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Abstract: a-Bi,O3; powders were prepared from nanometer Bi powders through low-temperature oxidation at less than 873.15 K.
XRD, SEM, TEM and HRTEM were used to characterize the structure and morphology of Bi powders and Bi,0j; particles. Kinetic
studies on the bismuth oxidation at low-temperatures were carried out by TGA method. The results show that bismuth beads should
be reunited and oxidized to become irregular Bi,O; powders. The bismuth oxidation follows shrinking core model, and its controlling
mechanism varies at different reaction time. Within 0—10 min, the kinetics is controlled by chemical reaction, after that it is
controlled by O, diffusion in the solid a-Bi,0O5 layer. The apparent activation energy is determined as 55.19 kJ/mol in liquid-phase

oxidation.
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1 Introduction

Bi,03 has been used widely in the fields of catalysis
[1,2], functional ceramics [3—7], special glass and optical
materials [8—11], medicine synthesis [12], energy
materials [13,14] and superconductor materials [15,16]
owing to its special properties of wide band gap,
dielectric ~ permittivity,  high  refractive
photoluminescence

index,
and photoconductivity. Many
methods such as high-temperature oxidation of bismuth
metal [17—-19], pyrolysis of bismuth compound [20,21],
hydro-chemical method [22—-25] and solid state reaction
[26] have been reported to prepare BiO; powders.
High-temperature oxidation of bismuth metal is also
dividable into vapor-oxidation and spray-oxidation. Beta-
and alpha- phase BiO; nanoparticles could be formed
through high-temperature vapor-oxidation of Bi metal at
1278 K [17]. It was difficult to oxidize bismuth
completely to form Bi,O; through spray-oxidation due to
short retention time in air and kinetics limit at 1073 K
[19]. Bi,O; particles with hollow and well-defined
morphology could be
spray-pyrolysis process with change of pyrolysis
temperature using Bi(NO;);-5H,O as raw materials.

synthesized  through

However, some above mentioned methods have

disadvantages like higher energy consumption,
complicated equipments and processing method, and the
others produce toxic waste like N,O, gas.

Preparation of Bi,O; at less than 873 K was
investigated using metallic bismuth as raw materials. The
reaction temperature can be controlled lower than 873 K
in low-temperature oxidation process. Consequently,
energy consumption and equipment cost obviously
decrease. Moreover, low-temperature oxidation method
avoid producing
spray-pyrolysis and reduce the waste water discharge in
hydro-chemical method. The present work aims at

investigating the kinetics of bismuth oxidation at a low

could air-borne  emissions in

temperature and characterizing the structure of Bi,O;
powders obtained from this method. The studies are a
useful guideline on preparing Bi,O3; powders at less than
873.15 K, understanding the oxidation mechanism of
bismuth and increasing the yield of Bi,O; particles
through low-temperature oxidation process.

2 Experimental

The bismuth powders with particle size of 20 nm
were prepared through fusion spraying method.
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Oxidation of bismuth at a low temperature was
conducted by a Q600 differential thermal analyzer (TA,
USA). Bismuth powders were put into the thermal
analyzer and treated at a predetermined temperature for
30 min in N, flow with a heating rate of 3 °C/min, and
then, switched from N, flow to air flow. The mass
change of bismuth powder was recorded and the
oxidation ratio of bismuth powders was calculated
according to equation (1).

a=(2x208.9804x Am)/(3%15.9994xm)=8.7075xAm/m (1)

where a denotes the fraction of oxidized bismuth, m is
the initial mass of bismuth powders, and Am represents
the increased mass of the bismuth powders after
oxidation reaction at different temperatures. The
chemical compositions of Bi powders and as-synthesized
Bi,0; are listed in Table 1, which were analyzed by
ICP-AES.

Table 1 Chemical compositions of bismuth powders and

w(Ag)/ w(Cu)/ w(Pb)/ w(Sb)/ w(Fe)/

Sample % % %, 0, %

Raw material
(w(BI)299.99%) 0.0008 0.0008 0.0007 <0.001 <0.001

As-synthesized Bi,0;
(W(Bi,0)>99.92%) 0.0007 0.0007 0.0006 <0.001 <0.001

The X-ray diffraction (XRD) of the sample was
recorded on a D/max 2550 (Rigaku, Japan) with Cu K,
radiation (4=0.1548 nm) from 10°~80°(26) at a scanning
step of 0.25 (°)/s. The morphologies of the samples were
characterized by a high-resolution transmission electron
microscope (Tecnai G* 20, FEI, USA). Particle size
distribution was detected by Mastersizer 2000 (Malvern,
England).

3 Results and discussion
3.1 Effect of oxidation temperature on formation of

Bi,O3
The bismuth-oxidation reaction can be presented as:

2Bi(s)+1.50,(2)=Bi,05(s) (298—544 K), (1)
AG®=—574887+99.71T

2Bi(1)+1.50,(g)=Bi,05(s) (544—1090 K), ()
AG®=—589730+292.4T

2Bi(1)+1.50,()=Bi,05(1) (1090-1600 K), 3)

AG®=—-535418+243.7T

According to equations (1), (2), and (3), the Gibbs
free energy is minus in the temperature range of
200—-1600 K, which means the bismuth oxidation
reaction is thermodynamically spontaneous.

Figure 1 shows the effect of oxidation time on yield
of bismuth oxide at different temperatures under the
conditions of particle size of 20 nm and air flow of 35
mL/min. The results demonstrate that the oxidation rate
of bismuth powder increases with the increase of
temperature. At 450 °C, the oxidation rate of bismuth is
only 83.17% after 187 min. At 600 °C, however, the
bismuth is completely transferred to Bi,O; even through
the reaction time is only 15 min. The possible reasons for
these phenomena may be as follows: the O, diffusion
coefficient in the gas film and solid Bi,O3 layer increases
with the increase of temperature. Consequently, the
oxygen molecules can rapidly pass through the gas film
and solid BiO; layer and transfer to the surface of
un-reacted bismuth core. Sufficient oxygen molecules
are supplied for the oxidation of bismuth powders.

The results propose that oxidation process of
bismuth is controlled by gaseous and liquid oxidation,
and gaseous oxidation contributes to improving
oxidation rate. The relationship between vapor pressure
of melting Bi and temperature is as follows [27]:

lg p=—10051/T+8.462 (4)

where p denotes the vapor pressure of melting Bi, and T’
is the thermodynamic temperature.

According to Eq. (4), the vapor pressures of Bi are
90.18 Pa at 873.15 K, 18.03 Pa at 823.15 K, 2.92 Pa at
773.15 K, 0.37 Pa at 723.15 K, respectively. Higher
vapor pressure can destroy the film outside of the
bismuth bead and benefit diffusion of O, molecules from
atmosphere to surface of bismuth bead.
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Fig. 1 Effect of oxidation time on yield of bismuth oxide at
different temperatures

3.2 Particle size distribution and crystal structure of
Bi203
The XRD pattern of as-prepared Bi,O; is shown in
Fig. 2. Three characteristic peaks are indexed as (120),
(200) and (1 21), indicating that monoclinic Bi,Os
(PDF# 65—2366, P21/c(14)) has come into being. The
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XRD results demonstrate that there are no impurities
existing in powders.

Laser particle analysis shows that particle size
distribution ranging from 10 to 70 pm is the dominating
size characteristic, and a few particle sizes are less than
100 nm (see Fig. 3).
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Fig. 2 XRD pattern of as-synthesized Bi,Os
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Fig. 3 Laser particle size distribution analysis of as-synthesized

Bi,04

To understand the structure of as-synthesized
0-Bi,05 and oxidation mechanism of Bi particles better,
the TEM images of Bi particles, SEM and HRTEM
images of a-Bi,0; powders are shown in Fig. 4.

Figure 4(a) shows that raw materials of Bi powders
are nano-particles with regular shape. Melting bismuth
will become spherical at a high temperature due to
surface tension. The shape of a-Bi,O; would be spherical
if oxidation process in-situ could occur. However, the
SEM image of a-Bi,O3; powders shows that the shape is
irregular (see Fig. 4(b)). Particles reunite each other, and
some small narrow particles cohere to large size a-Bi,Os
powders. Results propose further that oxidation of
bismuth involves two types of processes namely
vapor-phase and liquid-phase. The latter dominates the
whole process while the former controls the shape of

cohered a-Bi,0; powders.

Figure 4(c) shows a HRTEM image with inset of
FFT from a a-Bi,0; particle. This image clearly displays
that the lattice fringes of as-synthesized a-Bi,O; have no
defect appearance. The observed HRTEM image shows a
lattice spacing of 0.268 nm and 0.325 nm, corresponding
to that of (200) plane and (120) of a-Bi,O;. The FFT
image of HRTEM shows a set of diffraction pots with
typical monoclinic structure. The result further confirms
that the powders are a-Bi,0; crystalline.

Fig. 4 TEM image of Bi powders (a), SEM image (b) and
HRTEM image (c) of as-synthesized a-Bi,O; (Inset of (c) is
FFT image of HRTEM)

3.3 Kinetics of bismuth oxidation at low temperature

The process was dominated by liquid-phase
oxidation. The mechanism of bismuth oxidation is
demonstrated in Fig. 5, and the formation of a-Bi,O; at a
low temperature can be divided into four steps.

1) Solid bismuth powders fuse to form bismuth
beads, and bismuth beads reunite each other. Oxygen
molecules in air flow diffuse into gas film which covers
the surface of bismuth beads. After passing through the
gas film, the oxygen molecules absorb on the surface of
bismuth beads.
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Fig. 5 Schematic representation of oxidation mechanism of bismuth powders
2) Oxygen molecules absorbing on the bismuth
. . . 0.6
beads crack into O atoms, and then react with bismuth to =—450 °C, 1~(1- ) "—0.00248+0.01 1381
form Bi,0;, which covers the un-reacted bismuth core to #—500 °C, 1~(1- 2)!3=-0.00232+0.021071
i 0.51 4—550 °C, 1-(1- 2)!3=-0.00467+0.03247¢
form solid-state layer. ¥—600 °C, 1-(1- 2)!3=-0.00608+0.05700¢

3) Oxygen molecules continue diffusing through the
gas film and solid Bi,O; layer in turn, and react with
liquid bismuth beads. Consequently, the volume of
un-reacted bismuth core shrinks continuously.

4) Oxidation reaction of bismuth powders is
finished, and the bismuth beads convert into solid Bi,O3
completely.

Since the whole process mentioned above is similar
to the chemical reaction between compact solid particle
and gas, the un-reacted shrinking core model can be used
to describe the formation of Bi,Os;. The reaction
controlling steps during formation of Bi,O; at a low
temperature are as follows.

1) If the reaction rate is controlled by O, diffusion
in the gas film, the kinetic equation is a=kt.

2) If the reaction rate is controlled by O, diffusion in
the Bi,0; layer, the kinetic equation can be presented as
1-3(1-a)**+2(1-a)=kt.

3) If the reaction rate is controlled by chemical
reaction, the kinetic equation is 1—(1—a)"*=kt.

4) If the reaction rate is the mixture controlling of
chemical reaction and solid phase diffusion, the kinetic
equation can be presented as =[1-3(1—a)”*+2(1—a)/k+
[1-(1-a)"*)/ks.

The linear fitting of oxidation curve of bismuth
powder at different temperatures is presented in Fig. 6
and Fig. 7. In the temperature range of 450—600 °C, a
linear relationship between 1—(1—«)"* and reaction time
(9) 1s obtained within 0—10 min (see Fig. 6). After 10 min,
a plot of 1-3(1-a)**+2(1—a) versus reaction time (¢)
shows another perfect linear relationship (see Fig. 7). It
indicates that the bismuth oxidation follows shrinking
core model, and its controlling mechanism is variable at
different reaction time. Within 0—10 min, the kinetics is
controlled by the chemical reaction, and then with the
oxidation reaction proceeding, it is controlled by O,
diffusion in the solid Bi,O; layer.

However, the oxidation mechanism does not
correspond to the above kinetics equation when the
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Fig. 6 Linear relationship between 1—(1—a)"” and ¢ within 0—10

min at different temperatures
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Fig. 7 Linear relationship between 173(170c)2/3+2(1*a) and ¢ at
different temperatures after 10 min

oxidation process occurs at 823.15 K and 873.15 K after
10 min. These phenomena confirm that more complex
kinetics mechanism exists in oxidation reaction of Bi
powders at a higher temperature. The oxidation reaction
rate constants of bismuth powders at different
temperatures are listed in Table 2. It shows that the
oxidation rate constant increases sharply with the
increase of temperature during the chemical reaction
controlling period. As shown in Fig. 8, a plot of the In &
versus T" ' displays a perfect linear relationship, and the
apparent activation energy is determined to be 55.19
kJ/mol according to Arrhenius equation.
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Table 2 Oxidation reaction rate constants of bismuth powders at different temperatures
111 nBer Chemical reaction control Internal diffusion control
T/K 7'/10°K = >
Rate constant (k)/10 Ink Rate constant (k)/10 Ink
723.15 1.383 1.138 —4.4759 - -
773.15 1.293 2.107 —3.85991 - -
823.15 1.215 3.247 —3.42744 2.145 —3.84203
873.15 1.145 5.700 —2.8647 7.119 —2.6424
catalyst for ammoxidation of propylene in chlorination salts systems
(1I)—Catalytic activity rating of Bi containing catalyst [J]. Journal
-3.0 of Central South University of Technology: Natural Science, 2001,
32(4): 247-250. (in Chinese)
3.4 . [2]  YANG Han-pei, FAN Yi-ning, LIN Ming, XU Bo-lian, CHEN Yi.
o In £=4.70052-6638.207T Structure and catalytic properties of Bi-Mo composite oxide catalyst
-: R=0.998, SD=0.053 for selective oxidation of propane [J]. Chinese Journal of Catalysis,
- -3.8r 2002, 60(6): 1006—1010. (in Chinese)
[3] LAZAREVIC Z, STOJANOVIC B D, VARELA J A. An approach to
analyzing synthesis, structure and properties of bismuth titanate
4.2r ceramics [J]. Science of Sintering, 2005, 37(3): 199-216.
[4] PAVLOVIC NIKOLINA, SRDIC VLADIMIR V. Synthesis and
-4.6F structural characterization of Ce-doped bismuth titanate [J]. Materials
0.00115 0.00125 0.00135 Research Bulletin, 2009, 44(4): 860—864.
7K™ [5] LAURENT K, WANG G Y, TUSSEAU-NENEZ S,

Fig. 8 Linear relationship between Ink and 7"'
4 Conclusions

1) a-Bi,O; powders were prepared from nano Bi
powders through low-temperature oxidation at less than
873.15 K. The conversion of Bi is 100% after oxidation
at 823.15 K for 40 min. Microstructural results of Bi,O;
powders show that bismuth beads should be reunited and
oxidized to become irregular Bi,O; powders. Oxidation
of bismuth involves two types of processes, namely
vapor-phase and liquid-phase. The latter dominates the
whole process while the former controls the shape of
cohered a-Bi,0; powders.

2) Kinetic experimental results indicate that the
bismuth oxidation follows the shrinking core model, and
its controlling mechanism is variable at different reaction
time. Within 0—10 min, the kinetics is controlled by
chemical reaction, and then with the oxidation reaction
proceeding, it is controlled by O, diffusion in the solid
Bi,03 layer. The oxidation rate constant increases sharply
with the increase of temperature during chemical
reaction controlling period, and the apparent activation
energy is determined to be 55.19 kJ/mol.

3) The low-temperature oxidation process can
prepare Bi,O3. The contents of Bi,O;and Ca, Fe, Si and
Sb and other impurity elements are up to industrial
standards for electronic-grade bismuth oxide.
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