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Abstract The paper focuses on the oxidation process of
sulfurized rust in crude oil tank. Firstly, one sort of rust was
put into the sulfurization and oxidation experimental
apparatus. The chemical compositions and phase of sul-
furized rust were analyzed by energy-dispersive X-ray
spectrometer—scanning electron microscope technique. The
result shows that the main contents are S, Fe and O and
give a short length of side and diamond appearance, and a
large pore size in structure. The oxidation of sulfurized rust
at ambient temperature was investigated, which transferred
from electrochemical reactions to chemical reactions. The
result of thermal decomposition experiment indicates that
the product of electrochemical reactions is ferrous sulfate.
Hereafter, the thermo-gravimetric/differential scanning
calorimetric (TG/DSC) technique was used to evaluate the
self-heating hazards of pre-oxygenized sulfurized rust. The
given TG/DSC curves at different heating rates are similar.
Every curve consisted of three weightlessness stages and
two weight gain stages. The corresponding apparent acti-
vation energy values, most probable kinetic model func-
tions and pre-exponential factor values were calculated by
the Flynn—Wall-Ozawa method, the Achar—Brindley—
Sharp—Wendworth method and the Kissinger method. The
final results described the complexity of oxidation process
of pre-oxygenized sulfurized rust.
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Introduction

As it is known, rust formed on the inside walls and respi-
ratory/safety valve inner cavity of tanks and pipelines
reacts with hydrogen sulfide at low-temperature, which
results in the formation of sulfurized rust in the process of
transportation and storage of crude oil and natural gas
[1-6]. In general, the principal iron sulfides of sulfurized
rust are FeS and Fe3;S, at normal temperature, and the
components of sulfurized rust are changed along with the
rising in temperature. The higher temperature leads the
transformation from FeS to Fe3S, and FeS, [7-9]. Tem-
perature rise brings about iron sulfides along the route

FeS — Fe;S; — FeS, (1)
Possible reactions are

3FeS + S — Fe3Sy (2)
FesS4 + 2S — 3FeS, (3)

Once exposed to the air, the sulfurized rust can lead to a
mass of heat release. If the generation of heat is faster than
the release, it may result in accumulating of the heat and
rising its temperature, finally fire and explosion accident
because of this sulfurized rust being an ignition resource
[8-10]. Some fire and explosion accidents have been
reported in the literature [6, 11]. The self-heating process
of sulfurized rust in the atmosphere has been studied in
detail. It is thought that the sulfurized rust which includes
mackinawite (FeS), greigite (FesS;) and pyrite (FeS,)
could react with oxygen as following [4, 5, 7, 8, 12]:
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4FeS 470, =2Fe,03 +4S0,, AH=—805kImol~"  (4)

4Fe3S4 + 250, = 6Fe, 03 + 16S0,, (5)
AH = —2100kJ mol ™"

4FeS; + 110, = 2Fe;03 + 850,, AH = —827 kI mol !
(6)

However, the oxidation process of sulfurized rust is very
complicated, and it could not be easily described as the three
equations at above. Besides, the literatures dealing with
thermal analysis for oxidation of sulfurized rust are devoid.
Dou [13] had made use of the Madhusudanan—Krishnan—
Ninan method and the master plot method to calculate the
apparent activation energy values, most probable kinetic
model functions and pre-exponential factor values, but the
temperature-programmed methods have not been applied to
study the details of oxidation process of sulfurized rust
widely. The temperature-programmed methods consist of
differential scanning calorimetric (DSC), TG and differen-
tial thermal analysis (DTA) [14-16].

In this research, the chemical compositions of sulfurized
rust are analyzed by precision instrument. The self-heating
process of sulfurized rust is studied at first, and combining
with the TG/DSC-FTIR (Fourier Transform Infrared
Spectroscopy) results the deeper analysis is developed.
After that, the apparent activation energies, the most
probable kinetic model functions and the pre-exponential
factors for the different stages of oxidation process are
determined on the basis of TG results with the usage of
integral and differential methods.

Experimental
Sulfurized rust preparation

The rust sample was collected from respiratory valve inner
cavity of a crude oil tank in Jinling Petrochemical Com-
pany, and its major ingredient was rust. The particle
diameter of the sample was ground to less than 250 pm and
dried at 120 °C for 6 h in an oven to remove water.
Before oxidation experiment, 10 g of rust sample was
sulfurized in the sulfurization and oxidation experimental
apparatus. The sulfurization and oxidation experimental
apparatus had the following four parts. Part 1 was the gas
supply section, which included air cylinder, nitrogen
cylinder, hydrogen sulfide cylinder and gas buffering and
flow rate control. Part 2 was the airflow rate and humidi-
fication measurement section, which contained a cone
bottle with water and flow meter. Part 3 was the sulfur-
ization and oxidation section, which involved a quartz tube
twined with an electric heating tape and thermocouple. Part
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4 was the tail gas monitoring, buffering and absorption
section, which was comprised of a SO, concentration
meter, an empty cone bottle and a conical flask with
sodium hydroxide solution. Figure 1 shows the sulfuriza-
tion and oxidation experimental apparatus.

Prior to the sulfurization, the 10 g sample was placed in
quartz tube that was fitted with glass wool plugs and taps at
both ends. Then the gas route was connected and gas tightness
of apparatus was checked. The air in apparatus was replaced
by high purity nitrogen from N, cylinder with only valves V2,
V4, V7, V9 open. The electric heating tape was wrapped
around the quartz tube to keep the sample at 35 °C because of
the operating temperature of crude oil tank ranging from 25 to
35 °C. Afterward, the sulfurization gas (made up of H,S and
N3, Vios: VN2 = 2:3) passed through the water at the rate of
500 mL min~! with valves V2, V3, V4, V5, V6, VO open and
other valves closed. This could make sure that the gas would
be saturated with water in a similar condition as found in the
crude oil tank. As none of the other gases was produced in this
process, the remainder of hydrogen sulfide was absorbed by
NaOH solution. After 6-h sulfurization, the sulfurized rust was
cooled till its temperature reached the ambient temperature. In
order to increase the accuracy of experiments, the sulfuriza-
tion of rust was repeated three times.

Oxidation of sulfurized rust in the atmosphere

After sulfurized rust preparation, two 10 g samples were
used for the oxidation experiment. Before oxidation, the
apparatus was filled with high purity nitrogen from N,
cylinder with only valves V2, V4, V7, V9 open for 15 min
till all the hydrogen sulfide had been exhausted. As one
sample reacting with wet air-like environmental conditions
in the field, the valves V1, V4, V5, V6, V8, V10 were open
and other valves closed. The other sulfurized sample was
dried at 80 °C for 60 min firstly with only valves V2, V4,
V7 open; meanwhile, N, was passed through the quartz
tube at the rate of 500 mL minfl; then, the dry sulfurized
rust was cooled down to room temperature. Subsequently,
the dry air flowed through the dry sulfurized rust with V1,
V4, V7, V8, V10 open and other valves shut. In order to
increase the accuracy of experiments, oxidation of the two
sulfurized rust were repeated three times.

The chemical compositions analysis of sulfurized
rust

The sulfurized rust obtained in sulfurization and oxidation
experimental apparatus was analyzed by the application of
energy-dispersive X-ray spectrometer (EDS)-scanning
electron microscope (SEM) technique in detail. Surfaces of
the randomized particles and the pressed disks of the sul-
furized rust were scanned, and the element compositions
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Fig. 1 Sulfurization and oxidation experimental apparatus

were determined with scanning electron microscope JEOL-
JSM-5600 equipped with a dispersive X-ray spectrometer
Noran Vantage DSI.

The energy-dispersive X-ray spectrometry analysis of
sulfurized rust is presented in Fig. 2, and combining with
the previous studies the corresponding possible chemical
compositions are listed in Table 1. Figure 3 shows that the
sulfurized rust gave a short length of side, diamond
appearance and a large pore size in structure that enhanced
the tendency of spontaneous combustion.

TG/DSC-FTIR test

Thermo-gravimetric (TG) and differential scanning
calorimetry (DSC) are the most commonly used techniques
in understanding the course of solid-state reactions. The
relative sensitivity of TG/DSC depends on the change in
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mass or enthalpy of the process [14]. In this study, TA
Instrument SDT-Q600 equipped with Nicolet 6700 FTIR
Spectrometer of Thermo Scientific was used for thermal
analysis at the temperature ranging from 30 to 900 °C in
both nitrogen atmosphere and air corresponding to the
sulfurized rust decomposition and oxidation; the N, and air
were at flow rate of 100 mL min~". For both the thermal
decomposition and the oxidation, the heating rates are 5,
10, 20 and 40 °C min~", respectively. The sample of sul-
furized rust for each experiment was about 5 mg.

Results and discussion
The curves of temperature versus time (0-1000 s) for

oxidation of sulfurized rust with moist air and dry air are
presented in Fig. 4. It is evident that the water in the
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Fig. 2 EDS of dry sulfurized rust
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Table 1 Chemical compositions of sulfurized rust 300 o
) Mosit air
Samples Elements Mass Possible ) Dry air
fraction/% components 8 50 1
[9)
Wet sulfurized Fe 78.75 S % 200 ~
rust S 21.25 F6203 qé_ 150
(6] 9.33 FeS ks
Fe;S, 100 -
FeSZ 50
——
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Time/s
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Fig. 3 SEM image of sulfurized rust

sulfurized rust and moist air accelerated the oxidation. The
reaction of wet sulfurized rust with moist air was violent
and rapid. As it is presented in Fig. 4, there were two rapid
self-heating stages in the oxidation process of wet sulfur-
ized rust with moist air, while dry sample reacted with dry
air slowly. For the oxidation of wet sulfurized rust with
moist air, the temperatures and times corresponding to the
ends of different self-heating stages are listed in Table 2.
And it also gives the peak temperature and the corre-
sponding time of oxidation process of dry sulfurized
sample with dry air.

In the oxidation experiment of wet sulfurized rust with
moist air, the vitriol fog was observed in the gas buffering
conical flask and a pungent odor identified to be SO, by pH
indicator paper. Figure 5 presents the temperature and SO,
concentration versus time for oxidation process of wet
sulfurized rust with moist air. Because of the SO, con-
centration reaching the max value of scale range
(4800 ppm), there is a flat in the curve of SO, concentra-
tion versus time.

According to Fig. 5, at the time of 83 s the double
derivative in time ¢ of temperature 7 equaled to zero and
the SO, occurred at 85 s simultaneously. The time SO,
occurring later 2 s may be as a result of the meter error
and the time allowed SO, flowing from quartz tube to
the meter. Considering the ending time of the first rapid
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Fig. 4 Temperature versus time for oxidation of sulfurized rust with
moist air and dry air

self-heating stage, the time that the double derivative in
time ¢ of temperature T equaled to zero and the time SO,
appearing, the other oxidation experiment was finished
to figure the reactions in the first self-heating stage.
Firstly, the wet sulfurized rust was oxygenized 80 s with
moist air. Then the pre-oxygenized sulfurized rust was
put in the SDT-Q600 for the thermal decomposition
experiment at heating rate of 5, 10, 20 and 40 °C min~"
from 30 to 900 °C in nitrogen atmosphere. The N, was
at flow rate of 100 mL min~'. During the thermal
decomposition of pre-oxygenized sulfurized rust, a gas
product occurred in the thermal decomposition according
to Fig. 6. An FTIR spectrum of the gas was measured at
the wavenumbers of 1135.72, 1163.62, 1346.49 and
1374.39 cm™ ! after 100, 50, 25 and 12.5 min, respec-
tively. As it is known that the infrared characteristic
absorbing peaks of SO, are in the range of 1401-1304,
1229-1071 and 2523-2461 cm™' [17], inhere the gas
product was determined to be SO,. The temperature of
thermal decomposition had been about 500 °C since the
wet sulfurized rust oxidation product was heated, and it
is the common knowledge that iron sulfate starts
decomposing at about 500 °C [18], from which it could
be inferred that one or some sulfates occurred because of
water existing in the wet sulfurized rust and the moist
air. As referred above, oxidation of dry sulfurized rust
with dry air was that slow and nothingness. Therefore,
the first rapid self-heating stage referred in Fig. 4 is
electrochemical oxidation reaction process, possible
reactions are [19]

FeS = Fe’™ + 8 + 3e

2FeS + 8H,0 = 2Fe*" + 2805~ + 16H" + 18¢ 8

FeS, = Fe** +28° + 3¢

—_— —~ —~
~— N Nt

FeS + 8H,0 = Fe’* +2S0;™ + 16H" + 15¢ (
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Table 2 Temperatures and the corresponding times of different stages during the oxidation of sulfurized rust

Time/s

2FeSO, + 0, 4 SO, = Fe,(SOy), 18)

Sulfurized Air Temperature at the end of first Time at the end of first Peak Time corresponding to
rust rapid self-heating stage/°C rapid self-heating stage/s temperature/°C the peak temperature/s
Wet Moist 80.06 61 286.2 685
Dry Dry None None 33.88 336
sulfate was for the latter. At about 500 °C, dissociation of
5000 - 4 300 ferric sulfate starts, which is deduced from the weight-
= 250 lessness on the TG curves. A summary of oxidation reac-
\& 4000 - o tions is written as follows [13, 19]:
c
S 200 % 0 —
S 3000 - % S*+ 0, = S0, (13)
= 2
8 150 & 4FeS + 70, = 2Fe;0; + 4S0, (14)
§ 2000 T ; 3 0
o emperature 100 @ S" + FeS = Fe$S, (15)
@ )
1000 A/‘ SQ,concentration | ¢ 4FeS, 4+ 110, = 2Fe,03 + 850, (16)
0 ; ; . 0 FeS; + 20, = FeSO, + S° (17)
0 500 1000 1500 2000 (

Fig. 5 Temperature and SO, concentration versus time for oxidation
of wet sulfurized rust with moist air

0, + 4H" + 4e = 2H,0 (11)
Fe’' + e = Fe’t (12)

Besides, four 10 g pre-oxygenized sulfurized rust sam-
ples were prepared for thermal oxidation experiments
ranging from 30 to 900 °C at heating rate of 5, 10, 20 and
40 °C min~ ", respectively, in air atmosphere. The curves
of simultaneous TG-DTG-DSC analysis for the oxidation
process of pre-oxygenized sulfurized rust in air at different
heating rates are exemplarily shown in Figs. 7 and 8, which
indicated the complexity of each oxidation process. At
diverse heating rates, the gained curves for oxidation pro-
cess of sulfurized rust samples were similar but with a little
difference. In general, increase in the heating rates results
in higher temperature values for the oxidation process.
According to Fig. 7, all the oxidation processes at different
heating rates could be broken up into five stages including
three weightlessness stages and two weight gain stages.
The obviously corresponding peaks could be found from
TG curves, which showed the oxidation of the pre-oxyge-
nized sulfurized rust, the formation and the decomposition
of sulfates.

Table 3 gives the mass loss and gain and corresponding
temperatures detected during the TG/DSC experiment at
various heating rates. In the two weight gain stages, it
could be thought that the generation of ferrous sulfate was
the major chemical reaction for the former and the ferric

2F€2(SO4)3: 2Fe, 03 + 6S0O; + 30, 19)

The methods used for analysis of the data obtained from
temperature-programmed experiments could be classified
as differential and integral methods, and the two methods
are sorted further on the basis of the data acquired from one
or more heating rates [14]. It is generally acknowledged
that methods in accordance with different heating rates lead
to more infallible results than those based on a single
heating rate.

In this study, both the differential method (Flynn—Wall—
Ozawa method, FWO) and the integral method (Achar—
Brindley—Sharp—Wendworth method, ABSW) had been
used for calculating the apparent activation energies, the
most probable kinetic model functions and the pre-expo-
nential factors corresponding to the five weightlessness or
weight gain stages. Moreover, the model-free method
(Kissinger method) was applied to ensure the apparent
activation energies and the pre-exponential factors more
accurately. Flynn—Wall-Ozawa method [15, 20, 21] was
used to quantify the dependence between the temperature
and the heating in the following equation:

AE E
lgfp=1g <RG(oc)> —2.315 - 0'4567ﬁ (20)
where f is heating rate; o is conversion ratio; A is the pre-
exponential factor; E is the apparent activation energy, J; R
is the gas constant, 8.314 J mol 'K~ G(a) is the integral
form of kinetic model function; T is temperature, K. For the
Achar-Brindley—Sharp—Wendworth method [22-24], the
equation is:
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Fig. 6 Infrared spectrogram of decomposition of pre-oxygenized
sulfurized rust at heating rate of a 5 °C minfl, b 10 °C minfl,
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Fig. 7 TG curves of pre-oxygenized sulfurized rust at different
heating rates

where f(«) is the differential form of kinetic model func-
tion. And the equation for the Kissinger method follows
[25-28]:

AR E

where T, is the peak temperature. Both G() and f(«) uti-
lized in the calculation of the apparent activation energies
and the pre-exponential factors have 41 types of kinetic
model function and one-to-one correspondence [29].

In order to determine the kinetic model parameters of
thermal oxidation processes of sulfurized rust, the curves of
conversion ratio verse reciprocal of temperature at different
heating rates in five weightlessness or weight gain stages
are presented in Fig. 9.

According to Fig. 9 and Egs. (20), (21) and (22), the
apparent activation energies and the pre-exponential fac-
tors for the diverse stages could be figured out with the
knowledge of G(), f(), 1/T, T, do/dT and f. In principle,
the kinetic model function would be ensured in conditions
of (a) the E and IgA values arranging from 80 to
250 kJ mol~! and from 7 to 30 s_l, respectively; (b) the
E and IgA values separately obtained from FWO method
and ABSW method being approximate; (c) good correla-
tion, linear correlation coefficient R> > 0.98, standard
deviation SD < 0.3; (d) the determined E and A from dif-
ferential and integral methods being close to the values
calculated from Kissinger method. Table 4 gives all
apparent activation energies and the pre-exponential fac-
tors for the different weightlessness and weight gain stages
which were computed from TWO, ABSW and Kissinger.
The most probable kinetic model functions corresponding



Analysis on oxidation process of sulfurized rust in oil tank

131

(a)
014 7 -020 7
[6) &)
0.12 °\ofo.15 2
010 & o
o 5010 3
< 0.08 5 <
5 S1005 =
= 0.06 = S
3 21000 =
i 004 & g
® 0.02 €.-0.05 <
3 02 o o
o -0.0281-0.15 §
100 200 300 400 500 600 700 800 900
Temperature/°C
(b)
100- 0.12 1020 _
084 0.10 (i 0.15 (3
& 0.08 % 0.10 2
S 96+ el oz
:‘_:i o 1 0.06 8, 0.05 z
i 004 21000 T
® 9o g 1)
] 002 £1-005<
= e o)
90+ 1000 S1-010Z
[0 [0)
88 -——————————————— 00201 -0.15 A
100 200 300 400 500 600 700 800 900
Temperature/°C
(c)
100- TG 101 1020 _
[6) O
0.12 o o1 o
2 010 & o
€ Slot 2
% 0.08 ~§ S
(] 0.06 =005 2
a 004 © o
s g1000 2
= 0.02 fo) @
© —
0.00 .2 0.05 g
[0 [0
88 -——m—————————————— -0.020! -0.10 O
100 200 300 400 500 600 700 800 900
Temperature/°C
(d) 05
100 + —TG 40.10 T 1 T
Q 1
98 A ——DSCj0.08 o104
2 = o
S 96 A {006 2103 =
Qo ©
5 S z
g 944 1004 =402 8
§ 92 | {002 £401 2
= 2 e
90 A l {000 8100 ©
Endo = =
[0) [0
T T T T T T T T 4-0.020 - -0.2 O
100 200 300 400 500 600 700 800 900

Temperature/°C

Fig. 8 TG-DTG-DSC curves of oxidation of pre-oxygenized sulfu-
rized rust at heating rate of a 5 °C min~', b 10°C min’,
€20 °C min~"', d 40 °C min™"

Table 3 Mass loss and gain and corresponding temperatures of TG
curves

Heating rate (f3)/°C min ™! 5 10 20 40

Ist mass loss stage

Initial temperature (7,;,)/°C 105 139 148 163
Initial mass (Wy.x)/% 98.33 98.66 98.64 98.61
Final temperature (7;,,x)/°C 194 204 214 228
Final mass (Wp,;,)/% 95.65 96.41 96.69 96.6
Ist mass gain stage

Initial temperature (7;,)/°C 198 208 216 233
Initial mass (Wy,.x)/% 95.65 96.41 96.69 96.6
Final temperature (7},,,x)/°C 303 309 317 324

Final mass (W;)/% 96.88 97.58 97.66 97.43
2nd mass loss stage

Initial temperature (7,;,)/°C 305 312 321 329
Initial mass (Wy.x)/% 96.88 97.58 97.66 97.42
Final temperature (7,,x)/°C 326 331 338 341
Final mass (Wp,;,)/% 96.03 96.81 97.04 96.61
2nd mass loss stage

Initial temperature (7,;,)/°C 346 354 375 382
Initial mass (Wy.x)/% 95.9 96.63 96.91 96.65
Final temperature (7,,,x)/°C 422 442 451 463
Final mass (Wp,;,)/% 96.65 97.24 97.28 97.08

3rd mass loss stage

Initial temperature (7;,)/°C 495 491 506 521
Initial mass (Wy,.x)/% 96.56 97.2 97.21 97.01
Final temperature (7},,,x)/°C 650 659 669 694
Final mass (Wyi,)/% 89.95 91.11 92.07 91.8

to different weightlessness and weight gain stages are
presented in Table 5.

On the basis of the study for the oxidation self-heating
process and the mechanism of sulfurized rust, the under-
standing of sulfurized rust oxidizing progress in the wild is
extended. In the initial stage of oxidation, electrochemical
reactions occur with the generation of ferrous sulfate;
however, as a result of reduction in water fraction in sulfu-
rized rust the reaction rate decreases gradually till disap-
pearance of water exists with no electrochemical reactions
any more. Meanwhile, a part of reaction exothermal heat is
absorbed by the sulfurized rust itself along with chemical
reactions arising, the oxidation of sulfurized rust falls into
the violent stage. According to the results of this research,
the stagnation temperature range at which electrochemical
reactions transfer to chemical reactions could be ascertained
and develop a new monitoring and early warning method for
operators in the field. Besides, the valid service life and the
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Fig. 9 Curves of conversion ratio verse reciprocal of temperature at different heating rates in the a 1st weightlessness stage of TG, b 1st weight
gain stage of TG, ¢ 2nd weightlessness stage of TG, d 2nd weight gain stage of TG, e 3rd weightlessness stage of TG

Table 4 Apparent activation energy and pre-exponential factor for the different weightlessness and weight gain stages

Stage Apparent activation energy/kJ mol ™’ Denary logarithm pre-exponential factor/s ™

1st weightlessness stage 105.1 102.7 105.3 11.65 11.36 11.53

Ist weight gain stage 251.9 245.7 285.2 24.02 23.41 25.92
2nd weightlessness stage 259.9 240.8 261.7 22.00 20.67 23.04
2nd weight gain stage 141.6 134.4 122.6 9.40 9.12 9.56

3rd weightlessness stage 239.7 258.5 240.1 13.97 15.08 13.95
Method FWO ABSW Kissinger FWO ABSW Kissinger
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Table 5 G(«) and f{«) for the different weightlessness and weight
gain stages

Stage G(2) So)

(1 -2

1st weightlessness
stage

3[1 = (1 — )]

Ist weight gain stage [~ In(1 — Oc)]3

2nd weightlessness 1—(1- 1)% 4(1 — )

stage

2nd weight gain stage | — %1 —(1— oc)%

3rd weightlessness —1In(1 — )
stage

optimum operating conditions of tank can be projected,
which is an inherent safety measurement to avoid the
emergence of fire and explosion.

Conclusions

For ascertaining the oxidation process of sulfurized rust
produced in crude oil storage tank, fundamental research
and experiments have been done.

The chemical compositions and phases of sulfurized rust
are proved to be intricate by EDS and SEM. The main
contents in sulfurized rust are S, Fe and O. The sulfurized
rust gives a short length of side, diamond appearance and a
large pore size in structure.

The oxidation of sulfurized rust with moist air is a
complex process consisting of electrochemical reaction at
first and then chemical reactions. In the initial stage, fer-
rous sulfate generated which could be demonstrated by the
occurrence of SO, at about 500 °C in the thermal decom-
position experiment of pre-oxidized sulfurized rust.

The TG/DSC curves for the pre-oxidized oxidation
reaction of sulfurized rust in air at different heating rates
are similar. Every curve could be divided into three
weightlessness stages and two weight gain stages. For the
weightlessness stage, the apparent activation energies for
the 1st to the 3rd are in 102.7-105.3, 240.8-261.7 and
239.7-258.5 kI mol ™!, respectively, the corresponding
most probable kinetic model functions are G(ax) =
3[1 — (1 —a)], G(a) =1 — (1 — ) and G(at)=—In(1—0),
and the pre-exponential factor 1gA are among 11.36-11.65,
20.67-23.04 and 13.95-15.08 s~' separately. For the Ist
weight gain stage, the apparent activation energy is in
245.7-285.2 kJ mol~', the most probable kinetic model
function is G(o)=|—In(1—o)]> and the pre-exponential
factor IgA is among 11.36-11.65 s~'. For the 2nd weight
gain stage, the apparent activation energy is in 122.6—
141.6 kJ mol ™!, the most probable kinetic model function

2
3

is G(a)=1-3x—(1—0)’ and the pre-exponential factor

IgA is among 9.12-9.56 s™'. The apparent activation
energies of the 1st weightlessness stage and the 2nd weight
gain stage are much lower than others which mean the
oxidation in these two stages more easily.
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