[ Downloaded from medical.iust.ac.ir on 2025-07-14 ]

[ DOI: 10.22068/ijmse.14.1.7 ]

Iranian Journal of Materials Science & Engineering Vol. 14, No. 1, March 2017

THE ROLE OF METAL ION ON PHYSIOCHEMICAL PROPERTIES OF
METALALUMINATES PREPARED BY IMPREGNATION METHOD

S. Komeili! , M. Takht Ravanchi2 and A. Taeb!
* komeili@iust.ac.ir

Received: December 2016

Accepted: March 2017

1 Chemical Engineering Department, Iran University of Science and Technology, Tehran, Iran.
2 National Petrochemical Company, Petrochemical Research and Technology Company, Tehran, Iran.

Abstract: A series of MAL,O, (M=Ni, Zn, and Cu) aluminates were prepared by using impregnation method; the metal
content of the products was ranged between 5wt% to 25wt%. The samples were characterized by x-ray diffraction
(XRD), Brunauer Emmett Teller (BET) surface area, NH; temperature-programmed desorption (NH;-TPD), and

inductively coupled argon plasma (ICP).

The specific surface areas of zinc, nickel and copper aluminates were in the ranges of 47-77m?/g, 63-87m?/g and 1.6-
3m?/g, respectively. The surface acidity decreased in the order of Cudl,0,<< Nidl;,0,< ZnAl,0,<< Al,O3 By
increasing the amount of metals in the samples, the number of acidic sites decreased, but their strength did not
significantly change. Ni-aluminates have fewer acidic sites than Zn-aluminates, particularly in strong acid sites.
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1. INTRODUCTION

Metal aluminates have many different
practical applications in the fields of engineering
and chemistry, which includes; adsorbents,
coatings, soft abrasives, pigments, fillers,
sensors, magnetic materials, catalysts, and
supporting materials for catalysts [1, 2].
Aluminates can be used as supporting materials
for catalysts due to their chemical and physical
stability, high mechanical resistance,
hydrophobicity, and low surface acidity [1, 3- 5].

The preparation of metal aluminates is
interesting in general and specifically with
respect to the effect of the ionic metal on the
aluminate properties. Abatzoglou et al. [6]
synthesized Ni aluminates (5wt% Ni) by two
methods including a wet impregnation on the y-
ALO; powder and coprecipitation. They calcined
the samples at 900°C. A metastable nickel
aluminate (NiAl,,0,,) formed in both preparation
methods. However, the impregnated catalyst had
a second active spinel ‘NiAl,O,’ phase that grew
at the expense of the metastable phase. The
coprecipitation method provided a more
homogeneous catalyst with higher surface area
than the impregnation method. Ertil et al. [7]
prepared nickel and copper aluminates by

impregnation and calcination at 800°C. The
samples contained metal oxide crystals (CuO and
NiO) by the surface area was in the range of 75-
80m2/g. Sueiras et al. [8, 9] prepared Mg, Cu, and
Zn aluminates by impregnation on various
alumina, which included gibbsite, boehmite, and
gamma and alpha alumina. They used calcination
temperature in the range of 900-1100°C. The
metal ions had some impacts on the formation
rate of spinels and alumina phase transformation.
They results showed that specific surface area of
samples calcined at 1000°C were 46m?/g,
68m2/g, and 11m2/g for Zn, Mg, and Cu,
respectively. Kiss et al. [5] investigated the
influence of nickel loading (5, 10, and 20 wt%
Ni), heat treatment temperature (400°C, 700°C,
and 1100°C), and method of catalyst preparation
(impregnation, mechanical powder mixed versus
coprecipitation) on catalytic properties. Adanez
et al. [10] prepared nickel aluminates (6-30wt%
Ni) on gamma and alpha alumina by the
impregnation method, calcined the samples at
950°C, and considered the resulting crystalline
phases. The green NiO crystals detected in the
samples prepared by o-Al,O; and the blue
samples containing high fraction of NiAl,O, in
the case of carriers prepared by v-ALO;.
Trawczynski et al. [11] used impregnation of
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alumina with zinc salts, coprecipitation and
hydrothermal  synthesis to prepare zinc
aluminates that calcined at 600°C.

Base of our knowledge, no report has been
published to study and compare the role of Ni, Zn
and Cu aluminates prepared with the same
impregnation method by various amount of
metals. In this work, nickel, zinc, and copper
precursor liquids were impregnated on porous
spherical y-alumina. The samples were calcined
at 1050°C to produce related aluminates with
different metal contents. Structural, textural and
acidity properties of products were investigated.

2. EXPERIMENTAL
2. 1. Materials

Commercial spherical y-Al,O; (BET: 210.13
m?2/g and pore volume: 0.53 cm3/g) was supplied
from Sasol Co. The copper nitrate trihydrate
(Cu(NO;),.3H,0),Merck  No.102753;  nickel
nitrate hexahydrate (Ni(NO;),.6H,0), Merck
No.105821; and zinc nitrate tetrahydrate
(Zn(NO;),.4H,0), Merck No. 108833 were used
as metal precursors.

2. 2. Preparation

Nickel and zinc salt was melted on the heater,
the melting point of hydrated zinc, nickel and
copper nitrate is 45°C, 57°C, and 115°C,
respectively. Desired amount of alumina placed
in an oven at 120°C for 1h to remove physically
adsorbed water and then placed in the oil bath at
110-120°C. The melted precursors were
impregnated on the alumina for 30min in the oil
bath. A series of samples were prepared in 0.2,
0.5, 0.8 mL/g, ratio of volume of metal (Ni, Zn,
and Cu) precursor per weight of alumina. The
samples were dried in the oven at 120°C for 16h
and then stepwise were calcined in the electrical
furnace by 1°C/min to 300°C and remained for
2h then by 3°C/min to 500°C for lh and by
5°C/min to 1050°C for 3h. A y-alumina was
calcined in the same condition for comparison.
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2. 3. Characterization

The X-ray diffraction (XRD) pattern of AlL,O,
supports was carried out using an X-ray
diffractometer (Model GNRMPD 3000) with Cu-
Ko radiation at 40kV and 30mA.

The surface area was determined by N,
physisorption using an adsorption analyser type
Quantachrome  Nova 2200. The BET
measurements, nitrogen adsorption-desorption
isotherms and pore structure analysis conducted
at 77K. The pore size distribution was
determined by the Barrett-Joyner-Halenda (BJH)
method.

The water-displacement method was used for
measuring the volume of macro pores [12]. For
such study, dry samples were weighted and
immersed in water at 70°C for 1h; then cooled to
ambient temperature. The difference between the
weight of a saturated sample in air and dry
sample was set as the weight of water
displacement in pores and by using water density,
pore volume was calculated.

Temperature-programmed desorption (TPD)
measurements of NH3 were performed in
BELCAT A. Ammonia adsorption was carried
out at 60°C in a mixture of NH; (2.5cc/min) and
He (47.5cc/min) flowed for 1h. The product was
then exposed to helium for 30min at 60°C to
remove all the physically adsorbed species before
starting the temperature program. The samples
adsorbed ammonia at 60°C heated up to 700°C
with a heating rate of 10°C/min. The amount of
acid sites on the catalyst surface was calculated
based on desorption amount of ammonia.
Desorption signals were monitored by a TCD
detector.

The metal content of the samples was
determined by inductively coupled plasma (ICP-
OES simultaneous instrument, model: VISTA-
PRO, Varain).

3. RESULTS AND DISCUSSION
3. 1. Metal Content
The amounts of nickel, zinc, and copper

measured by the ICP technique are given in table
1. As expected, increasing the volume of
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Table 1. Amount of metal in each sample measured by ICP

Sample name Nio2 | Nios | Nios | Znoz2 | Znos | Znog | Cuoz | Cuos | Cuos
precursor/alumina
0.2 0.5 08 | 0.2 | 05 0.8 0.2 0.5 0.8
(cm®/g)
Nickel Zinc Copper
Amount of metals(wt%)
11.05| 15.70 | 24.86 | 5.50 | 12.61 | 16.14 | 9.94 | 16.47 | 20.19
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Fig. 1. XRD pattern of metal aluminates with various metal contents (a) nickel, (b) zinc and (c) copper
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precursors in contact with the surface of alumina
increcased the amount of reachable metal,
allowing more metal to enter the alumina
structures during heat treatment. These findings
confirmed that the prepared samples had different
amounts of metal.

3. 2. Structures

The XRD patterns of Ni, Zn, and Cu modified
AlL,O; by various metal contents are shown in
Fig. 1. Copper aluminate pattern was different in
comparison with nickel or zinc aluminate. The
XRD patterns of CuAlLO, (Fig. 1(c)) contain
sharp peaks that indicate the samples have high
crystallinity in comparison by zinc and nickel
aluminates that have lower -crystallinity, as
indicated by the presence of more overlapping
peaks in their XRD patterns. The presence of
copper ions in the alumina structures accelerated
the alumina transformation phase, as the XRD
patterns only depict alpha alumina in these
samples, while the zinc and nickel aluminate
samples have amorphous alumina (Fig. 1a, b).
Other studies confirmed that copper ions
penetrated the alumina much deeper and faster
than zinc or nickel ions [13, 14].

Increasing the metal content of the aluminates
was leaded to enlargement, broadening, and
intensifying the XRD peaks, indicating formation
of a greater number of aluminate structures. The
formation of spinels related to the local
concentration of metals in the Al,O; matrix.
Higher metal content may lead to higher spinel
concentration during the impregnation process
[6].

The monoclinic Ni,Al,;O,, (ICDD No. 22-
0451), tetragonal NiAl,,O,, (ICDD No. 20-
0776), and cubic NiAl,O, (ICDD No. 10-0339)
structures are indicated in Fig. 1(a). Two zinc
aluminate structures, ZnAlL,O, (ICDD No.5-
0669) in cubic and Zn,Al,,O5;;, (ICDD No.23-
1491) in hexagonal structures, are shown in Fig.
1(b). These structures related to the concentration
and distribution of cations; in general, the cation
distribution showed the metal ions in the
tetrahedral coordination and the aluminium ions
in the octahedral coordination. At high
temperatures, a random ordering occurred with
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some metal ions changing to octahedral
coordination and the Al ions changing from
octahedral to tetrahedral coordination [3]. The
largest peaks at 37.2° and 66.3° were for NiAl,O,
and at 31.2° and 36.8° were for ZnAlLO,
structures, confirming the samples contained
high fraction of NiAl,O, and ZnAlO,,
respectively.

The patterns of the copper aluminates (Fig.
1(c)) coincided with the standard data of the
cubic spinel Cu aluminate phase (ICDD-PDF No.
33-0448) and alpha alumina phase (ICDD-PDF:
46-1212).The mean crystal size of CuAl,O, was
34.5nm and of alpha alumina was in the range of
36.1-39.0nm; these were calculated using the
Scherrer equation (Eq.1).

K2
T_Bcosé? (1

where K is a shape factor with a typical value of
approximately 0.9, A the X-ray wavelength equal
to 1.54, B the line broadening at half of the
maximum intensity (FWHM), and 6 the Bragg
angle [15].

The alpha alumina detected in all copper
samples was potentially explained by the action
of CuALQ, as a diffusion barrier that resulted in
the major rate-limiting step enabling complete
spinel transformation. The transformation rate
lowered with thickening of the CuAlL,O, zone, as
it became more difficult for Al and Cu to counter-
diffuse [14].

3. 3. Textures

The nitrogen adsorption-desorption isotherms
and the pore size distribution plots of the nickel
and zinc samples are shown in Figs. 2(a) and (b),
respectively. The isotherm profiles of Ni and Zn
are close to type IV according to the International
Union of Pure and Applied Chemistry
classification, indicating a mesoporous material.
The copper aluminate samples show type II
isotherms (Fig. 2(c)), which are characteristic of
non-porous or macroporous materials [16].

As seen in Fig. 3(a), the pore size distribution
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Fig. 2. N, adsorption-desorption isotherms of (a) nickel,
(b) zinc, and (c) copper aluminates

of Ni,, covered a large range (2-93nm),
including mesopores and macropores, but the
average pore diameter was 9nm, indicating that
the material was predominantly mesoporous,
which was further confirmed by the hysteresis
loop in Fig. 2(a). The textural properties of Ni0.5
and Ni, were almost similar. The average pore
diameter was 15nm, with pore size distribution in
the wide range of 2-180 nm for both of them. Fig.
3(b) shows the corresponding pore-size
distribution curves of zinc aluminates. Zn,, and
Zn,; displayed a rather narrow unimodal
distribution in the range of 5-16nm; but the
distribution was broader for Zngg, including
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Fig. 3. Pore size distribution (a) nickel, (b) zinc and (¢)
copper aluminates

mesopores and macro pores (size range of 2-80
nm), with a mean pore diameter of 16 nm. Figure
3(c) shows the mesopore size distributions for the
copper aluminates; the tails at the upper end of
the distribution were at pore sizes larger than 100
nm. The vertical axis of Fig. 3(c) has the
numbers, 2 or 3 orders lower than others. So the
cu-aluminate products had a few amount of
pores. Therefore, this figure shows very few
pores had the radius around 10nm. These pores
had not any effect to produce significant surface
area Cu-contained samples. As the N, isotherms
confirmed, these samples were non-porous so the
very low surface area were obtained.
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Table 2. Textural properties of samples

Sample | Specific surface area (m*/g) | Pore volume (mL/g) | Pore diameter(nm)
Nio2 46.75 0.15 9
Nio.s 78.33 0.29 15
Nios 77.38 0.28 15
Zno.2 87.54 0.31 9
Znos 63.50 0.23 9
Znos 72.83 0.21 16
Cuo 3.11 0.3" 437
Cuos 2.04 0.2 451
Cuos 1.58 0.2 481

“evaluated by water displacement

Table 3. Amount of desorbed ammonia and maximum temperature of each peak from NH;-TPD

Sample | Peak No. | Max. peak temperature (°C) | Amount of ammonia (mmol/g)
1 149 0.151
Alumina
2 318 0.145
(Nio or Zno)

3 523 0.403

1 162 0.152
Nio. 2 293 0.080

3 501 0.136

1 151 0.193
Nio.s

2 507 0.085

1 142 0.204
Nios

2 496 0.076

1 148 0.220
Zno2

2 510 0.200

1 164 0.206
Znos

2 520 0.198

1 156 0.146
Znos

2 508 0.143
Cuoz - - 0.023
Cuos - - 0.043
Cuos - - 0.063
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Increasing the amount of zinc and copper in
the samples caused the pore size distribution to
become wider and smaller. Conversely, these
variations were not present for the nickel
aluminate samples. Zn and Cu ions had greater
influence on porosity disturbance of the samples;
this may be related to their structures.

The specific surface areas of Ni,,, Niys, and
Niys were 47, 78, and 77 m?/g, respectively
(Table 2). These were high surface areas in
comparison with those obtained by other
researchers who prepared samples using
solvothermal (10.5 to 14.9 m?/g) and sol-gel (1.6
to 2.3 m?/g) methods [2, 3, 17]. The textural
properties of Niys and Ni,¢ are the same, and
their specific pore volumes were 0.29mL/g and
0.28mL/g, respectively.

For the Zn aluminate samples, the specific
surface area was in the range of 63-87m?/g, with
a mean pore diameter in the range of 9-16nm and
specific pore volume in the range of 0.2-0.3mL/g.
The copper aluminates had a low surface area
(1.6-3m?/g) with macroporous structures. The
high crystallinity and low surface area of Cu
samples showed that the impregnation method at
the calcination temperature used in this study in
the presence of Cu leads to a sintering effect that
destroys the pores.

A subsequent study that used other preparation
methods reported the formation of a new pure
phase (such as copper aluminate and alpha
alumina) that resulted in a low surface area with
large pores. The copper aluminate sample
prepared via the sol-gel route and calcined at
900°C had a surface area in the range of 10.3-
41.8m?/g [8, 18].

3. 4. Acidity

Surface acidity is one of the properties of
interest of aluminates for catalytic applications.
Fig. 4 shows the NH;-TPD profiles of the nickel,
zinc, and copper aluminates and alumina for
comparison. Each peak corresponds to a different
type of acid site. Usually, the first peak relates to
a weak acid site, a moderate-temperature peak to
a medium acid site, and a high-temperature peak
to a strong acid site. The amount of desorbed
ammonia related to each peak and the maximum

peak temperature are given in Table 3.

The peaks for all metal aluminates were quite
small in comparison with those for alumina. For
Ni-aluminates, the reduction in the number of
moderate and strong acid sites was striking, with
the peaks near 300°C and 500°C almost
disappearing. Desorption peaks for strong and
medium acid sites decreased rapidly and the
profiles became almost flat as the amount of Ni
increased, suggesting that the acidity of the
alumina significantly decreased with the

a
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Fig.4. Desorption of ammonia as a function of temperature
(a) nickel, (b) zinc and (c) copper aluminate sample
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incorporation of Ni atoms and NiAl,O, formation
(Fig. 4(2)) [2].

The Zn aluminate samples had lower acidity
than alumina but higher total acidity sites than Ni
aluminate, specifically with respect to the strong
acid (7 >500°C) [17]. By increasing the metal
content (Zn, Ni) in samples, larger amount of
aluminates formed led to decrease in the total
acid sites. This reduction of acid sites was more
for Zn aluminate than for Ni aluminates. The
ratio of weak per strong acid sites for Ni samples
was around twice that of Zn samples. In another
work, the Zn aluminates prepared by
impregnation and calcined at 600°C had an
acidity of approximately 0.47mmol/g, where the
atomic Al: Zn ratio equals two [11].

The graphs were almost flat for the copper
aluminate samples (Fig. 4(c)). Table 3 shows the
low level of ammonia adsorption; this finding
was attributable to the low surface area of these
aluminates.

By adding Ni or Zn to alumina, the strength of
acid sites confirmed by maximum peak
temperature dose not significantly change for
weak acid sites; for strong acid sites, it slightly
decreased.

The obvious differences existed in the surface
acidity and textural properties of Ni, Zn, and Cu
aluminates that were prepared by impregnation
method. This finding encouraged us to the further
study these materials as the catalyst support in a
given process.

4. CONCLUSION

The metal ions used for the creation of
aluminates strongly influence their textural and
acidic structure. Copper aluminates had the
lowest porosity, with a large pore diameter (in the
range expected for macropores) and high
crystallinity. Conversely, nickel and =zinc
aluminates were mesoporous and have a higher
surface area. Different aluminate structures
existed among the samples considered in this
study. Overally, the aluminate acidity trend was
in the order of alumina>Zn-aluminate>Ni-
aluminate>>Cu-aluminate.
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