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ABSTRACT

The rate of temperature increase and the kinetics of PbS and PbQO. irradiated with microwaves. have been

studied. According to the experimental data. the interaction between PbS and PbO is nonisothermal. and the

activation energy becomes lower and the rate of interaction becomes faster with microwave irradiation than with

conventional heating.
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1 INTRODUCTION

Although the interaction kinetics between
PbS and PbO with conventional heating have
been studied in detail'"?, the kinetics with mic-
rowave irradiation have scarecely been repor-
ted. In this paper. the rate of temperature in-
crease and the kinetics of the interaction be-
tween PbS and PO were investigated for the
purpose of utilizing the advantageous charac-
teristics of microwave heating and improving
the techniques for extraction of lead.

2 EXPERIMENT

In order to compare the experimental re-
sults of microwave irradiation with those of
conventional heating. all samples, the expres-
sion of the reaction rate and the method of
measuring SO, were the same as Ref[2]. The
weight of each sample was 50 g. A refitted com-
mercial microwave oven, with a power of 650
W and a frequency of 2.450 MHz, was used to
irradiate the sample. the method of measuring
temperature was similar to Ref.*". All the ex-
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periments were carried out under an inert at-
mosphere.

3 RESULTS AND DISCUSSION

3.1 The Rising Rate of Temperature of PbS
and PbO with Microwave Irradiation

As shown in Fig. 1, the rate of tempera-
ture increase of PbS irradiated with microwaves
is greater than that increase of PbO. e.g, during
the first 30 seconds of irradiation the tempera-
ture of PbS rose from ambient temperature to
1,000 K whereas PbO only rose to 420 K.

In addition, the 7—¢ curve of both PbS
and PbQ are divided into two stages. At the ini-
tial stage the temperature (7 increased rapidly
with increasing irradiation time (r) because the
samples absorbed microwave energy rapidly.
At the later stage, the rate of temperature in-
crease decreased and finally approached to ze-
ro when thermal equilibrium was reached.

The thermal equilibrium equation of a unit
volume. inside a solid body exposed to electro-
magnetic energy. can be represented by
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Fig. 1 Rate of temperature (7) increasc of PbS and
PbO irradiated with microwave at different times (;)

(Solid line—experimentul data: dotled line—calculated data)

divg=Q—-CaT / >t (1)
Where g is density of heat flux. According to
Fourier’s Law. the density of heat flux is pro-
portional to the temperature gradient in the
reverse direction. that is

g=—+grad T: (2)

¢ 1s a source term including the effective
microwave power () and the effective heat of
the chemical reaction (W), namely.

O=P+W (3)
where  P=2nf F¢ tgd (4)

Substituting Eqs. (2)~ (4) into Eg. (1)
gives

div grad7=VY"T=(C/ })NaT / a0

—(2nfFoe tgd+ W)/ 4 (5)
where

VT=0"T/ o+’ T/ 27+’ T / 227 (6)

Because the sample is irradiated uniform-
ly and heated to a high temperature in a short
time, the internal heat transfer is significant.
that is, grad T=0 and ¥ 7=0. Under an inert
atmosphere, the heat effect of chemical reac-
tion can be neglected. Additionally. suppose
that dielectric constants. loss factors and spe-
cific heat are constants'™. then

aT / ar=const (7)
Eqg. (7) shows that both the calculated and
experimental results are in good agreement.
Thus the following equations are obtaind.
For PbS:
T=22.03t+370.19 (440K <T7T<1.100 K) (R)

d7/ dr=0 (T=1.2405 K) (9)
For PbO.
7=5221+267.78 - (320K <T<310K) (10)
d7/dr=0 (T=561.2 K) (11)

The relative coefficients are 0.997.8 and
0.997.3 respectively in Egs. (8) and (10).

3.2 Inreraction Kinetics Between PbS and PHO

with Microwave Irradiation

As shown by curve 5 in Fig. 2. the interac-
tion between PbS and PbO with microwave
irradiation is nonisothermal. From which. by
functional fitting, we get the sample tempera-

ture as

lnr=—u/ T+b (2
namely, t=ce® ' (13)
where «=31.232.21. h=29.63. c=¢". and the

relative coefficient is 0.999. 6.

It also can be seen from Fig. 2 that the
interaction between PbS and PbO with micro-
wave irradiation is carried out quickly at lower
temperatures (1.070~ 1.170 K). and then after
irradiating about 13 min. the interaction has
finished over 90%. With conventional heating
tt has only tinished 8%. 29%. 60% after the
same time (13 min) and temperature (1.073 K,
1,123 K. 1.173 K ) respectively.

The fraction o of SO, generated by the
interaction against temperature (7) is shown in
Fig. 3.

Supposing the chemical reaction of PbS
and PbO is

PbS+2PbO = 3Pb+S0- (14)
the rate of SO, generated by the reaction is

de/dr=kN_- N, (15)
where ANy and Ny are the concentrations of
sulfur and oxygen in moles.
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Let da./dr be equal io dee / d7. dT / dr. and

0 LT differentiate Eq. (13) to get d¢t / d7. then
| S & da/ dT=Alee © 0 % g/ 77 (19)
0.8 /" / jriso doo=aAlcR x (E+aR)™'
pd e FR KT q(—E+aR) / RT (20)
0o // 1 BOM jida:j: aAlcR x (E+aR) '
= .
HM_ e I R R Q(—E+aR) / RT (21D
/ //l a=aAdlcR - (E+aR)
0.3 P P - 1 090 —{E+aR). RT (22)
P Because alcR=m= const
R : 1070 a=Am - (E+aR)" - ¢ FRRD (23)
0 20 30 40 50
7 min Ina=1n(Am/ E+aR)—(E+aR)/ RT (24)

Fig. 2 Fraction 2 of SO, vs heating time ()
and temperature (7) vs time {7)
1. 2, 3— x— 1 of conventional heating with temperature
1.073 and 1.123 and [.173 K respectively: 4— x—t of
microwave irradiation in a nonisothermal state. temperature

1.070~1.170 K: 5—7—r of microwave irradiation
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Fig. 3 Plot of 2 vs 7 with microwave irradiation

The stoicheometric ratio of PbO / PbS is
2.1. and the concentrations of both sulfur and
oxygen may be considered as constants'' then

do/de=k -1 {16)
where [=N¢ - Ng=const.

k=Ae " X7 (17)

do/di=A -1 e % (18)

Plotting In o against 1/ 7. a straight line
is obtained and the activation energy is 142.76
kJ / mol. Comparing this figure to the activa-
tion energy of conventional heating. 190 or
181 kJ / mol [*¥, the former has been de-
creased. ‘

4 CONCLUSIONS

At lower temperature. the interaction be-
iween PbS and PbO can proceed rapidly with
microwave irradiation. which not only increa-
ses the reaction rate and decreases the energy
loss but also avoids the volatization of PbS
and PbO at high temperature. Therefore the
technology of extraction of Pb using muicro-
wave irradiation has positive significance for
innovating conventional technology and for
developing the application of microwave ener-
gy to metallurgy.
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