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Abstract

The oxidation kimetics of the three main components of the graphitie matrix; nuclear

grade natural graphite, petroleum coke graphite and carbon derived from thermoplastic

formaldehyde resin; were studied in a flowing gas mixture of oxygen and nitrogen, or in a

flowing Argon containing 1 vol % H2O. It is shown that the oxidation rate increases in the

order of the petroleum coke graphite, the natural graphite, and the resin carbon. High

temperature vaccum treatment of the natural graphite at 1950 *c decreases the impurities

and increases the oxidation activation energy. Differences between the activation energy

and the oxidation rate of the resin carbon heat-treated at 1950 and 1600"C is resulted from

the changs in the micro-pore texture and reduction of impurities.
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1. Introduction

Various active impurities, H2O, O2, CO and CO2 etc. presenting in He coolant^] under

the normal operation condition of HTGR, and accidental air or water ingress into the

primary circuit can result in chemical oxidation of the graphite matrix materials. The study

and analysis of the oxidation behaviour of the matrix materials is very important to the

design and the safe operation of HTGR.

Spherical fuel elements are made from 64wt % natural graphite, 16wt % petroleum

coke graphite and 20wt % resin as a binder.niP] The oxidation behaviour of the matrix is

directly related to the products produced from the three raw materials by the high
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temperature vacuum treatment ( at 1850 - 1950'C ) .The petroleum coke graphite (s.p.

graphite powder) is graphitized at a temperature higher than that of the heat-treatment of

the fuel element before being used as a raw material. Therefore, the heat-treatment in the

fuel manufacture element should have no influence on the impurity level and the structure

of the petroleum coke graphite, and should have influence on the natural graphite and,

particularly on the resin carbon. Chang et al.Pland Suuberg et al i6 ! reported the influence

of heat-treatment temperature on the oxidation kinetics of the resin carbon. The aim of the

present work is to investigate the oxidation kinetice of the three components of the matrix

materials and the influence of the heat-treatment on the oxidation behavior.

2. Experimental

Nuclear grade natural flake graphite, the petroleum coke graphite (s.p. graphite power)

and the resin carbon derived by high temperature treatment were used as specimens. The

distribution of particle sizes, impurities, degree of graphization, BET area, crystallite size

and ash content were determined.

A thermogravimetric system used for oxidation tests is shown schematically in Fig.1.

The oxidation kinetics of the three carbon materials was examined by iso-

thermogravimetric method at 400 - 725 "C in flowing gas mixtures of oxygen and nitrogen

at oxygen partial pressure of about 20 kPa, total pressure 107 kPa and flow rate 76 - 250

mL / min, or at about 1000°C in a flowing Argon containning 1 vol % H2O.

A regression analysis of the data gathered by a computer was used to obtain mass as

a function of time, m ( t ) . The oxidation rate at a certain time can then be expressed as :

_ _ 1 dm(t)

m dt

where m is the mass of the specimen at the time, t.

It is well known that oxidation rate of carbon materials is closely related with bumoff.

The computerized data regresion analysis can handle large amounts of data with a wide

range of burnoff.

3. Results and Discussion

3.1 Oxidation rate as a function of bumoff

The oxidation rate of the natural graphite is plotted in Fig.2 as a function of the bumoff.

The oxidation rate increases gradually at the beginning and then decreases after reaching a

maximum rate. It can also be seen that the oxidation rate is roughly stable in the range
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Fig.2 Oxidation rate of the natural graphite

353



near the maximum rate. The stable range of the oxidation rate corresponds to a burnoff of

about 3 %.

The oxidation rate of the petroleum coke graphite as a function of the buroff is shown

in Fig. 3. The oxidation rate gradually increases with bumoff at the beginning and reaches

a stable reaction rate at a bumoff in the range from 2.5 to 25 %.

The oxidation rate of the resin carbon after heat-treatment at different temperatures

increases sharply at low values of the burnoff. As Fig. 4 shows, the oxidation rate of the

resin carbon heat-treated at 1950*C increases rapidly at low burnoffs, then move slowly

with the burnoff increases, and finally reaches a stable value. However, the oxidation rate

of the resin carbon treated at 1600X continues to rise with the bumoff and is much higher

than that of the resin carbon treated at 1950*c at the same bumoff. The oxidation of resin

carbon treated at temperatures lower than 1600'C is similar to that at 1600'C.

The change of the oxidation rate at different the burnoffs results from the variation of

the BET area (Table 1) . For gas-solid reactions, increasing BET area enlarges the gas-

solid interface where the reaction occurs. As a result, there are more active sites for the

gas-solid reaction so the gas-solid reaction rate increases.

Most of the BET area for natural graphite powder is on the outer geometric surface of

the particles because of the high crystallinity and low porosity. Therefore, its BET area is

lower than for the other carbon materials and does not change much during oxidation.

When the oxdiation occurs at low burnoff, carbon atoms are removed from the surface and

X 6

-I

2

725'C

700 "C

O2 pai lial pressure 11.9 kPa

(low-rate 76-25OmL/min

0 10 20 30

Fig. 3 Oxidation rate of the petroleum coke graphite
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Fig.4 Oxidation rate of the resin carbon

heat-treated at 1950°C and 1600°C

some closed pores are opened. As a result the oxidation rate increases due to the

increasing of the BET area. However, when oxidation occurs at high burnoff, the micro-

pores are enlarged as the pore wall is oxidized while, at the same time, the outer

geometric surface of the particles decreases. Therefore, the oxidation rate decreases as

the BET area decreases. The above two processes approach temporary equilibrium in the

oxidation rate at about 3 % of burnoff.

The oxidation reaction of the petroleum coke graphite has a much smaller change in

the BET area. Therefore, there is less difference between the oxidation rates at low burnoff

and in the the stable range.

Comparison of the oxidation kinetics data for the three carbon materials shows that

the petroleum coke graphite has the lowest oxidation rate followed by the natural graphite

and then the resin carbon with the highest oxidation rate. In addition, the difference

between the oxidation rate of the resin carbon and the other two types of graphite

increases at higher burnoff.

3.2 Oxidation activation energy

The Arrhenius curve, plotted for a bumoff of 3 % , for the natural graphite powder is

shown in Fig. 5. Fig.6 represents the Arrhenius curve, plotted at the final stable rate, for the

petroleum coke graphite powder.
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Table 1 BET area as a function of the bumoff during oxidation (m2/g)

Burnoff ( % )

Natural graphite

petroleum coke graphite

Resin carbon

heat-treated at

800 *C

1450'C

1600'C

1950-C

0 5

0.820 0.849

1.54

294.20

9.02

10.30

17.00 159.5

8.5 30

1.59

441.9

349.9

35 37

1.60

481.4

0.265

Geometric

surface area

0.325

0.335

h 2

natural graphite

E« = 157.8 kJ/mol

1.2 1.4
103K/T

1/5

Fig. 5 Arrfienius curve for the natural graphite
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Fig.6 Arrhenius curve for the petroleum

coke graphite

The Arrhemius equations can be expressed as following:

natural graphite r= 1.712 * 1fJi1exp (-157800/RT) m g / g • h

petroleum coke graphite r = 1.67 x 1013exp (-208300 / RT) mg / g • h

where R = 8.314 J /mo l • K

the activation energies are 157.8 kJ / mol and 208kJ / mol, respectively.

A mass-spectrometer analysis of the materials indicates that the amount of the most

active catalysts for the carbon-oxygen reaction including, Na, K, Ca, Cu, Ti, Fe, Mo, Cr,

etc. is greater in the natural graphite , > 2 x 10"5 . The activation energy s.p. natural

graphite (total impurity content < 5 x 10"6 ) is about 209-251 kJ / moll5!. Therefore the

activation energy of the natural graphite used in the tests is lower as a result of the impurity

catalysis.

For the petroleum coke graphite, only the silicon content is large 2.8 x 10"6, while the

amount of other impurities is very low. The total content of the most active catalysts

including Na, k, Ca, Cu, etc. is less than 1 x 1O«. The activation energy of 209 kJ / mol
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obtained from the Arrhenius curve for the petroleum coke graphite indicates that its

oxidation is not affected by the catalysis.

Since there was no stable oxidation rate occuring during the oxidation of the resin

carbon heat-treated at < 1600'C, the Arrhenius curves are plotted using the oxidation rates

at a burnoff of 5 % to compare the activation energies of the resin carbon treated at

different temperatures, Fig. 7. Their oxidation activation energies are 117kJ / mol and

84kJ / mol, respectively. If the activation energy of the resin carbon treated at 1950'C is

calculated using the stable oxidation rate, the Ea is 142 kJ / mol. This corresponds to the

value for atoms at the edge of defects in the base plane. t6l

3.3 Influence of heat-treatment on oxidation behaviour

0
] 1.2 1.4-

i o 3 K / r
Fig. 7 Anhenhis curve tor the resin carbon

heat-treated at 1950°C and 1600 °C

Fig. 8 shows the Arrhenius curve for the oxidation for the natural graphite that was

vacuum heat-treated at 1950*C. The activation energy is 182kJ / mol. As mentioned above ,

the oxidation activation energy of natural graphite without heat treatment is lower due to

impurity catalysis. But after vacuum heat-treatment at 1950 *C, the natural graphite was

purifed by volatilization of some impurities. The impurity catalysis decreases and the

activation energy increases.

358



10

9 -

8

° 7
x

natural graphite

treated at 1950°C

5 L

1.1 1.2

103 K/T

1.3

Fig. 8 Arrhenius curve for the natural graphite

heat-treated at 19503C

The activation energies for resin carbon after heat treatment at different temperatures

are summarized in Table 2. The activation energies of resin carbon heat treated at

temperatures from 800 - 1600'C show little variation and are all about 84 kJ / mol.

Table 2 Oxidation activation energy for resin carbon

(evaluated at a burnoff of 5 %)

heat-treatment temperature, T/"C 800 1400 1450 1500 1550 1600 1950

Ea (/kJ/mol)

A (/nig • g"1 • h"1)

75.4 85.8 84.6 83.7 82.9 85 117

2.5x107 4x10 7 3.2«107 2.6x107 2.2*107 2 J x 1 0 7 1.1 * 109

The ash content in the resin carbon after heat treatment is summarized in Table 3. The

impurity content of the resin carbon treated at temperatures from 800 - 1600 *C remains

basically constant. The result is in agreement with that of Chang et al.PJ Therefore the

activation energies of the resin carbon treated at temperatures 800 - 1600 'C should be

essentially constant.
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Table 3

heat-treatment temperature T/°C

ash /10-6

Ash content of the resin

800

160

1400

166

1450

169

carbon

1500 1550

159 135

1600

170

1950

<40

The data in Fig. 9 and Fig. 10 shows that for resin carbon the oxidation rate decreases

as the heat-treatment temperature increases. The decreased oxidation rate after heat

treatment in the temperature range of 800 - 1600°C doses not result from the reduction of

the catalysis (Table 3 ) but from changes in texture the including the crystal and micro-

60

40

O2 partial pressure 21 kPa

525 V,'oxidation

1600"C

JO 20 30 •10 50

Fig.9 Oxidation rate of Ihe resin carbon heat-treated

iu the temperature range of 800-1600°C

pore structure. Variation in the structrure can affect the activity. For example, it has been

proven that the reaction activity for atoms in the base plane is lower than that of atoms at

an edge of a crystal.t5l

It is generally recognized that the reaction rate decreases for higher values of La / Lc.

As Table 4 shows, the value of La / Lc of the resin carbon does not increase with the heat-

treatment temperature. Therefore, reduction of the reaction rate in this temeprature range

does not resulte from the changes in crystal texture.

The micro-pore texture of the resin carbon can be characterized by its BET area. As

Table 1 shows, the BET area after the oxidation of the different types of resin carbon is
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Table 4 Crystallography data for resin carbon

heat-treatment temeprature T/'C 800 1400 1450 1550 1600 1950

Lc/nm

La/nm

La/Lc

0.3951

0.895

9.12

10.2

0

1

.792

.14

0.3731

1.23

15.9

12.9

0.3664

1.33

17.8

13.4

0.3536

1.929

18.3

9.49

0.3471

2.68

21.1

7.87

much larger than the geometric surface area, by up to 3 orders of magnitude. In addition,

the BET area of the resin carbon after oxidation decreases with increasing heat-treatment

temperature, Table 1. Therefore it can be concluded that only changes of the micro-pore

texture result in changes of the oxidation rate in the range of 800 - 1600X:. However, the

difference between the oxidation rate of the resin carbon at 1950X: and 1600 "C resulted

from the reduction of the impurity level as well as changes in the micro-pore texture.

4. Conclusion

• For the three matrix material components the oxidation rate of the petroleum coke

graphite was the lowest followed by the natural graphite and then the resin carbon with the

highest oxidation rate.
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• Vacuum heat-treatment at 1950'C increases the oxidation activation energy of the

natural graphite by decreasing of impurity catalysis. However, both the impurity levels and

changes in the micro-pore texture play a role in the variation of the oxidation rate and

activation energy for resin carbon.

REFERENCES

[ 1 ] Hrovat M, Nickel H, Koizlik K. Ueber die Entwicklung eines Matrixmaterials zur

Herstellung gepresster Brennelemente fuer Hochtemperature-Reaktoren Juel 969-RW,

1973.

[ 2 ] Schulz R. -E, Schulz H. A, and Rind. W. Graphitic Matrix Materials for Spherical

HTR Fuel Elements Juel-spez-167,1982.

[ 3 ] Chang H W, Rhee S K. Carbon, 1978,16:17-20.

[ 4 ] Suubery E M, Wojtowicz M, Calo J M. Carbon, 1989, 27:431-440.

[ 5 ] Lewis J B. Thermal Gas Reactions of Graphite, in Modem Aspects of Graphite

Technology, New Yok, Academic, 1970,129-199.

t 6 ] Yang R T. Etch-decoration Electron Microcopy Studies of the Gas-Carbon

Reactions, in chemistry and physics of carbon, Vol 19, 1984,163-210.

362


