, [kJ/mol] Reference

Mg
3
Al

1
(OH)

8
Cl

1(s)
−3619.04±15.27 (1)

Zr(OH)
5

−

(aq)
−1177.82 (2)

Al(OH)
4

−

(aq)
−827.48 (2)

Mg
2+

(aq)
−453.99 (2)

OH
−

(aq)
−157.27 (2)

(1) – Rozov et al., 2013; (2) – Hummel et al., 2002.

stoichiometry composition will correspond to:

𝐺
∘

f[Mg1Zr1(OH)5Cl1](s) = 𝐺
∘

f[Mg3Al1(OH)8Cl](s)

+ 𝐺
∘

f[Zr(OH)
−

5
]
(aq)
− 𝐺
∘

f[Al(OH)
−

4
]
(aq)
− 2𝐺
∘

f[Mg
2+

]
(aq)

− 4𝐺
∘

f[OH
−

]
(aq)
= −2432.33 ± 15.27 kJ/mol (3)

This value (−2432.33 ± 15.27 kJ/mol) is in a good agree-
mentwith thenumber (−2338.41±64.56 kJ/mol) obtained
from the linear approximation𝐺0

𝑓
= (−3619.04 ± 15.72) +

(1280.63 ± 62.73) × 𝑥Zr
solid

shown on Figure 5. This fact
may support additionally the proposed substitutionmech-
anism.

4 Conclusions
The aimof the presentworkwas to investigate the possibil-
ity of the isostructural substitution of tetravalent cations
(particularly, zirconium) into the hydrotalcite-like solids

Fig. 6: Logic chart representing the sequence of experimental observations and corresponding interpretations.

by using results of co-precipitation experiments carried
out at ambient conditions (𝑇 = 25±2 ∘C,𝑃 = 1 bar), apply-
ing various characterization techniques and considering
results of thermodynamic modeling. The scheme (see Fig-
ure 6) has been constructed in order to reflect clearly the
sequence of experimental observations and correspond-
ing interpretations. This diagram helped to formulate the
provisional scheme Zr incorporation into the hydrotalcite
structure.

Firstly, results of PXRD technique demonstrated that
hydrotalcite-like solids with variable Zr-content (0 <
𝑥Zr
solid
≤ 0.5) have been successfully synthesized. Never-

theless, in precipitateswith𝑥Zr
solid
> 0.5 the additional X-

raydiffraction reflexes attributed to brucitewere observed.
Results of chemical analyses demonstrated that the

Mg/(Al+Zr) cationic ratios in pure Zr-bearing hydro-
talcites are significantly reducing (from 3 to 2) with the
increase of Zr-mole fraction (Zr/(Zr+Al)) in spite of
the constantMg/(Al+Zr)= 3.0±0.1 ratio in initial metal-
containing solutionsused for experiments. These stoichio-
metric variations allowed summarizing the composition
of cationic part of brucite-like layers as [Mg

3−2x
Al
1−x
Zr
x
].

Considering 𝑥 = 0 and 𝑥 = 1 for this stoichiometry it
is obviously to conclude that the incorporation of 1Zr-
containing specie results in the removal of 2Mg- and
1Al-containing species frompureMg-Alhydrotalcite end-
member. Nevertheless, from this fact it is not possible to
specify the structural position of incorporated Zr. There-
fore, we used results of PXRD technique and observed
that 𝑎

0
= 𝑏
0
unit-cell parameters of pure Zr-containing

LDHs are related with those compositional variations
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(𝑥Zr
solid

andMg/(Al+Zr) ratios). Measured 𝑎
0
= 𝑏
0
dis-

tances were compared with values obtained from theoreti-
cal [Mg

3−2x
Al
1−x
Zr
x
]-stoichiometry which corresponds to

regular octahedral layers and the general coincidence be-
tween them has been found. This fact can indicate that Zr
incorporation affects on intermetallic distances in brucite-
like layers and, thus, Zr can be substituted in the octa-
hedral positions of brucite-like layers. On the other hand,
unit-cell parameter 𝑐

0
represents the interlayer distance

between brucite-like layers is also correlating withZr con-
tent in LDHs. Therefore, it is possible to suppose that some
part of Zr can be substituted in the interlayer space.

Results of Raman spectroscopic measurements
demonstrated that synthesized LDHs have a very strong
affinity to carbonate-anions: in all precipitates the bands
around 546 cm−1 (attributed to the interlayer carbonate
and water molecules), 1060 cm−1 (interaction of car-
bonate with Me(OH)

6
octahedral units) were detected.

Raman bands typical for hydrotalcite-like solids have
been detected in regions aroung 467 cm−1 (assigned to
the Me-O-Me linkage bonding), 3450 and 3700 cm−1

(OH-stretching vibrations from MeOH-groups of brucite-
like layers as well as stretching vibrations of interlayer
water molecules). The dependence of positions of all
Raman bands on Zr-content was not observed indicating
implicitly that Zr-species can occupy simultaneously
structural positions in brucite-like layers and in interlay-
ers.

In order to corroborate the hypothesis thatZr is partly
incorporated in the interlayer space of LDH structure,
the thermodynamic modeling with GEMS-Selektor code
v.3. has been applied. The standard Gibbs free energies
of formation for pure precipitates have been estimated
assuming the thermodynamic equilibrium between
solids and supernatant solutions after experiments. The
observed correlation between the standard Gibbs free
energies and Zr-content in these solids demonstrates that
the addition of small traces of zirconium decreases signif-
icantly the stability of synthesized solids. For instance,
the addition of only 0.1 molar unit of Zr-mole fraction
increases the standardGibbs free energy by approximately
100 kJ/moles. Furthermore, results of modeling demon-
strated that at conditions of co-precipitation experiments
Mg, Al and Zr in aqueous solution are presented as
Mg
2+, Al(OH)−

4
and Zr(OH)

5

− complexes. Therefore, it
is likely that zirconium is substituted into the hydrotalcite
structure as negative-charged “anionic” compound and,
consequently, it can be localized in the interlayer space.
In such case the significant decrease of hydrotalcite
stability with addition of zirconium is reasonably explain-
able. The reaction of Zr-substitution will be written as:

Mg
3
Al(OH)

8
Cl
1(s)
+Zr(OH)

5

−

(aq)
=Mg
1
Zr
1
(OH)

5
Cl
1(s)
+

Al(OH)
4

−

(aq)
+ 2Mg2+

(aq)
+ 4OH−

(aq)
. The value of the stan-

dard Gibbs free energy of formation forMg
1
Zr
1
(OH)

5
Cl
1
-

composition has been obtained from this reaction and is
in the excellent agreement with estimate calculated from
the linear approximation presented on Figure 5.

Finally, the statement which is formulating the
scheme ofZr-incorporation into the hydrotalcite structure
is: “zirconium can be structurally incorporated into the
LDH. At that, zirconium can occupy two structural sites
in hydrotalcite-like solids: in octahedral brucite-like lay-
ers and in the interlayer space as Zr(OH)

5

− ligands. This
situation leads to very significant decrease of stability of
LDHs even if very smallZr-content in the LDH is included.
The adding of higher amounts of Zr into the hydrotal-
cite system (Zr/(Zr+Al)≥ 0.5) finally prevents the for-
mation of sequences of brucite-like layers. Therefore, the
fine-crystalline brucite is detected by PXRDmethod as sec-
ondary phase in precipitates with 𝑥Zr

solid
≥ 0.5”. Further

spectroscopic investigations (for instance, EXAFS analy-
ses) will be applied to specify the coordination environ-
ment of zirconium in the LDH structure.
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