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ABSTRACT

This study aims to synthesize a nanocrystalline alumina doped with chromia by using
aluminum foil waste as a source of alumina and chromium nitrate non-hydrate as a
source of chromia. Chromia doped alumina was prepared by co-precipitation method
and fired at different temperatures. The co-precipitated powder formed thereby has been
examined by XRD, FTIR and TEM techniques. X-Ray diffraction patterns show a good
crystalline of the powder with very sharp and neat peaks at high temperatures more than
1000°C. The results of FTIR analysis confirmed the getting of solid solution of alumina
chromia. TEM photographs show the good distribution of the particles, which have an
average particle size of 1-3 nm at low temperature.
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1. INTRODUCTION

Ceramics based Al,O; are widely used by modern industry as a construction materials
with several unique properties such as high mechanical strength, hardness, heat
resistance, chemical inertness, and insulation characteristics. Another important
application of materials based Al,O; is the creation of various catalytically active
complexes for the oil industry and cleaning of industrial emissions [1,2]. According to
the arrangement of oxygen anions, this interesting ceramic material exists in two broad
categories, including a face-centered cubic (fcc), and a hexagonal close-packed (hcp)
arrangement.

The AlL,Os5 structures based fcc lattice include y, ) (cubic), © (monoclinic), and & (either
tetragonal or orthorhombic), whereas the Al,O; structures based hcp packing are o
(trigonal), x (orthorhombic) and y (hexagonal). However, y and o-alumina that are
thermally stable, the other phases are unstable at room temperature and called transition
phases [3]. y-alumina is one of technological important materials in industrial
applications. It is widely used as absorbent, catalyst supports, and catalysts in form of
nanopowder or thin-film coatings due to its high specific surface area. Common
methods to prepare y-alumina nanopowders are mechanical synthesis, vapor phase
reaction, precipitation, combustion, and sol-gel methods. Precipitation method is a
simple and fast chemical route, which is used for synthesis of y-alumina nanopowders
[4,5]. In addition, the a-alumina has been conventionally produced by annealing
aluminum hydroxide derived from aluminum salts or minerals at temperatures higher
than 1000°C. The a-alumina can be also produced by fabricating amorphous alumina
with methods using liquid phase such as precipitation and sol-gel process and then
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annealing it at high temperature. These methods need high temperatures, which bring
about much consumption of energy [6].

On the other hand, in the past decade the development of methods for comminuting
various substances and materials to a nanodimensional level has received much
attention in material science and technology. Specially, in ceramic materials, the trend is
always to prepare fine powder for the ultimate processing and better sintering to achieve
dense material with dense fine-grained microstructure and better properties for various
applications. The fineness can reach up to 1-100 nm, by special processing technique.
More in the fineness more is the surface area. Therefore, the densification occurs very
well at low temperature than that of conventional ceramic system. Nanocomposite
materials are complex of nanophase material and other materials, which optimize the
performance of traditional material. Various nanocomposites have been synthesized
using a wide range of processes such as deposition [7], self-propagating high-
temperature [8], sputtering [9], coprecipitation [10] and sol-gel [11]. Nanomaterials,
particularly transition-metal oxides play an important role in many areas of chemistry,
physics and materials science. In technological applications, metal oxides have
traditionally been used in the fabrication of microelectronic circuits, sensors,
piezoelectric devices, fuel cells, coatings for the passivation of surfaces against
corrosion, and as catalysts. In the emerging field of nanotechnology, a goal is to make
nanostructures or nanoarrays with special properties with respect to those of bulk or
single particle species. Metal oxides as nanoparticles can exhibit unique chemical
properties due to their limited size and high density of corner or edge surface sites.
Among metal oxides, special attention has been focused on the formation and properties
of chromia (Cr,0O3) which is important as heterogeneous catalyst, coating material, wear
resistance, advanced colorant, pigment and solar energy collector [12].

No doubt, chromia (Cr,03) is one the many additives potentially able to improve the
physical properties of alumina. When chromia is added into an alumina system,
isovalent solid solution will form over full range of compositions because both chromia
and alumina are sesquioxide and have the same corundum crystal structure
(approximately hexagonal close-packed oxide ions with the Al™ and sites). In reactions
at high temperature "(T >1000°C)", complete range of substitution solid solution
happens when an atom or ion replaces an atom or ion of the same charge in the parent
structure [13].

Al,0O3-Cr,03 (alumina-chromia) is a simple binary system, which exhibits a complete
substitutional solid solution at high temperature without formation of any eutectic over
the entire range of composition. This system is well known for application in numerous
fields such as fiberglass furnace, coal gasifiers, carbon black reactor, and different solid
waste vetrification processes as corrosion resistance refractory. Currently, alumina-
chromia distinctive with high resistance to chemical corrosion at high temperature due
to low solubility in molten slags and salts [14-15]. On the other hand, aluminum
recycling has a number of key environmental and economic benefits. Furthermore, the
recycling of aluminum scrap reduces waste, saves energy, conserves natural resources,
and lessens use of municipalities with considerable revenue [16].
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The primary objective of this study is to synthesize a nanocrystalline alumina doped
with chromia from aluminum foil waste. Where, a great amount of aluminum scrap is
produced worldwide, of which a major part is recovered by recycling, but in this study
an alternative way of using the aluminum scrap is to transform it directly into alumina,
which finds several uses (in catalysts, in soft abrasives, in coating and in adsorbents).
Thereafter, studying the effect of doping with different ratios of chromia to obtain a
solid solution of alumina chromia by coprecipitation technique and characterized
produced powders after firing between 500-1500°C.

2. EXPERIMENTAL WORK
Figure 1 shows the flow chart of experimental procedure in this study.

Aluminum Chromium
Nitrate Nitrate

Co-precipitation
of powder by
ammonium
hydroxide

Drying the gel
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Fig. 1: shows the flow chart of the experimental procedure.

2.1. Materials
Materials used in this study are Aluminum foil waste (aluminum scrap) and Chromium
nitrate  (Cr(NO3);.9H,0>98% purity Oxford Laboratory). Nitric acid (68%),

Hydrochloric acid (36.5%) and Ammonium hydroxide (32%) were also used.
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2.2. Experimental Procedure

Aluminum nitrate solution is prepared by adding aqua regia to aluminum foil waste.
Different batches of alumina chromia mixtures were prepared by adding different ratios
of aqueous chromium nitrate non-hydrate, of the proposed concentrations, and
aluminum nitrate solutions as shown in table 1. To obtain the co-precipitated powder of
aluminum hydroxide and chromium hydroxide, the ammonium hydroxide solution was
added to the above chromium nitrate and aluminum nitrate solution at pH~9. The
produced co-precipitated powder (gel) was washed by hot distilled water for four times
to remove the impurities, and then dried at 120°C for 24 h to get rid of humidity.
Finally, the dried gels were fired at different temperatures (500, 700, 900, 1100, 1300,
1500°C) for 2 hrs with a heating rate of 5°C/min for all batches.

Table (1): Shows all the batches for alumina chromia mixtures.

Batch No. | Aluminum scrap | Chromium nitrate
1 100 g Og

95 ¢g 5¢g

9 ¢ 10g

85 ¢ I5¢g
80 g 20g
75 g 25¢g

2.3. Characterization
The fired mixtures were studied using different techniques to explain the nature of
interaction between the two oxides as follows:

e X-ray diffraction instrument (Ni-filtered Cu Ka radiation) was used to assess the phase
formation of each composition and to measure the crystallite size of each phase.

e FTIR (SHIMADZU IR affinity-1) technique was used to detect the functional groups,
in addition to identify bonds found in each composition.

e Transmission electron microscope (JEM-2100ELECTRON-MICROSCOPE) was used
to investigate the different batches with a spatial resolution much better than the light-
optical microscope in addition to studying the particle morphology, size and shape
agglomeration.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis

Figure 2 shows the X-ray diffraction patterns of different batches fired at 500°C. y-
alumina which is the only identified phase observed in X-ray diffraction for all batches
at 500°C according to the diffraction peaks at 2 0, 46.00° for (400) and 66.80° for (440)
matched to y-Al,O3; (Card.No#10-0425) and there are no other peaks for new phases of
chromia which would indicate solid solution of y-Cr,0O3 in the y-Al,O3. Furthermore,
The increase of the firing temperature from 500 to 900°C, which did not lead to any
change in the result of XRD, that’s mean obtaining solid solution of y-Cr,0O; in the y-
Al,O3 at the temperature range of 500-900°C. The crystallite size of y-Cr,Os in the y-
AlLO; was calculated from X-ray line broadening using Scherrer’s formula (D = 0.9 A/B
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cos 0), where, D is the crystallite size, A is the wavelength of the radiation, 0 is the
Bragg’s angle and B is the full width at half maximum [18].
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Fig. 2: XRD of the fired batches at 500°C.

The average crystallite size of y-Cr,0O3 in the y-Al,O3 showed a value of 1-3 nm. The X-
ray diffraction patterns of alumina chromia mixtures after firing at 1100°C are shown in
figure 3. In this case, all diffraction patterns due to a-Al,O; were faintly observed at
35.2,43.4 and 57.5 degrees, This indicated that the crystallization to a-Al,O3 matching
(Card.No#81-2267) , these peaks became strong with an increase in annealing
temperature and also there are no other peaks for new phases of chromia. This can also
be explained because of the formation of solid solution of a-Cr,O3; in the a-Al,Os.
Furthermore, the diffraction peaks of the fired mixtures show sharp intensitive peak and
clean profiles, indicating that the obtained nano powders of Al,03;-Cr,O3 have high
crystallinity. The same results were found for the batches fired at (1300, 1500°C) [19].
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Fig. 3: XRD of the fired batches at 1100°C.
3.2. FTIR Analysis

To support our conclusion drawn from XRD results that fired mixtures at low
temperatures are y-Al,O; and that at higher temperatures above 1000°C yielded -
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Al,Os, FTIR studies were performed and the results are given in (see figures 4-5). Both
figures show an intense band centered around 3,500 cm-1 and another one around 1,600
cm-1. These peaks are assigned to O-H stretching and bending modes of adsorbed
water. For the wide band appearing between 500 and 900 cm-1 corresponds to the
vibrational frequencies of co-ordinate O—AI-O bond, showing nano amorphous Al,Os3.
This wide band is divided into two peaks. The peaks in the region 500—750 cm-1 are
assigned to v-AlOg, and the other at 800 cm-1 is assigned to v-AlO4, indicating
tetrahedral and octahedral coordination existence in y-Al,Os. For the mixtures fired at
1100°C two significant spectroscopic bands near 600-650 and 450 cm-1 appear, which
are identified to the characteristic absorption band of a-Al,O; with a corundum structure
[20,21,22].
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Fig. 4: FTIR of the fired batches at 500°C.
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Fig. 5: FTIR of the fired batches at 1100°C.

3.3. TEM Analysis

The TEM micrographs of the sample annealed at 700°C (batch no 4) for y-Al,O;3 is
shown in figure 6(a). TEM micrographs reveal the nanocrystalline nature of the
products. These results are in close agreement with the crystallite size estimated by X-
ray line broadening for the same sample. On the other hand, most of the researches
using one of the components of the composites or the reinforced materials in the range
of nanoparticle. Our work is too different from those, where both the components are in
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nanosized particle. TEM photograph shows the powder has a good distribution of the
particles, which has a mean particle size of 1-3 nm. Figure 6(b) shows the TEM image
of a-Al,O3 annealed at 1100°C for the same batch. Transformation of all pure Al,O3
into the single o phase was observed at temperature of 1100°C, as indicated by figures
6(a) and (b). The sharp peaks of o phase indicate the relatively large grain sizes and
well-defined long-range order in corundum. It can be seen that all these powders clearly
appear to be in agglomerated form, which is often observed by combustion route. The
selected area diffraction (SAD) pattern shown in figures 6(c) and (d) demonstrate that
the particles are crystalline in nature [23].

Fig. 6: TEM, SAED micrographs of nanocrystalline chromia doped alumina
powders at different annealing condition: (a), (¢) 700°C and (b), (d) at
1100°C for (batch no 4).

4. CONCLUSIONS
e Aluminum nitrate was synthesized by the precipitation method from inexpensive
materials such as an aluminum foil waste. The phase transition y -— «-Al,O3 occurs
in two steps, as seen from X-ray diffraction (XRD), and transmission electronic
microscopy (TEM) techniques. The first step, at the temperature range of 500-900°C,
alumina is constituted of y-Al,O; as seen from XRD patterns, with cubic crystal of
structure and particle size less than 4 nm. In the second step, in the temperature range of
1100-1500°C, it converted into 0-Al,O3 as seen from XRD patterns, with corundum
crystal of structure. It can also be concluded that the crystallite size calculated by XRD
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results is closely related to the phase transition, i.e., crystallite size increases according
to the phase transition variation and consequently, with the increase in temperature.
Therefore, co-precipitation method was successfully used to prepare a substitutional
solid solution of chromia-doped alumina at different temperatures.
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