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Synthesis and physicochemical properties of cobalt
aluminium hydrotalcites
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Cobalt aluminium hydrotalcites with different compositions were prepared by

a coprecipitation method under low supersaturation conditions. The compounds were
characterized by X-ray diffraction (XRD), infrared absorption (IR), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC) and BET surface area measurements.
XRD and IR studies revealed that all the compounds are single-phase crystallized under

a hydrotalcite-like network. Hydrothermal treatments given to the aged sample increased the
crystallinity of the samples. TG studies showed two stages of weight loss, the first due to the
removal of interlayer water and the second ascribed to the removal of water molecules

from the brucite sheet and CO, from the interlayer carbonate anion, whose transition
temperature depends on the Co/Al atomic ratio. Thermal calcination of these materials
results in the formation of high surface area non-stoichiometric spinel phase whose
crystallinity increases with increase in the calcination temperature attributed to the sintering

of the particles.

1. Introduction

Layered double hydroxides, also known as hydrotal-
cites, first synthesized by Feitknecht [1] have re-
ceived considerable attention in recent years owing
to their potential application as ion exchangers, ad-
sorbents and, most important, as catalysts [2-9].
They consist of a brucite-like network (Mg(OH),)
wherein the divalent ion is substituted by a trivalent
ion whose excess positive charge is compensated by
anions occupying the interlayer space. These metal
ions occupy the octahedral sites with edge sharing,
which constitutes a layer and interlayer network
whose structure is efficiently used for molecular siev-
ing and adsorption, similar to zeolites. A recent re-
view by Cavani et al. [10] furnishes detailed synthesis
and characterization of these materials. These com-
pounds are represented by the general formula
M) -  M(III)(OH),}** A%/, - mH,O, where M(II)
and M(III) are divalent and trivalent metal ions, A is
the interlayer anion and x can have values
0.15 < x < 0.40.

Thermal calcination of these materials results in the
formation of high surface area non-stoichiometric
mixed metal oxides which are extensively used in
many catalytic transformations, such as steam reform-
ing, methanol synthesis, aldol condensation, N,O de-
composition and polymerization reactions [11-15].
Although a wide variety of divalent metal ions such as
nickel, zinc, magnesium, etc, are incorporated into the
network, literature available on cobalt-containing hy-
drotalcites is scarce [16]. The present paper reports
the synthesis and characterization of a series of cobalt
aluminium hydrotalcites. '
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2. Experimental procedure

2.1. Sample preparation

The materials are prepared by coprecipitation under
low supersaturation conditions [17], wherein a solu-
tion of metal nitrates, namely Co(NQO3;), 6H,0 and
Al(NO;);-9H,0, of appropriate concentrations,
is added simultaneously’ with NaOH/Na,CO,
(7-8 g/1.5 g) solution at room temperature with vigor-
ous stirring, maintaining the pH between 9 and 10.
The addition took 40 min and the final pH was ad-
justed to- 10. The resultant gel was aged at 65°C for
30 min with vigorous stirring. Part of this solution was
subjected to hydrothermal treatment, in a stainless
steel autoclave at 110 °C for 2 days under autogenous
conditions. The precipitate was filtered, washed with
distilled water, and dried in oven at 70 °C overnight.

2.2. Measurements

Elemental analysis of Co?* and AI** was carried out
by inductively coupled plasma emission spectrometry
(ICPES) (Model 3410, ARL) by dissolving the com-
pounds in a minimum amount of dilute hydrochloric
acid. The X-ray diffraction patterns (XRD) of the
samples were taken in a Philips X-ray generator
(Model PW1130) using iron-filtered CoK« radiation
(A =0.17902nm) at a scan speed of 3°min~'.
Fourier transform-infrared (FT-IR) absorption
studies were carried out in the form of KBr pellets
in a Perkin—Elmer (Model 1760) in the range
4000-400 cm ~ . Thermogravimetric/differential scan-
ning calorimetry (TG/DSC) of these compounds
was recorded in a Perkin—Elmer TG/DSC7 in the
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temperature range 50-600°C at a heating rate of
10°C min~! under a nitrogen atmosphere. The sur-
face area of the samples was measured employing the
BET adsorption method in a Carlo—Erba (Model
1800) sorptometer at 77 K. Hereafter, the samples are
indicated by their composition followed by the
method of preparation, for example, Co—Al2.0:1-A or
H indicates the Co/Al atomic ratio is 2.0 prepared
under ageing (A) or hydrothermal (H) treatments, re-
spectively.

3. Results and discussion

The X-ray diffraction patterns of aged and hydrother-
mally treated samples are shown in Fig. 1. All com-
pounds crystallized in the single phase with hydrotal-
cite structure, showing sharp and symmetrical reflec-
tions for (003), (006), (110) and (11 3) planes, and
broad and asymmetrical peaks for (102), (105) and
(108) planes which are characteristic of these mater-
ials possessing a layered structure [18]. The lattice
parameters were calculated by indexing the peaks
under a hexagonal crystal system by least squares fit-
ting for the peaks whose 26 > 45° and are summarized
in Table L. It can be clearly inferred that as the Co/Al
atomic ratio increases, the lattice parameters a and
¢ increase with the net increase in the unit cell volume.
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Figure 1 X-ray diffraction patterns of (a) Co-Al2:1-A, (b)
Co—Al2:1-A*, (c) Co-Al2:1-H, (d) Co-Al3:1-A, and (e) Co-Al3:
1-H.

TABLE I The cell parameters and surface area of the samples
synthesized

Sample M2T/M3* a(nm) ¢ (hm) V Surface
(atomic (1073 nm3) area
ratio) (m*g~")

Co-AlR20:1-A 20 0.3052 2.2144 178.6 63.6

Co-Al2.6:1-A 26 0.3055 2.3057 186.4 573

Co-Al3.0:1-A 30 0.3059 2.3578 191.1 350

Co-AI20:1-H 20 0.3064 22707 184.6 28.7

Co-Al2.6:1-H 2.6 0.3065 2.3193 1887 -

Co-Al3.0:1-H 3.0 0.3075 2.2849 187.1 18.9

TABLE Il Particle sizes of the aged and hydrothermally treated
samples by X-ray line broadening

Compound 20 (deg) hkl P(deg) t(nm) Average
t (nm)*
Co-Al2.0:1-A 25967 006 0.600 15.62 15.6
73.150 113 0.800 14.20
Co-Al12.0:1-H 27.620 - 006 0350 2627 24.5
73.155 113 0450 25.30
Co-Al2.6:1-A 27657 006 0.500 22.50 23.7
73187 113 0400 23.00
Co-Al2.6:1-H 27635 006 0325 28.92 30.0
73.187 113 0375 30.32
Co-Al3.0:1-A 27902 006 0425 22.13 209
73480 113 0.550 20.71
Co-Al3.0:1-H 13.875 003 0425 21.64 220

73102 113 0525 21.64

? Average particle size is calculated using (003), (006), (110) and
(113) planes.

The increase in the lattice parameter a can be at-
tributed to the higher ionic radius of Co*™ (0.074 nm)
with respect to AI** (0.050 nm) [19], and the increase
in the ¢ parameter is due to less electrostatic interac-
tion prevalent between layér and interlayer. To ensure
whether the crystallization is complete at 30 min, the
aged sample Co—-Al2.0: 1 was subjected to further age-
ing at 65°C/24 h without stirring the solution. The
XRD pattern of this sample (Co-Al2.0:1-A*) showed
no change in the crystallinity (Fig. 1) indicating that
the crystallization is complete at 30 min.
Hydrothermal treatments were performed on these
samples in an attempt to study how the textural prop-
erties of the materials becomes modified. As indicated
in Fig. 1, this treatment increases the crystallinity of
the material as evinced from the sharpness and inten-
sity of the (00 3), (00 6) and (1 1 0) reflections. This can
be attributed to the increases in the crystallite size,
which can be confirmed by measuring the particle
sizes of the materials. The particle sizes of these mater-
ials were calculated employing the X-ray line-
broadening technique using the Debye-Scherrer
equation, t = 0.9 A/Bcos 6, where ¢ is the particle thick-
ness, A is the wavelength of the radiation used, B is full
width at half maximum (rad) and 0 is the Bragg
diffraction angle [20], and the values are given in
Table I1. It is clearly evident from this table that the
particle size of the hydrothermally treated materials is
larger than the aged materials. This result is also
substantiated by surface area measurements, which
showed a dramatic loss in the surface area for the
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hydrothermally treated samples (Table I). The lattice
parameter a for the hydrothermally treated samples
given in Table I is high in comparison with the aged
sample, which could be due to the better ordering of
the brucite-like sheet for the former samples. However,
for Co—Al3.0:1, there is no marked increase in the
crystallinity, as evinced from XRD and particle-size
measurements. A weak peak observed around
20 = 17° for Co—-Al2.6:1 and Co—Al3.0:1, which can
arise due to the disorderliness in the interlayer, is
completely absent or reduced in its intensity for their
corresponding hydrothermally treated samples indic-
ating the enhancement of ordering.

FT-IR absorption spectra of these compounds,
given in Fig. 2, showed prominent bands around 3400,
1640 and 1370 cm ~ ! attributed to OH stretching, OH
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Figure 2 FT-IR spectra of (a) Co—Al2:1-A, (b) Co—Al2.6:1-A and
(c) Co—-Al3:1-A.
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bending, and asymmetrical stretching (v;) of carbon-
ate, respectively. The low value of vy in comparison
with free hydroxide ( > 3650 cm ~!) indicates that all
OH groups are hydrogen bonded. A weak absorption
band around 3050 cm ™! is observed and is due to
water molecules hydrogen-bonded to the carbonate
ion present in the interlayer [21]. Bands v, (out-of-
plane deformation) and v, (in-plane bending) of car-
bonate are observed around 870 and 680 cm ™ ?, re-
spectively, for all these samples. Differences noticed
for all bands between the observed vibrations of car-
bonate and free carbonate, indicate even perturbation
of the anion in the interlayer space. The other bands
observed between 800 and 400 cm ™! are assigned to
lattice vibrations such as Co-Al-O stretching and
bending and M-O stretching [22].

For the sample Co—AI2.0:1-A, the v3 mode of car-
bonate showed splitting at 1385 and 1360 cm ™. This
could be due to the lower symmetry of carbonate
present in the interlayer. For a symmetrical carbonate
present in the interlayer, it should be present parallel
to the interlayer sheet with D5, symmetry. Owing to
its interaction with OH species present in the brucite
sheet and H,O molecules in the interlayer, the sym-
metry becomes distorted to C,, which causes splitting
in the v3 mode [21]. This can also cause activation in
the v; mode (symmetrical stretching) present around
1030 cm ™!, which is inactive when the carbonate is
present in a symmetrical environment. However, sur-
prisingly, no such band was observed for our samples.
Hydrothermal treatment given to this sample showed
a sharp single band for v; indicating that this treat-
ment enhances the ordering in the interlayer space to
regain its D3, symmetry. For the other two samples,
the v5 of the aged samples is itself sharp and a single
band indicating that the samples are well ordered.
This result can be substantiated by X-ray results
which showed that the change in the intensity and
sharpness of the peaks are more drastic for
Co—Al2.0:1-A than for Co—Al3.0:1 upon hydrother-
mal treatment. However, no shift was noticed in the
band position upon hydrothermal treatment.

A closer look at the vgy and v; values of carbonate
for the aged samples indicates that as the Co/Al
atomic ratio increases, both the vibrations are shifted
to higher wave numbers. This can be attributed on the
basis of electrostatic interaction between the layer and
the interlayer with a consequent effect on the hydro-
gen bonding between hydroxyl group and carbonate.
As the atomic ratio increases, the interaction decreases
with the net effect in the shift to higher wave numbers.
This can also be compared with X-ray results which
shows that the lattice parameter ¢ increases with in-
crease in the Co/Al atomic ratio, consequently lower-
ing the interaction.

For all the aged samples, voy is broad and asym-
metrical in nature, However on hydrothermal treat-
ment, it becomes narrow and symmetrical, indicating
more orderliness for the hydrothermally treated
sample. The band positions and FWHM for all the
samples are given in Fig. 3. The voy band positions
are not altered under the hydrothermal treatment,
similar to v; of carbonate, which is in contrast to the
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Figure 3 Hydroxyl stretching vibrations of hydrotalcite-like com-
pounds. Values in parentheses are FWHM in cm ™.

result observed by Labajos et al [21] for
Mg—-Al-CO;—HT. This is due to the more severe
conditions of the treatment employed by them.

Fig. 4 shows the TG and its differential curve for the
samples synthesized by ageing. All the compounds
showed two stages of weight loss. The first weight loss
occurs below 200 °C and is attributed to the removal
of interlayer water molecules. The second weight loss,
occurring in the temperature range 250-350°C, is
associated with the removal of water from the brucite
sheet and CO, from the interlayer carbonate anion
with the destruction of the layered structure [4]. The
corresponding peak appears generally broad because
the two processes take place simultaneously. It has
been reported in the literature [23] that initially CO,
is lost, followed by the loss of water molecules in the
brucite sheet. Only for the sample Co—Al2.6:1-A, the
second stage split into two, corresponding to the loss
of CO, followed by H,O.

Table III gives the net weight loss and transition
temperature of all the aged samples. It is clearly seen
from the table that as the Co/Al ratio decreases, the
transition temperatures T, and T, (for the corres-
ponding weight loss) increases. On substitution of
AI*" by Co?*, the positive charge density of the layer
increases, which increases the electrostatic interaction.
The net weight loss studied in the temperature range
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Figure 4 (—) TG and (—--) DTG traces for hydrotalcites aged at
65°C/30 min; (a) Co—Al2: 1-A, (b) Co-Al2.6:1-A, (c) Co-Al3:1-A.

TABLE III TG transition temperature and net weight loss for the
aged samples

Compound TG transition  Weight loss  Net weight
temperature for first loss (%)
(°C) transition
— (%)
T1 T2
Co-Al2.0:1-A 1933 2740 145 334
Co-Al12.6:1-A 1847 2534 132 324
289.5
Co-Al3.0:1-A 178.7 2354 128 29.8

increases with increase in the A1** content, because
more carbonate and water molecules are required for
charge compensation.

Differential scanning calorimetry results substan-
tiated the TG results, showing two endothermic peaks
for the corresponding two weight losses (Fig. 5). The
DSC transition temperature, although higher than
TG transition temperature, followed the same trend,
i.e. the transition temperature decreases with increase
in the Co/Al atomic ratio. Comparison of the DSC
curves of aged and hydrothermally treated samples
showed an interesting feature in that the DSC curves
were more intense and sharper for the hydrothermally
treated samples, which is indicative of the higher
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crystallinity [24]. No new peaks were found in the
DSC of the hydrothermally treated sample, indicating
that no new phase is formed and only the hydrotalcite
phase is present. The activation energies for the de-
composition processes were calculated using Kinetics
software employing the Arrhenius equation, and are
shown in Table IV.
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Figure 5 DSC patterns of hydrotalcites: (a) Co-Al2:1-A, (b)
Co-Al2:1-H, (c) Co-Al3:1-A, (d) Co-Al3:1-H.

Thermal calcination of the materials has been car-
ried out in order to obtain a better insight into the
nature of the thermally decomposed materials. Gener-
ally, it leads to the formation of mixed metal oxides of
high surface area. In the case of Ni-Al-CO;-HT [25]
and Mg—-Al-CO;—HT [23], thermal calcination re-
sults in the formation of corresponding metal oxides,
namely NiO and MgO, but at very high temperatures
( > 800°C), spinel formation is encountered. In the
case of Co—Al-CO;—HT, thermal calcination leads to
the non-stoichiometric spinel phase even at 200 °C.

Fig. 6 shows the variation of X-ray diffraction pat-
tern of Co—Al2.6:1-A with calcination temperature,
holding at each temperature for 1 h. It shows that at

(311)

(440)

(220)

800°C

intensity { Arb. units)

400°C

300°C

80 60 40 20
20 (deg)

Figure 6 XRD pattern of Co—Al2.6:1-A calcined at different tem-
peratures.

TABLE IV Thermochemical data derived from DSC for the aged and hydrothermally treated samples

Compound DSC transition H, H, E,q E.,
temperature (°C) dg™h dg™h (kJmol™") (kJmol ™)
T, T,
Co-AlI2.0:1-A 227.3 313.2 360 562 134.4 186.5
Co-Al2.0:1-H 232.0 316.3 680 901 205.0 211.0
Co-Al2.6:1-A 220.3 307.7 430 664 153.5 1829
Co-Al2.6:1-H 2179 307.7 390 705 176.0 174.7
Co-Al3.0:1-A 197.6 285.9 242 422 120.2 148.6
Co-Al3.0:1-H 215.6 297.6 313 582 159.6 131.0
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200°C, the hydrotalcite-like network collapses and
forms a spinel phase with broad peaks. Increase in the
calcination temperature increases the crystallinity of
the spinel phase, as indicated by the increase in the
sharpness and intensity of the XRD peaks. Fig. 7
shows the XRD pattern of all aged samples calcined
at 400°C for 24 h. All the samples gave the spinel
phase on calcination. The lattice parameter a cal-
culated for this phase is given in Table V. It can be
clearly seen that these values are much lower than
those of pure CoAl,0,(0.8105 nm) indicating the pres-
ence of Co®" in the spinel which could be obtained by
the oxidation of Co?* during calcination, thereby
resulting in Co—Al solid solution [26]. The decrease in
lattice parameter a with increase in Co/Al atomic ratio
may be due to the increase in the amount of Co** in
the spinel phase.

These X-ray results were substantiated by surface
area measurements, for the samples calcined at differ-
ent temperatures for 1 h. For all the compounds an
increase in the surface area was observed up to 200°C
(Fig. 8) which is explained by the increase in the por-
osity of the material due to the loss of CO, and H,O.
The exiting steam and CO, escape through the pores
in the crystal surface which appear as small craters in
the TEM, and is responsible for the initial increase in
the surface area [27]. The collapse of the structure at
200°C 1s evinced from the XRD results. Further in-
crease in the calcination temperature leads to a drop
in the surface area, which could be attributed to the
sintering of the mixed metal oxide particles. This is
confirmed by the increase in the crystallinity of the

materials, as evinced from XRD. The fall in the surface
area is greater for Co—Al hydrotalcite-like materials in
comparison with Ni—Al hydrotalcites [28], owing to
the stronger interaction between NiO and Al,O;,
thereby preventing the sintering of the metal oxide
particles.

4. Conclusion

XRD results showed that all the compounds crystal-
lize in the hydrotalcite phase whose lattice parameters
increase with increase in the Co/Al atomic ratio. IR
spectra of these materials showed a pattern similar to
natural mineral hydrotalcite with voy and v, of car-
bonate band position dependent on Co/Al atomic
ratio. As the Co/Al atomic ratio increases, both the
vibrations are shifted to higher wave numbers. Hy-
drothermally treated samples showed a similar pat-
tern with the change in the band widths of vog, at-
tributed to enhanced ordering. TG data showed two
stages of weight loss, the first due to the removal of

TABLE V The lattice parameters and the surface area of the aged
samples calcined at 400 °C for 24 h

Compound a (nm) Surface area

(m?g™1)
Co-Ai2.0:1-A 0.8061 113.6
Co-Al2.6:1-A 0.8041 136.1
Co-Al3.0:1-A 0.8030 132.0
CoAl,O, 0.8105 -

(b)

intensity (Arb. units)

(a)

90 70 50

20 (deg)

Figure 7 X-ray diffraction patterns of hydrotalcites calcined at 400°C/24 h: (a) Co-Al2:1-A, (b) Co~Al12.6:1-A, (c) Co—Al3:1-A.
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F fgure 8 Variation of surface area with calcination temperature, for
(O) Co—-Al2.6:1-A and (A) Co-Al3.0:1-A.

interlayer water, and the second ascribed to the re-
moval of H,O from the brucite sheet and CO, from
the interlayer carbonate anion whose transition tem-
perature and net weight loss increases with decrease in
Co/Al atomic ratio. Thermal calcination of these ma-
terials resulted in the formation of a spinel-type phase,
whose crystallinity increases with increase in the calci-
nation temperature, with subsequent decrease in the
surface area attributed to sintering of the particles.
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