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Abstract Layered double hydroxides (LDHs) and their
thermally derived mixed oxides have reached growing
attention in past decades due to their wide application as
catalysts or catalyst supports in organic/pharmaceutical
synthesis, clean energy and environmental pollution con-
trol (decomposition of volatile organic compounds, pho-
todecomposition, DeNo, and DeSO,). Desired properties
of LDHs can easily be tailored using different synthesis
methods and introducing different bivalent and trivalent
constituting metals. In this study, Mg—Al and Mg-Al-Fe
LDHs were synthesized by low supersaturation (LS) and
high supersaturation (HS) coprecipitation methods. The
content of trivalent ions was varied in a wide range
between 0.15 < x < 0.7 exceeding the optimal range for
the single LDH phase synthesis (0.20 < x < 0.33). The
intention was to induce the formation of different LDHs
and consequently obtain, after thermal treatment, different
multiphase mixed oxides. The properties of the precipitates
were investigated by structural (XRD), chemical (AAS and
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EDS) and thermal analysis (TG-DTA). The study revealed
that the LS method allows the formation of LDHs with an
extended M(III) substitution (x = 0.5). Although, a more
disordered structure in the stacking of layers was detected
for HS samples, LS samples with the same initial compo-
sition showed lower thermal stability estimated by lower
temperature of both LDH thermal decomposition transition
stages. The thermal stability of LDHs was not influenced
considerably with the introduction of a small amount of
iron as ternary metal even though lower crystallinity of
Mg-Al-Fe LDHs was observed.

Keywords Anionic clays - Thermal decomposition -
TG - DTA - Elemental chemical analysis

Introduction

Layered double hydroxides (LDHs) and their thermally
derived mixed oxides are being extensively investigated
due their wide application as catalysts or catalyst supports
in organic/pharmaceutical synthesis, clean energy (pro-
duction of hydrogen and carbon nanotubes) and environ-
mental pollution control (decomposition of volatile organic
compounds, photodecomposition, DeNo, and DeSO,)
[1-5]. Also, the ability to tailor LDH properties using
different synthesis methods and introducing different
bivalent and trivalent constituting metals makes these
materials interesting for scientific research [6]. LDHs, also
known as hydrotalcite-like materials, belong to a large
group of anionic clays. Their layered structure consists of
brucite-like layers with octahedrally centred Mg?* ions and
some isomorphously substituted AI*™ jons creating positive
charge that is compensated with different anions present in
the interlayer region together with water [7-9]. The general
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formula for these materials is: [M(I);_, MIII) (OH),]
(A"),n'm H,O, where M(ID) is a divalent cation, such as
Mg**, Fe?t, Co**, Cu?™, Ni*t, Zn>" or Ca®*; M(III) is a
trivalent cation, such as AI’T, Fe**, Cr**, Mn®*, Co®* or
La**; A" is anion (usually carbonate) and x = ML)/
[M(I) + MII)]. Their acid-base and redox properties
can be tailored by the variation of M(II)/M(III) ratio or by
isomorphous substitution with different M(I) and M(III)
ions. Owing to limited thermal stability LDHs can easily
form mixed oxide phases upon thermal treatment, with
homogeneous interdispersion of constituting elements and
desirable properties, such as large surface area and
improved resistance against sintering compared to sup-
ported catalysts [1, 2, 9, 10]. The maximum extent of the
M(III) substitution into LDH framework is expected to be
atx ~ 0.31[1,9, 11, 12], but higher aluminium substitution
(x ~ 0.45) has also been reported [13]. The substitution of
M(II) ions provides an intimate contact between two or
more oxide components influencing the properties poten-
tially favourable in catalytic processes.

The aim of this study was to investigate the influence of
the synthesis method and of constituent metal (Mg, Al and
Fe) content on the thermal stability of Mg—Al LDH and
Mg-Al-Fe LDHs. The conversion of LDHs to mixed
oxides by thermal decomposition and the transition stages
temperatures were used as the indication of thermal sta-
bility of LDHs.

Two different coprecipitation methods, low supersatu-
ration (LS) and high supersaturation (HS), were chosen for
the synthesis of LDHs. In this study, the content of trivalent
ions was varied in a wide range between 0.15 < x < 0.7
exceeding the optimal range for the single LDH phase
synthesis (0.20 < x < 0.33) [1]. The intention was to
induce the formation of different LDHs and consequently
obtain, after thermal treatment, different multiphase mixed
oxides.

Experimental
Synthesis of LDHs

Various preparation methods are described in the literature
[6, 9, 14-16], but the most commonly used for the LDH
synthesis are coprecipitation methods. Two different
coprecipitation methods were chosen for the synthesis of
LDHs: high supersaturation (denoted as HS) and low
supersaturation with constant pH (denoted as LS) [17, 18].

Before each coprecipitation, 1 dm® of 1 M solution
(regarding to metal content) with the wanted Mg:Al:Fe
ratio was prepared. Magnesium, aluminium and iron nitrate
salts were used. The anionic constituents, CO32_ and OH™
ions, necessary for the LDH formation were obtained from
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1 dm?® solution containing Na,CO3; and NaOH with the
following concentrations: CO5>~/(M(I1) + Mg) = 0.67
and OH/(MII) + Mg) = 2.25.

In the HS method, the solution of metal precursors was
quickly added to the second solution containing Na,CO5
and NaOH. For the LS synthesis, the solution containing
the M(II) and M(III) ions was added at a constant rate
(4 cm® min™") into 1 dm? of distilled water and the pH of
the solution was maintained between 9.6 and 9.9 by the
simultaneous addition of the second solution containing
Na,CO5; and NaOH.

In both cases, the reaction solution was vigorously
stirred at temperature of 40 °C, after which the samples
were aged for 15 h under the same conditions and then
washed and filtered several times with warm distilled water
(40 °C) until the pH of the washing water reached 7.0. The
precipitates were dried for 24 h, at 100 °C in air, and
afterwards calcined for 5 h, at 500 °C in air.

For the samples denotation the synthesis method (HS or
LS) and the initial molar metal ratio was chosen (e.g.
HS-Mg70AI25Fe5 is the denotation for the sample syn-
thesized by the HS method having following initial metal
amounts: 70 mol% of magnesium, 25 mol% of aluminium
and 5 mol% of iron).

Characterization

XRD measurements were performed in a Siemens D500
X-ray diffractometer (Cu K, radiation, 4 = 0.154 nm,
45 kV, 25 mA) in 20 range from 3° to 63°.

The elemental chemical analysis of constituent metals
(Mg, Al and Fe) was performed by atomic adsorption
spectroscopy, AAS using Hitachi Z-6100 instrument,
whereas micro elemental chemical analysis was achieved
by multipoint investigation of sample surface using JEOL,
JSM-460 LV instrument equipped with energy dispersive
spectroscopy, EDS, Oxford Instruments INCA X-sight
system operating at 25 kV.

For the thermal analysis (TG, DTA) Baehr STAS503
instrument was used. All synthesized samples were ana-
lyzed from ambient temperature to 1,000 °C with the
heating rate of 5 °C min~ .

Results and discussion

All coprecipitation products have XRD patterns typical for
LDH compounds (Fig. 1) [9, 19]. Sharp and symmetric
reflections from (003), (006), (110) and (113) planes were
observed as well as broad, non-symmetric reflections from
(102), (105) and (108) planes. The structure parameters
from all samples, obtained from XRD measurements, are
listed in Table 1. The lattice parameters were calculated for
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Fig. 1 XRD patterns of
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Table 1 Precipitation products phase composition and lattice parameters
Sample XRD phase do/nm apg/nm co/nm Sample XRD phase do/nm ag/nm co/nm
HS-Mg85Al115 LDH 0.813 0.309 2.440 HS-Mg85A110-Fe5 LDH 0.805 0.310 2416
HS-Mg70A130 LDH 0.766 0.305 2.299 HS-Mg70Al125-Fe5 LDH 0.762 0.306 2.287
HS-Mg50A150  LDH + Bayerite ~ 0.760 0.303 2.279 HS-Mg50A145-Fe5 LDH + Bayerite  0.759 0.303 2.278
HS-Mg30A170  LDH + Bayerite  0.764 0.304 2.291 HS-Mg30Al65-Fe5  LDH + Bayerite ~ 0.758 0.302 2274
LS-Mg85All15 LDH 0.813 0.309 2.440 LS-Mg85Al110-Fe5 LDH 0.793 0.310 2.381
LS-Mg70AI30 LDH 0.766 0.305 2.299 LS-Mg70Al125-Fe5 LDH 0.763 0.306 2.289
LS-MgS0AIS0 LDH 0.759 0.303 2.277 LS-Mg50Al145-Fe5 LDH 0.755 0.302 2.266
LS-Mg30A170 LDH + Bayerite  0.754 0.303 2.261 LS-Mg30Al165-Fe5 LDH + Bayerite  0.764 0.301 2.293

a hexagonal unit cell on the basis of rhombohedral R—3m
symmetry [19-21]. Basal spacing dy = dyo3 Was calculated
as the thickness of one layer constituted of one brucite-like
sheet and one interlayer, cation—cation distance within the
brucite-like layer as ay = 2-d;;o and lattice parameter cq as
co = 3-dyos-

It was observed that with the increase of M(III) content,
the intensity of characteristic XRD reflections decreases.
HS samples have more intense XRD reflections at 26
values smaller than 30° and lower symmetry of peaks at
higher 260 values. This asymmetry of reflections for HS
samples is due to the partially disordered structure, par-
ticularly, turbostratic random arrangement of the layers
which are not neatly stacked but have random arrangement
[22]. In addition to the detected LDH phase in all samples
with x = 0.7 and HS samples with x = 0.5 the presence of
aluminium hydroxide, Al(OH);—bayerite was observed,
the reflections being more intense for HS samples. The LS

Fig. 2 XRD patterns of the
Mg-Al and Mg—Al-Fe samples
synthesized with the same
amount of M(III)
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synthesis method allows the formation of LDHs with an
extended M(III) substitution (x = 0.5), evidenced by the
shortened lattice parameter a, of the hexagonal lattice
(Table 1). Lattice parameter a, is in strong correlation with
the amount of M(III) incorporated into LDHs matrix [9, 11,
13, 23] and decreases with the increase in M(III) amount.

With the increase in M(III) amount a decrease in basal
spacing is observed due to the stronger attraction
between negatively charged hydroxide layers and inter-
layer anions. The exception are the HS-Mg30Al70 and
LS-Mg30AI65Fe5 samples probably because these samples
also have an additional bayerite phase suggesting that the
amount of aluminium incorporated into the LDH matrix is
smaller than for the corresponding samples with x = 0.5.

The presence of 5 mol% of iron decreases and broadens
the diffraction lines (Fig. 2), but has the same trend as in
series of samples without iron. Also a decreases the basal
spacing for Mg—Al-Fe samples (exception being the LS
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samples with x = 0.7) was observed when compared to
Mg—Al samples.

After thermal treatment at 500 °C layered structure was
destroyed, since the XRD patterns of calcined samples
showed only broad reflections of Mg/M(III) mixed oxides.
These mixed oxides have regular network from cubic close
packed oxygen ions with M(III) ions in interstitial space
[23]. For all calcined samples, XRD measurements did not
detect any formation of pure M(III)-oxides after calcination
at 500 °C.

Visually observed, the Mg—Al samples are have white,
whereas the addition of iron gives orange-brownish col-
ouring of Mg—Al-Fe samples. For the samples with 5%
iron, the increase in Al content intensifies the colouring of
samples (Table 2). The colour of iron containing HS
samples is darker than the colour of LS samples. The
Mg-Al-Fe samples with iron incorporated in LDH
framework should be white, since the isolated Fe** ions in
octahedral coordination sites in LDHs do not give rise to
any coloration, as reported in literature [24]. The coloration
of Fe containing LDHs suggests the presence of extra
framework iron and can be associated with the presence of
bulk iron oxide phases. It must be noted that the XRD

Table 2 The colour of the precipitation products

analysis did not detect any reflections belonging to
Fe(OH); but nevertheless this does not exclude the pres-
ence of some amorphous phases.

For detailed elemental chemical analysis of constituent
metals two different methods were selected: AAS analysis
for the bulk and EDS analysis for the surface-enhanced
information about metal composition. AAS analysis
showed higher presence of magnesium, and consequently,
lower presence of aluminium in the material bulk when
compared to the initial amount for all synthesized samples
(Table 3). This suggests that a portion of aluminium was
not incorporated into the LDH matrix (or bayerite in
multiphase samples) and that it must have been washed out
during the washing and filtering period of sample prepa-
ration. The small amount of iron in Mg—Al-Fe samples was
similar to the initial amount. When comparing different
synthesis methods, the most pronounced difference
between samples having the same initial composition was
observed for the multiphase Mg—Al samples, whereas the
composition of other samples detected by AAS was almost
the same. These differences could be explained by the
larger amount of Bayerite phase present in HS samples
confirmed by more intense XRD reflections.

Sample Precipitate colour
HS-Mg85Al110-Fe5 White
HS-Mg70Al25-Fe5 Beige

HS-Mg50Al145-Fe5
HS-Mg30Al165-Fe5

Dark orange-brown

Dark orange-brown

Sample Precipitate colour
LS-Mg85A110-Fe5 White
LS-Mg70AI125-Fe5 Beige

LS-Mg50Al145-Fe5
LS-Mg30Al165-Fe5

Pale orange

Pale orange

Table 3 The initial metal amounts and the metal amounts measured by AAS and EDS

Sample Initial amounts/mol% Amounts measured by AAS/mol% Amounts measured by EDS/mol%
Mg Al Fe Mg Al Fe Mg Al Fe
HS-Mg85Al115 85 15 - 87.1 12.9 - 85.9 14.1 -
HS-Mg70A130 70 30 - 75.7 243 - 71.9 28.1 -
HS-Mg50A150 50 50 - 57.2 42.8 - 58.0 42.0 -
HS-Mg30Al170 30 70 - 40.0 60.0 - 324 67.6 -
HS-Mg85A110-Fe5 85 10 5 86.9 8.4 4.7 82.9 7.8 9.2
HS-Mg70Al125-Fe5 70 25 5 73.6 21.6 4.8 72.9 18.7 8.4
HS-Mg50A145-Fe5 50 45 5 55.0 40.1 4.9 49.6 422 8.2
HS-Mg30Al165-Fe5 30 65 5 33.8 60.9 5.3 30.3 65.9 3.8
LS-Mg85Al15 85 15 - 87.2 12.8 - 87.0 13.0 -
LS-Mg70AI130 70 30 - 74.0 26.0 - 76.5 23.5 -
LS-Mg50A150 50 50 - 65.9 34.1 - 63.0 37.0 -
LS-Mg30A170 30 70 - 35.2 64.8 - 32.7 67.3 -
LS-Mg85A110-Fe5 85 10 5 87.0 8.5 4.5 86.9 8.0 52
LS-Mg70Al125-Fe5 70 25 5 73.5 21.7 4.8 75.0 21.2 3.8
LS-Mg50Al145-Fe5 50 45 5 54.9 40.0 5.1 57.6 39.9 2.5
LS-Mg30Al165-Fe5 30 65 5 334 61.4 52 34.3 62.9 2.8
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Fig. 3 TG and DTA curves from HS-Mg—Al samples

The EDS analysis revealed similar magnesium amount
on the surface as in the bulk of material (Table 3).
However, the iron amount on the surface differs from the
bulk amount being higher than the initial amount in
HS-Mg-Al-Fe samples (exception: HS-Mg30Al65Fe5
sample having lower amount). For the LS-Mg-Al-Fe
samples the amount of iron on the surface is smaller
(exception: LS-Mg85AI110Fe5 sample having similar
amount) than the initial amount, and consequently, the
aluminium amount differs from the bulk amount. These
observations could be explained by the larger structure
distortion especially in stacking of layers which expelled
some of iron ions onto the surface of HS-Mg-Al-Fe
samples. Furthermore, this explanation is supported by the
more intense colouration of these samples originating
form iron ions not incorporated into the LDH framework.
On the contrary, the iron amount in LS-Mg-Al-Fe sam-
ples is smaller probably due to the washing out of iron
ions during the sample preparation.

The thermal behaviour of the coprecipitation products
was investigated with TG-DTA analysis. All samples have
two endothermic transitions with corresponding mass los-
ses (Fig. 3) typical for the LDHs [24-30].

The first transition comes from the loss of physisorbed
and interlayer water, without the collapse of layered
structure. At this point, M(III) ions migrate into interlayer
and switch from octahedral to tetrahedral coordination
[31]. In the case of excess M(III) content (x > 0.5), two
endothermic peaks are observed during the first transition
because of the presence of an additional bayerite phase and
its dehydroxylation before the second transition.

The second mass loss, due to the loss of hydroxyl groups
from brucite-like layer and the loss of interlayer anions, is
almost the same for all samples with the same M(III)
amount, the exception being the single LDH phase
LS-Mg50AI50 and LS-Mg50Al45Fe5 samples compared to
the multiphase HS-Mg50AI50 and HS-Mg50Al45Fe5
samples. A decrease in second mass loss (Fig. 3) was
observed with an increase in M(III) ion amount. The
explanation is the partial loss of OH™ from brucite-like
layers before the second main transition reported also in
literature [9], and for the bayerite containing samples,
smaller amount of compensating anions in LDH interlayer.

Both main endothermic transitions could emerge as
doubled endothermic effects (Table 2; Figs. 3, 5) depend-
ing quantitatively and qualitatively from many different
factors such as: M(II)/M(III) ratio, anion type, low tem-
perature treatment (drying after coprecipitation) and ther-
mal treatment atmosphere [9, 29]. After the second
transition, a very mild mass loss continues probably due to
the loss of leftover interlayer anions. Another endothermic
transition without significant mass loss is observed between
680 and 830 °C indicating stoichiometric spinel phase and
single magnesium-oxide phase formation.

Figure 4 shows mass losses vs. M(III) ion ratio x and the data
from the DTA analysis is listed in Table 4. A general obser-
vation can be made that the Mg—Al-LDH samples obtained by
both, HS and LS method have larger total mass loss when
compared to the Mg—Al-Fe-LDH samples. With the increase in
M(II) amount in samples the total mass loss and the second
mass loss decrease, whereas the first mass loss increases.

Fig. 4 Total mass loss (left),
/0 S0l
mass loss of the first transition 50 30 a 2 304 m LS-Mg-Al
stage (middle) and second plus 5 2 S A A =2 5 n O LS-Mg-Al-Fe
. .. . > = @
third tr.’.zlnSItIOI.‘l stage (right) vs. é A g x g 204 é ﬁ 2 504 | A HS-Mg-Al
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. Z 4040 2 Rz ® A
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Table 4 Data from DTA analysis: the temperatures of endothermic peaks corresponding to the first transition 7 and T/, to the second transition

T and to the third transition 75

Sample T, and T,//°C T, and T»//°C T5/°C Sample T, and T,//°C T, and T»//°C T3/°C
HS-Mg85Al15 156 381, 479 735 LS-Mg85A115 141 384, 468 730
HS-Mg70A130 244 423 786 LS-Mg70A130 213 348, 409 684
HS-Mg50A150 243, 270 421 801 LS-Mg50A150 207, 228 411 688
HS-Mg30A170 243, 289 421 811 LS-Mg30A170 218, 257 406 722
HS-Mg85Al110-Fe5 149 376, 469 679 LS-Mg85A110-Fe5 144 379, 453 684
HS-Mg70Al25-Fe5 236 418 827 LS-Mg70AI125-Fe5 213 356, 405 691
HS-Mg50Al45-Fe5 243, 274 420 819 LS-Mg50A145-Fe5 121, 197 410 683
HS-Mg30Al65-Fe5 245, 270 417 735 LS-Mg30A165-Fe5 210, 256 406 684
Fig. 5 The influence of the - 0 T 0
synthesis method (left) and of ;D ;b
the presence of small amount of = 40 HS-Mg70A130 = =20 HS-Mg50A150
iron as ternary metal (right) on S 2 40
thermal decomposition od 5 80 5
—60

LDHs = _120 LS-Mg70A130 = HS-Mg50A 145Fe5
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= 60 = 60

0 200 400 600 800 1000 0 200 400 600 800 1000

The mass losses of both transition stages for the Mg—Al—
Fe-LDH samples, obtained by HS and LS method, as well
as the temperatures of the characteristic DTA peaks, do not
differ significantly when compared to the Mg-Al-LDH
samples with the same M(III) amount. The exception being
the Mg—Al-Fe-LDH samples with x = 0.15 which have
lower total mass loss than the Mg—Al-LDH samples due to
the lower total mass loss resulting from lower content of
interlayer water released in the first transition. This water
content may be related to the strength of hydrogen bonding
with the hydroxyl layer and to the degree of order within
the layer. The XRD analysis showed that the iron con-
taining materials have lower crystallinity, which could be
the indication of lower structural order. Such an effect is of
particular importance for the Mg—Al-Fe-LDH samples
with x = 0.15, which have the largest influence of iron ions
since they constitute 1/3 of the total M(III) content.

The temperatures of the second and third thermal tran-
sition increase and their intensities decrease with the
increase in M(III) ion amount in samples. It was observed
that the DTA peak shifts toward higher temperatures with
the increase in M(II) ion amount. This shift could be
explained by the increase in charge density of hydroxyl
layers and by the larger number of hydrogen bonds [32].

All samples prepared by the HS method have higher
temperature of both transitions compared to LS samples
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with the same composition indicating that a more stable
layered structure can be obtained with HS method
(Table 4; Fig. 5). The comparison of samples with same
amount of M(III) ions reveals that iron containing samples
have lower temperatures of both transitions than those
without iron (Table 4; Fig. 5), and thus also have less
stable layered structure referring that the presence of alu-
minium in LDHs stabilizes layered structure.

Conclusions

The synthesis method influences structural, physico-
chemical and thermal properties of created LDHs. Com-
pared to HS synthesis method, the LS method allows the
formation of LDHs with an extended M(III) substitution
(x = 0.5). XRD analysis also showed partially disordered
structure in stacking of layers for all HS samples, which
was not observed for LS samples. The EDS chemical
analysis revealed, for the HS iron containing samples,
larger iron amount on the surface than in the bulk. These
finding could be explained with the larger distortion in
structure compared to LS samples which expelled some of
iron ions onto the surface in HS-Mg—Al-Fe samples, as
well as with the visually observed more intense coloration
of HS samples originating from extra framework iron ions.
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The LS samples of the same initial composition showed
lower thermal stability compared to the HS samples esti-
mated by lower temperature of both thermal decomposition
stages (first stage being the loss of physisorbed and inter-
layer water, and the second dehydroxylation of hydroxyl
groups and decarboxylation of anions from interlayer). The
thermal stability of LDHs was not influenced considerably
with the introduction of a small amount of iron as ternary
metal even though lower crystallinity of Mg—Al-Fe LDHs
was observed.
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