Materials Research, Vol. 6, No. 4, 563-568, 2003.

© 2003

Influence of Ni Content on Physico-Chemical Characteristics

of Ni, Mg, Al-Hydrotalcite Like Compounds

Alexandre Carlos Camacho Rodrigues™*, Cristiane Assumpcéo Henriques®,

José Luiz Fontes Monteiro®

Niicleo de Catdlise (NUCAT) -COPPE/UFRJ
C.P. 68502, 21945-970 Rio de Janeiro - RJ, Brazil
SInstituto de Quimica/UERJ, Rua Sédo Francisco Xavier, 524
20559-900 Rio de Janeiro - RJ, Brasil

Received: October 30, 2002; Revised: August 24, 2003

The physico-chemical properties of a series of Ni,Mg,AI-HTLC with Al/(Al+Mg+Ni) = 0.25
and low Ni/Mg ratios were studied by means of X-ray diffraction (XRD), thermogravimetric (TGA)
and thermodifferential (DTA) analysis, N, physissorption and temperature programmed reduction
(TPR). The as-synthesized materials were well-crystallized, with XRD patterns typical of the
HTLCs in carbonate form. Upon calcination and dehydration the dehydroxilation of the layers
with concurrent decomposition of carbonate anions produced mixed oxides with high surface
area. XRD analysis indicated that the different nickel and aluminum oxides species are well-
dispersed in a poor-crystallized MgO periclase-type phase. As observed by TPR, the different Ni
species showed distinct interactions with Mg(Al)O phase, which were influenced by both nickel
content and calcination temperature. Regardless of the the nickel content, the reduction of nickel
species was not complete as indicated by the presence of metallic dispersions.
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1. Introduction

Hydrotalcite like compounds (HTLCs) are layered-dou-
ble hydroxides (LDHs) with lamellar structure and general
formula (M**, M* (OH),)**(A™  ).nH,O (where M*" =
Mg?*, Zn*, Ni**, Co*"; M** = Al**, Fe*, Cr** and A = OH,
CI, NO,, CO.*), x taking values between 0.20 and 0.33".
These materials have similar structure to that of brucite
(Mg(OH),), where each Mg** ions is octahedrally sur-
rounded by six OH" ions and the different octahedra share
edges to form infinite sheets!. The sheets are stacked one
on top of the other and are held together by weak interac-
tions through hydrogen bonds!=. When M?* cations are re-
placed isomorphously by M** ones with similar radius, the
brucite-like layers become positively charged and the elec-
trical neutrality is attained by compensating anions located
in the interlayers along with water molecules'?.

They can be easily synthesized using different methods!,
the most common being the co-precipitation at constant pH
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of diluted solutions containing M?** and M** cations with
solutions containing carbonate and hydroxide ions*®. The
precipitate is quite amorphous, but after ageing by hydro-
thermal or thermal treatments the crystallinity is improved’.

HTLCs have many industrial applications, particularly
in the calcined form. The calcination of HTLCs induces
dehydration, dehydroxilation and loss of compensation ani-
ons, forming the mixed oxides with basic properties and a
poorly crystallized structure®*78, These oxides show small
particle size, large specific surface area, homogeneous
interdispersion of the metals and a better resistance to
sintering than the corresponding supported catalysts. The
surface basic properties and/or redox properties depends on
their chemical composition, preparation methods and treat-
ment conditions®*!3. Due to the wide variety of chemical
compositions, they are very efficient catalysts in different
reactions. Mg,Al-mixed oxides, for example, are active for
base-catalyzed reactions such as aldol condensation of al-
dehydes and ketones, condensation of the carbonyl group
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with compounds presenting methylene activated groups (for
example, Knoevenagel and Claisen-Schmidt reactions),
alkene isomerization, alkylation of diketones and phenols,
alkene epoxidation activated by hydrogen peroxide*!0-12:1421,
HTLCs containing transition metals such as Ni, Co, Cu or Zn
or noble metals such as Rh and Ru?>?" have also been used as
precursors for hydrogenation or redox catalysts for methanol
synthesis from syngas?, removal of SOx and NOx from FCC
effluents®* and other redox reactions.

Ni,Mg,Al-mixed oxides derived from HTLCs are among
the most studied systems due to their good catalytic per-
formance on partial oxidation of methane?!, hydrogenation
of nitriles into primary amines*>* and, more recently, on
MIBK (methyl-isobutyl-ketone) one step synthesis from
acetone and H_**. Their basic properties are strongly de-
pendent on the calcination temperature of the precursor while
the reducibility of the Ni phase decreased when either the
Mg content or the calcination temperature increased’.

Although there are some papers in the literature con-
cerning the properties of Ni,Mg,Al-mixed oxides with high
Ni/Mg ratios*>333637_little is known about similar systems
with low Ni contents. Our particular interest in these sys-
tems is associated to their potential use as catalyst for MIBK
synthesis®. So, in the present work we investigated the in-
fluence of nickel content on physico-chemical characteris-
tics (such as thermal stability, texture and reducibility) of
Ni,Mg,Al-HTLCs. These materials will be further used as
precursors of the Ni,Mg,Al-mixed oxides that will catalyze
the one-step synthesis of methyl-isobutyl-ketone (MIBK)
from acetone and hydrogen (H,) at atmospheric pressure.
High acetone conversion and MIBK selectivity, under these
conditions, is a matter of interest due to the drawbacks of
the current commercial process.

2. Materials and Methods

2.1. Ni,Mg,Al-HTLC synthesis

Hydrotalcite samples were prepared by coprecipitating
at room temperature an aqueous solution of nickel, magne-
sium and aluminum cations (solution A) with a highly basic
carbonate solution (solution B). Solution A, containing
Ni(NO,),.6H,0, Mg(NO,),.6H,0 and AI(NO,),.9H,0 dis-
solved in distilled water was 1.5 M in (Al+Mg+Ni) with an
Al/(Al+Mg) molar ratio equal to 0.25 and a Ni/Mg molar
ratio of 1/5, 1/15, 1/25, 1/50 or 1/100. Solution B was pre-
pared dissolving appropriated amounts of Na,CO, and
NaOH in distilled water in order to obtain a [CO,*] equal to
1.0 M and a pH equal to 13 during the aging of the gel. In
the synthesis procedure, solution A was slowly dropped
(60 ml/h) under vigorous stirring to a B solution placed in a
150 ml PTFE reactor. The gel formed was aged under con-
stant pH (13) for 18 h at 333 K. The solid obtained was then
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filtered and washed with distilled water (363 K) until pH 7.
The Ni,Mg,Al-hydrotalcites so obtained were then dried at
353 K overnight. They were named NiHTXX, where XX is
related to the Mg/Ni molar ratio.

The Ni,Mg,Al-mixed oxides were produced by calcina-
tion of HTLCs under dry air, using a heating rate of
10 K/min, from room temperature to the desired one (723
or 1023 K) and keeping at this temperature for 2 h (1023 K)
or 10 h (723 K). The calcined samples were named
CNiHTXX(T), where T is the calcination temperature.

2.2. Physico-chemical characterization

The chemical composition of the synthesized samples
was determined by X-ray fluorescence using a Rigaku
spectrometer. X-ray powder diffraction patterns were re-
corded in a Rigaku X-ray generator diffractometer with a
graphite monochromator using Cu Ko radiation and vary-
ing 20 values from 5 to 80°. Accurate unit cell parameters
were determined by cell refinement using UnitCell soft-
ware*, Thermal decomposition of the HTLCs samples was
evaluated by TGA and DTA analyses carried out in a Rigaku
Thermobalance TAS 100. Around 10.00 mg of the material
was heated to 1273 K at 10 K/min under dry air flow.

The textural characteristics, such as BET specific area,
external area (t-plot method) and pore volume (BJH method),
were determined by N, adsorption-desorption at 77 K in a
Micromeritics ASAP 2000. Prior to the analyses the sam-
ples were outgassed for 20 h at 473 K.

The calcined samples were analyzed by temperature
programmed reduction (TPR), carried out in a microflow
reactor operating at atmospheric pressure, under H, atmos-
phere (0.53% H,/Ar) in the range of 298 to 1123 K, using a
heating rate of 5 K/min and keeping at 1123 K for 2 h. The
outflowing gases were accompanied by on-line mass
spectrometry using a Balzers quadrupole spectrometer
(model PRISMA-QMS 200). The release of hydrogen
(m/z = 2), water (m/z = 18) and carbon dioxide (m/z = 12,
28 and 44) was monitored.

3. Results and Discussion

The chemical composition of the synthesized samples
is presented in Table 1. They are similar to those of the gel
of synthesis, indicating an approximately complete incor-
poration of the cations in HTLC structure.

The XRD patterns of the Ni,Mg,AlI-HTLC samples are
shown in Fig. 1. They exhibit sharp and symmetrical reflec-
tions for (003), (006), (110) and (113) planes and broad and
asymmetric reflections for (102), (105) and (108) planes,
characteristic of a well-crystallized HTLC in carbonate form.
No other phase was detected, suggesting that both Ni** and
AI** have isomorphically replaced Mg?* cations in the
brucite-like layers.
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Table 1. Chemical composition and structural characteristics of the as-synthesized samples.

Sample Al/(Al+Mg+Ni) Mg/Ni a(A) c(A) S, (m’/g) V__*(cm¥g)
NiHT5 0.24 54 3.05 23.11 82.2 0.493
NiHTI15 0.24 15.1 3.06 23.32 78.3 0.488
NiHT25 0.24 24.7 3.06 23.20 62.3 0.426
NiHT50 0.24 50.1 3.06 23.17 68.7 0.366
NiHT100 0.24 106.8 3.06 23.31 74.9 0.533

“BJH method, adsorption branch (20-1000A)
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Figure 1. X-ray diffractograms for the as-synthesized
Ni, Mg, AI-HTLC samples.
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Figure 2. X-ray diffractograms for NiHT5 as-synthesized and cal-
cined at 723 K (CNiHT5(723)) and 1023 K (CNiHT5(1023)).

For the classical rhombohedral 3R stacking symmetry
of hydrotalcites, the lattice parameters are a (associated to
the cation-cation distance in the hydroxide layer) and c=3¢’
(where ¢’ is the thickness of one layer of the brucite-like
sheet and one interlayer)'. The lattice parameters for the
synthesized samples, determined from the positions of the

lines corresponding to crystallographic planes (003), (006),
(110) and (113), are shown in Table 1. It can be observed
that they are in agreement with those reported on literature
for this type of material®*%’.

For all samples, after calcination up to 723 or 1023 K, the
characteristic lamellar structure disappears and XRD patterns
show the presence of poor crystallized MgO periclase-type
phase (peaks at 20 equal to 35.70°, 43.40° and 62.90°), as
illustrated in Fig. 2 for sample NiHT5. These results indicate
that both nickel and aluminum oxides are well dispersed in
MgO matrix, without the segregation of a spinel-phase. There
are some divergences in the literature with respect to the cal-
cination temperature of HTLCs that lead to the formation of
the spinel'>#3%37. However, our results seem to agree with
those that propose temperatures above 1073 K.

Figure 3 shows the TGA and DTA profiles for the synthe-
sized HTLCs. The results indicate two endothermic losses of
weight characteristic of the HTLCs in carbonate form 238133337,
The first loss, with the minimum at about 481-486 K, can be
attributed to the loss of interlayer water, whereas the second
one, with the minimum in the range of 653 to 663 K, is due to
elimination of the carbonate ions from the interlayer and the
hydroxide ions from the brucite-like layers.

The thermal decomposition of the studied samples is not
influenced by its Ni/Mg ratio, since both temperature
maxima and weight losses (18-20 wt.%, for the first loss,
and 23-24.5 wt.%, for the second) determined by TGA/DTA
were quite similar for all samples. These values are close to
those reported for pure hydrotalcites in accordance with the
relatively low Ni content on the studied samples.

Textural characteristics of the as-synthesized samples
were also not significantly influenced by differences in Ni
content, as shown in Table 1. Specific surface areas are rela-
tively low (60 to 80 m?%g), which is consistent with the
IUPAC-type II N, adsorption isotherms observed for the
samples. These curves are typical of non-porous/
macroporous solids or mesoporous solids having slit-shaped
pores among parallel layers. The ITUPAC-type H1 hyster-
esis loop observed in the isotherms for p/p,> 0.8 associati:d
with the broad pore diameters distribution (100 to 800 A)
presented by the samples may indicate that part of the pore
volume (Table 2) should correspond to the filling of the
interparticle space®.
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Figure 3. a) TGA curves; b) DTA profiles of the Ni, Mg, AI-HTLC
samples.

Table 2. Textural characteristics of HTS as-synthesized and cal-
cined at different temperatures.

Sample S, (m%/g) V. ' (cmY/g)

NiHT5 82.2 0.493
CNiHT5(723) 254.2 0.712
CNiHT5(1023) 223.3 0.667

“BJH method, adsorption branch (20-1000A)

Upon calcination both specific surface areas and pore
volumes increase, mainly due the formation of mesopores
with diameter in the range of 20 to 50 A, as shown in Table
2 and Fig. 4 for sample NiHT5. The formation of this
mesopores can be associated to the elimination of carbon-
ate anions, as CO,, beginning at about 550 K and leading to
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Figure 4. Pore size distribution for NiHTS and CNiHTS5 (1023 K)
samples.
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Figure 5. Thermoprogrammed reduction profile of calcined sam-
ples (723 K).

partial destruction of the layered structure (as observed by
XRD) giving rise to holes, the so-called “craters®. This
“cratering” of the samples could be responsible for the ob-
served increase in surface area and pore volume.

The TPR profiles of the Ni,Mg,Al-HTLC samples after
calcination at 723K are given in Fig. 5. Except for the sam-
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ple with the highest Ni content (CNiHT5), three peaks of
hydrogen consumption are observed, corresponding to three
different reducible species.

The first hydrogen consumption, with a maximum rang-
ing from 740 to 770 K, can be assigned to the reduction of
nickel oxide weakly interacted with the Mg(Al)O phase
(Eq. 1). The increase in the Ni content promoted a weaken-
ing of this interaction, resulting in lower reduction tempera-
tures. The decrease in NiO reducibility with the decrease in
Ni content was also reported on literature*® and may be at-
tributed to the increase on the effect of the presence of for-
eign ions (Mg?* and/or mainly Al**) inside the NiO phase.

NiO + H, ¢ Ni® + H,0 (1)

The temperature range for reduction of NiO in Ni,Mg,Al
mixed oxides is higher than that reported for the reduction of
supported NiO3*, confirming that the homogeneous
interdispersion of the elements in HTLCs gives rise to a strong
interaction among them in the correspondent mixed oxide.

The second peak, with maxima between 890 and
1023 K, can be associated to the reduction of non stoichio-
metric amorphous nickel aluminate or nickel oxide strongly
interacted with the Mg(Al)O phase*® (Eq. 2).

Ni ALO,, +x H, <> x Ni* + x H,0 + ALO, ®)

The third peak was observed on the isothermic step at
1123 K. The reduction of stoichiometric NiAl,O, species
(Eq. 3) can be pointed as responsible for this hydrogen con-
sumption at high temperature.

NiALO, + H, <> Ni” + H,0 + ALO, 3)

Since this spinel phase was not detected by XRD for
calcined samples (Fig. 2), its formation could occur due to
the heating of the sample at temperatures higher than
1073 K, during TPR analysis.

The consumption of hydrogen for the sample CNiHTS5,
CNiHT?25 and CNiHT50, calcined at 723 K, was determined
from the areas under the curves presented in Fig. 5. The TPR
profile for sample NiHT 100 was not clearly accompanied due
to both the low sensitivity of hydrogen on mass spectrometry
and the low Ni content of this sample. The results indicate that
although the Ni content influences the reduction profiles of the
different Ni species it has no significant effect on H, consump-
tion, since the values of metallic dispersion are similar for the
three samples evaluated (65% to 80%).

These results indicates an incomplete reduction of the
nickel species present and confirms the lower reducibility
of nickel on the Ni,Mg,Al mixed oxides with low Ni con-
tent, when compared to that observed for Ni-rich similar
materials®’.

Figure 6 compares the H, consumption profiles of sam-
ple NiHTS5 calcined at 723 K (CNiHT5(723)) and at 1023 K
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(CNiHT5(1023)). They are quite different, indicating that
the calcination temperature influences both the type of
nickel-oxides species formed upon the thermal treatment
under air and their interaction with the Mg(AI)O phase. The
increase in the temperature of calcination decreases the
reducibility of Ni species (low H, consumption). As pro-
posed by Fornasari et al.*®, the lower reducibility observed
for the sample calcined up to 1023 K may be explained by a
lower accessibility of the sample to the reducing gas, prob-
ably due to the presence of a non-stoichiometric spinel type
phase, not detected by XRD, decorating the NiO particles.

Conclusions

Well-crystallized Ni, Mg, AI-HTLC with Ni/Mg ratios
in the range between 1/5 and 1/100 were synthesized. Their
thermal stability, evaluated by TGA/DTA, indicated two
defined weight losses, the first, corresponding to the loss of
interlayer water, and the second, associated to
dehydroxilation and decarbonatation. For the Ni/Mg ratios
studied, the nickel content does not influenced thermal sta-
bility of the HTLCs. Upon calcination, the lamellar struc-
ture of HTLC disappeared and the formation of a poor crys-
tallized MgO-periclase phase was observed. No other phases
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Figure 6. Thermoprogrammed reduction profile for NiHT5 cal-
cined at 723 and 1023 K (TPR in the range of 298 to 1123 K,
without the isothermic step at 1123 K for 2 h).
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were detected indicating that both nickel and aluminum
oxides species are well dispersed in the MgO matrix.

Calcination up to 723 or 1023 K formed Ni,Mg,Al-mixed
oxides with specific surface areas and pore volumes higher
than those for the parent HTLC. The textural characteris-
tics of both HTLCs and mixed oxides were also not influ-
enced by differences in the nickel content.

Thermoprogrammed reduction analysis showed the pres-
ence of different Ni-containing oxide species on the cal-
cined samples. H, consumption profiles were influenced
both by Ni content and calcination temperature, indicating
that these parameters influenced the nature and the strength
of the interactions between Ni species and Mg(Al)O phase.
Although the reduction of nickel has not complete for all
samples, Ni’ showed good dispersion (65 to 80%), which
can be an important property for the future use of these
materials as bifunctional catalysts with both hydrogenating
and basic properties.
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