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Synthesis of crystalline y-Al,O5; with high purity
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Abstract: Crystalline y-AlO(OH) was synthesized by the precipitation of sodium aluminate and oxalic acids in aqueous solution.
And then y-AlO(OH) was successfully transferred to y-Al,O; after subsequent high temperature heat treatment. The effects of
reaction conditions on formation of y-AlO(OH) and y-Al,O; were further investigated in detail. The XRD analysis shows that the
complete formation of crystalline y-Al,O; is at pH 89, reaction temperature of 93—96 ‘C and calcination temperature of higher than
400 ‘C. The product of y-Al,05 contains impurity, including iron, calcium and silicon ion with a low content of about 0.01% and has
large specific surface area and high pore volume of 269.9 m%*g and 0.57 mL/g, which can be applied in catalysts and catalyst

supports.
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1 Introduction

The preparation of alumina powders has been an
interesting field due to their applications in many areas
of modern industry such as electronics, metallurgy,
optoelectronics, catalysts and fine ceramic composites
[1-3]. In recent years, because they can be used as
adsorbents, filters, catalysts and catalyst supports,
especial attention has been focused on the preparation of
y-AlL,O3 powders with high purity by various routes such
as precipitation, gas phase deposition, sol-gel and
hydrothermal methods[4—8]. Among these methods,
precipitation is the most commonly used method not
only because it can produce high quality powders but
also it is cheap[9].

The industrial production of alumina is typically via
the calcination of the precipitates of aluminum nitrate or
aluminum chloride and antalkali[10—11]. This process
consists of bauxite ore digestion, liquor clarification,
gibbsite crystallization and calcinations of Al(III)-
containing hydroxides. In addition, highly crystallized
y-Al,O3 nanoparticle was synthesized hydrothermally in
supercritical water by using a continuous flow reaction
system from the starting reagent of AI(NO;);-9H,0[12].

The effects of temperature, pressure and reaction time on
the formation of y-Al,O3 were studied under supercritical
conditions of water. However, these processes involve
complicated product line that requires anticorrosion of
equipment and low yields. Recently, there are some
repots about synthesis of y-Al,0; with high purity by
hydrolysis of aluminium isopropylate[13]. It is well
known that the aluminum with high purity is required to
be y-Al,O; by the method. So, the process does not only
involve complicated product line, but also high cost. To
solve these problems, structure and precipitation
mechanism of sodium aluminate(SA) solution have been
widely investigated to obtain p-AIOOH (or
y-Al,05)[14—16]. But, this is a main bottleneck that
y-Al,O; powder with high purity is difficult to be
obtained by these methods directly from SA solution.

So, the y-Al,0O3 with high purity was synthesized by
a new process, in which the sodium aluminate solution
was treated by the HG solid desiliconization agents, and
then the precipitates were formed in the presence of
oxalic acid solution.

2 Experimental

2.1 Materials
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Sodium aluminate was purchased from Shangxi
Alumina Factory, China; carbon dioxide was supplied by
Taiyuan Iron and Steel Co. Ltd., oxalic acid was
purchased from Chemical Plant of Shanxi, China; and
HG solid desiliconization agents, solid desodium agent [
and solid desodium agent II were prepared.

2.2 Purification of sodium aluminate

Sodium aluminate was purified by the HG solid
desiliconization agents as follows. The calces and HG
solid desiliconization agents were dissolved in sodium
aluminate under vigorous stirring at 50 ‘C. In addition,
other calces were further added to the mixing solution,
which was repeated two times. The mixing solution was
left for 2 h with rapid stirring for azeotropic distillation.
After then, it was cooled to room temperature and the
precipitates were removed. And pH of the filtrate was
adjusted to 13 by injecting with CO,. At last, the oxalic
acid was added into the filtrate, resulting in the formation
of the precipitates that was again removed. The
purification procedure was repeated two times.

2.3 Synthesis of y-Al,O3

The preparation of y-Al,O; was typically via the
calcination of the precipitation of sodium aluminate and
oxalic acid in aqueous solution. In the typical experiment,
oxalic acid and NaAlO, were pumped together at a rate
of 180 mL/min into aqueous solution at 25 “C. And then,
the mixing solution was left for 2.5 h under vigorous
stirring at 100 C and the white precipitate was formed.
The white precipitate was aged, separated and washed
for two times with distilled water until the filtrate
became neutral, and then was dispersed in aqueous
solution containing solid desodium agent [ under
vigorous stirring to form a highly uniform mixture,
which was subsequently transferred into a conical flask
for azeotropic distillation. After distilling at 100 C (the
boiling point of water) for 1 h and cooling to room
temperature, the precipitate was separated and washed
with distilled water. The purification procedure was
repeated in the presence of solid desodium agent II. The
precipitate was recovered by centrifugation and dried in
an vacuum drying oven at 150 C for 12 h. Calcination
was further carried out at 300, 350, 400, 450 and 500 ‘C
for 4 h with the temperature increasing at 2 ‘C/min.

2.4 Characterization

Inductively coupled argon plasma analysis(ICP)
was used to determine the concentration of iron, alumina,
calcium and silicon. The instrument used was a Thermo
Jarrell Ash Atom Scan 25 spectometer. Solutions
containing the sample to be assessed were prepared by
digesting the powder with concentrated acid such as HCI
under reflux for periods of 2—7 h. Since it is a

comparative technique, the relationship between
emission intensity and concentration was determined
using blank solutions and standard materials whose
concentrations were known.

XRD patterns were recorded with a Bruker D8
Advance X-ray diffractometer with Cu K, irradiation (40
kV, 40 mA). The average crystal size was estimated by
applying the Scherrer equation to the apparent full width
at half maximum intensity(FWHM) of (440) peak of
y-Al,O;, with silicon as a standard of the instrumental
line broadening.

The size and morphology of the particles were
observed at room temperature on a scanning electron
microscope (SEM, Model JSM—-6700, JEOL, Tokyo,
Japan).

Nitrogen adsorption and desorption isotherms were
performed in a Micromeritics ASAP 2000 volumetric
adsorption system.

3 Results and discussion

3.1 Synthesis of y-Al,O3 with high purity

y-Al,O; with high purity was synthesized by the
direct precipitation of SA solution and oxalic acid. This
is a strongly interrelated system that may be established
between the base-catalyzed decomposition reaction and
the ionization process of oxalic acid when oxalic acid
solution is dropped into NaAlO, solution. pH of NaAlO,
solution can be finely tuned and retained in a favorable
range for polymerization of Al(OH), into indissoluble
y-AlO(OH) with porous structure, namely,

NaAlO,+C,H,0,— AI(OH); +(NaCOO), (1)
Al(OH); —-AlO(OH)-nH,0+(1-n)H,0 )

And then y-AlO(OH) was further heat treated at 450° and
transferred to y-Al,0O;. The formation of nano-sized
y-Al,05 with high purity is proved by Fig.1 and Table 1.
Fig.1(a) shows the typical diffraction peaks (111), (311),
(400) and (440) of y-AlL,O; with a cubic structure[15]
(unit cell parameters are a=0.790 nm, »=0.790 nm, and
¢=0.790 nm) (JCPDS Card No. 10-0425), indicating the
formation of crystalline y-Al,O;. All the diffraction
peaks exhibit a high degree of broadness due to the fine
nature and a less degeneracy in the crystallites. Based on
the Debye—Scherrer equation[17], the mean crystallite
size of y-Al,O; calculated from the full width at
half-maximum of the isolated (311), (400) and (440)
diffraction peaks are 10.9, 13.9 and 18.8 nm, respectively.
The size and morphology of the particles were further
characterized by the SEM image as shown in Fig.1(b).
The combined effect of liquid- attached Al(OH); and
nano-sized y-Al,O; seeds on reducing y-Al,O; particle
size is remarkable. y-Al,O; particles obtained with
liquid-attached AI(OH); and nano-sized y-Al,O; as seeds
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(a) (440)
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synthesized by heating precipitation of sodium aluminate and
oxalic acids at 450 C

Table 1 Content of impurity in y-Al,O; prepared and its

physical properties
Specific Pore
w(Fe,0;)/ w(NayO)/ w(SiO,)/ w(CaO)/ surface volume/
% % % % area/ 1
(ng—l) (mL-g)
0.0068 0.0073 0.0054 0.0098 269.9 0.57

have an average size of 40.0—50.0 nm and show less
agglomeration.

The purity of y-Al,O; prepared by the present
method was further determined by the inductively
coupled argon plasma analysis as shown in Table 1. The
result shows that the content of impurity (eg. iron,
calcium or silicon ion) is lower than 0.1%, which is very
important to obtain y-Al,O; with high catalyst property.
Furthermore, the large specific surface area and high
pore volume (269.9 m%g and 0.57 mL/g) are also
observed in Table 1, which are also very important to
y-Al,0; with high catalyst property.

3.2 Effects of preparing conditions on purity and
formation of y-Al,O3

3.2.1 Purification of sodium aluminate
During the preparation of high purity y-AL,O; from

sodium aluminate solution in the present process, the
removal of silicate and iron ions in the sodium aluminate
solution has a considerable effect on the grade of y-Al,O4
product. The mass ratio of Al,O; to SiO, or Fe,O; (A/S)
in the sodium aluminate solution can rise up to 3 000 by
desiliconization in the previous process [18—19].
However, it must be raised to 10 000 in order to obtain
highly qualified product in the sintering process. So, the
sodium aluminates were purified by the two-stage
desiliconization procedure and a novel desiliconization
agent was developed to remove silicate, calcium and iron
ions completely.

In the first stage, the novel HG solid
desiliconization agents and Ca(OH), were usually used
to remove silicate and iron ions completely as shown in
Table 2. The result shows that the mass ratios of Al,O; to
SiO, and AlL,O; to Fe,O; in the sodium aluminate
solution are raised to 24 000 and 71 000, respectively,
indicating that the HG solid desiliconization agents have
higher desiliconization capacity and efficiency compared
with other desiliconization methods[20]. Generally, when
the desiliconization agents are used to remove silicate
and iron ions from sodium aluminate solution, the loss of
aluminum ion is about 20%. Here, when the novel HG
solid desiliconization agents are used, the loss is reduced
to be about 10%. Moreover, the HG solid
desiliconization agents can be repeatedly used for at least
three times according to the A/S of 67 000 or 91 000.

Table 2 Effect of desilication on removing silicate ions and
iron ions from sodium aluminate

p(HG)/ p(Calces)/ m(AlL,O3)/ m(Al,O3)/
egL™h (gL™h m(Si0,) m(Fe;03)
0 0.9 5100
1.5 0.9 24 000 71 000
(1.5 0.9 26 000 50 000
2)1.5 0.9 34 000 91 000
3)1.5 0.9 67 000 91 000

Numbers in parenthesis represent the number of repection.

Secondly, according to above desiliconization
procedure, Ca(OH), was introduced to the sodium
aluminates, which is usually used to remove silicate and
iron ions completely. The decalcium is also necessary in
order to obtain qualified product in the sintering process.
The calcium ion can be effectively removed by the oxalic
acid as shown in Table 3. The result shows that the mass
ratio of AlLO; to CaO (A/S) in the sodium aluminate
solution is raised to 14 2000, suggesting that the oxalic
acid is a good agent of removing calcium ions.

3.2.2 pH of reaction solution

While preparing high purity y-Al,O; by the present
method, not only the purification of sodium aluminate is
important, but also the solution pH is important for the
synthesis process. XRD patterns of as-dried samples
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Table 3 Effect of decalcium on removing Ca ions from sodium

aluminate
p(Decalcium agent of  p(CaO)/ p(ALO;)  m(ALO;)/
oxalic acid)/(gL™")  (mgL™) (gL™ m(Ca0)
1.5 1.16 144.9 142 000

obtained in various pH solutions by the oxalic acid route
are shown in Fig.2. When pH values of the solution are
lower than 8.5(4.0, 6.0 and 7.5), non-crystalline AIO(OH)
forms and the crystallinity of AIO(OH) increases with
the increase in pH. Contrarily, when the solution pH
values are higher than 8.5(9.5, 10.5 and 12.0), the typical
diffraction patterns (020), (120), (031), (051) of
y-AlO(OH) with a cubic structure[21] and (002), (110) of
S-Al(OH);[22] are observed, suggesting the formation of
the AI(OH); and y-AlO(OH), in which the AI(OH); is
easy to transfer to Al,O;-nH,O as shown in following
reaction:

Al(OH); — AL,O5-nH,0+H,0 3)

So, pH of reaction solution is chosen to be 8§-9 to
obtain y-AlO(OH) with high purity (pH=8.5), which is

_ (a)

(b)

——————

(©)
. (02|0) l ' l ' (d)
(031) (051)
(130) « — 7-AlO(OH)
s — S-Al(OH),

020) ' ' ' )
(1200 (©031)

(051)

(002) (120) (0s1)

(110)

(031)

(0.200)02' | | | (e
) 031 (031

(120)

10 20 30 40 50 60 70
20/(%)

Fig.2 XRD patterns of product synthesized in various solution

pH: (a) pH=4.0; (b) pH=6.0; (c) pH=7.5; (d) pH=8.5; (e) pH=

9.5; (f) pH=10.5; (g) pH=12.0

very key to obtain y-Al,O; with high purity after
calcinations[14].
3.2.3 Reaction temperature

Effects of reaction temperature on formation and
purity of y-Al,O; were further examined as shown in
Fig.3. When the reaction temperature is 30-90 C, the
sample is non-crystalline AIO(OH). The higher
temperature (93 ‘C) leads to the continual formation of
y-AlO(OH) with high purity according to the typical
diffraction patterns (020), (120), (031) and (051) of
y-AlO(OH) with a cubic structure. However, when the
temperature is further increased to 96 ‘C or 98°C, the
S-Al(OH); is formed according to the appearance of the
typical diffraction patterns of (002) and (110), which is
easy to transfer to a-Al,O; after the calcination. It is well
known that the formation of AIO(OH) is kinetically
favored and that the formation of AI(OH); is
thermodynamically favored. From a standpoint of
kinetics, AIO(OH) is easier to form by the precipitation
of sodium aluminate and oxalic acids at low temperature.
However, this sodium aluminate has a tendency to
hydrolyze to p-Al(OH); at high temperature. So, the
range of 93—96 °C is chosen to obtain y-Al,O3 with high
purity.

/LF/L/\_J\_\_/-LM
w)

J\~——/\_/\_A_\_/£)

(0200 B @
«— 7-AIO(OH)
O30 O3V L 4 AlOR),

(120)

«(020)

©31) (051) (e)

(020 (031

)(ogl) U]

10 20 30 40 30 60 70
20/(")

Fig.3 XRD patterns of product synthesized at various reaction

temperatures: (a) 30 C; (b) 60 C; (¢c) 90 C; (d) 93 C;

()96 C;(H98 C
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3.2.4 Concentration of oxalic acid and sodium aluminate

During the preparation of y-Al,O3 from calcination
of crystalline y-AlO(OH) in the present process, the
removal of sodium ions in y-AlIO(OH) is also very
important for obtaining y-Al,O; product with high purity.
The concentrations of sodium ions in y-AIO(OH) were
determined by concentration of oxalic acid and sodium
aluminate as shown in Table 4. The result shows that the
concentration of sodium ions increases with increase in
concentration of NaAlO,. Moreover, it is more difficult
to remove the sodium ions from y-AIO(OH) for higher
concentration than 80 g/L, resulted from y-AlO(OH)
encapsulating sodium ions. At the same time, the
concentration of sodium ions also increases with increase
in concentration of oxalic acid because the Al,O5;nH,O
is formed at higher concentration than 55 g/L as
discussion above, which is also easy to adsorb the
sodium ion. What’s more, the sodium ion is difficult to
be removed by washing with water from Al,O3-nH,0. So,
here the concentration of oxalic acid and NaAlO, are
controlled to be 45-50 g/L and 75—80 g/L in order to
obtain y-Al,O; with high purity. As can be seen from the
Table 4, the sodium ion is effectively removed by the
desodium agent. Especially, after p-AlIO(OH) was
purified by the desodium agent I and desodium agent II,
the sodium ions have been almost removed completely.
The mechanism of desodium reaction can be represented
as follows. NH," of desodium agent can displace sodium
ions adsorbed in y-AlO(OH), and then sodium ions are
easy to be washed with the hot water. The different
desodium agent can displace sodium ions adsorbed in
various parts of y-AIO(OH).

Table 4 Effect of oxalic acid and NaAlO, concentration on
removing Na ions from AIOOH

Content of Na,0/%
p(oxalic
acid)/ P(NaAEPZ)/ Disposal of Disposal of
(gL™ (gL7) Former  disodium disodium
agent [ agent I
45 75 1.51 0.065 0.007 6
45 80 1.55 0.065 0.007 3
45 100 3.21 0.880 0.0270
55 75 2.67 1.520 0.8500

3.2.5 pH of washing water

During the washing p-AlO(OH) with aqueous
solution, pH of washing water is also very important for
obtaining y-Al,O5 product with high purity as shown in
Fig.4. The result shows the typical diffraction patterns of
S-Al(OH); and y-AlO(OH) at pH of 4.0 and 7.0, and the
typical diffraction patterns of pure y-AIO(OH) at pH 9.0.
This suggests that y-AIO(OH) washed with water at
pH<9.0 is easy to transfer to f-Al(OH);. The reaction

can be expressed as follows:

y-AlO(OH)+H,0—= f-Al(OH); “4)

002)

020{

(a)

(031)
A (05De— 5 Al000m)
« — J-Al(OH);

(b)

(031)

(051)

1

.(020) l [ I (©)
(120)

({)gl) (0;1)

30 50 60 70
20/(%)
Fig.4 XRD patterns of products affect washing y-AlO(OH)

powder with water at various pH: (a) pH=4.0; (b) pH=7.0;
(c) pH=9.0

10 20 30

3.2.6 Calcined temperature

XRD patterns of as-dried samples obtained by the
oxalic acid route and their calcined products are shown
in Fig.5. From Fig.5, XRD patterns for y-AlIO(OH) and

« (020)

(a)
(1200 (031) 051)

(}g())l (1%5) «(031) Eb)(‘mn)

(
(031) (400)

GID" (400) (c) 40

«— 7-AIO(OH) (@) 0

«—pAI0H),  CID (400)

(111

10 20 30 40 50 60 70
20/(°)

Fig.5 XRD patterns of products after calcining y-AlO(OH)
powders at various temperatures: (a) 300 C; (b) 350 C; (c)
400 C; (d) 450 C; (e) 500 C
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y-Al,0; can be clearly seen in at the calcined temperature
of 300 'C and 350 C.

The calcined products at the temperatures of 400,
450 and 500 ‘C show diffraction patterns matching with
the standard diffraction data for y-Al,0; as shown in
Fig.5[16], indicating that y-AlO(OH) is -effectively
transferred to y-Al,O; at the higher calcined temperature
than 400 C as follows:

2y-AlO(OH)-nH,0 —y-Al,05+2(1-n)H,0 (5)

The specific surface area and pore volume of
y-ALL,O; prepared in various calcined temperatures were
further investigated as shown in Table 5. The result
shows that the specific surface area decreases and the
pore volume increases with the increase in calcined
temperatures. The large specific surface area and high
pore volume of y-Al,O; are all necessary for y-Al,O3 with
high catalyst property. So, the calcined temperature of
product is chosen to be 450 C.

Table 5 Properties of y-Al,O; powders calcined at various
calcined temperatures

Calcination Specific surface area/ Pore volume/
temperature/ C (m>g™") (mL-g™")
400 280.4 0.53
450 269.4 0.57
500 260.2 0.59

4 Conclusions

1) y-AlL,O; with high purity was prepared in the
present work. The effect of reaction conditions on the
formation of y-Al,O; with high purity was investigated in
detail.

2) The favorable ranges of pH and reaction
temperature are 8—9 and 93-96 °C, respectively. In
addition, the concentrations of oxalic acid and sodium
aluminate are controlled to be 45—50 g/L and 75—80 g/L,
respectively. When the temperature of calcination is
higher than 400 °C, the AIO(OH) is changed completely
to p-ALOs.
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