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Reaction rates based on the Boudouard reaction using a L angmuir-Hinshelwood type equation were analyzed to investigate
the effect of the heat treatment temperature on the reactivity of glasslike carbon made from furan resin with carbon dioxide.
Glass-like carbons were prepared from furan resin at 1000°C, 1500°C and 2000°C. Oxidation was performed in the range
from 925°C to 1100°C in a batch reactor. The binding energy of carbon-carbon in the glass-like carbon was found to increase
with increasing heat treatment temperature. Contrarily, the binding energy between carbon and oxygen in a functional group
was found to decrease with increasing heat treatment temperature. The oxidation resistance of glass-like carbons especially
those heat-treated at high temper atures was concluded to bereatively excellent compared with other carbons such as graphite
because the functional group containing oxygen was hard to form on glass-like carbon and the decomposition of the functional
group into carbon monoxide was thought to be difficult.
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I ntroduction structure is confirmed to be higher than those of gene-
ral artificial graphites [4]. This fact means that factors
Glass-like carbons have been thought to have a cell other than the crystal structure are strongly correlated
type structure with nano-sized closed pores. They have with the reactivity. However, the details of the factors
some excellent characteristics such as extremely low and reasons are obscure as yet.
gas-permeability, high chemicd stability, low density To clarity the intrinsic reactivity of carbon materials,
and relatively high mechanica strength. Because of kinetic analysis of reaction rates performed under the
these qualities which are important to there applications, condition where the chemica reaction is the rate-deter-
they are widely used for parts of semiconductor-mak- ming step is important. For the purpose, the application
ing tools, eectrodes, fuel cells, substrate of hard disks, of a Langmuir-Hinshelwood type equation (abbreviated
electro conductive jigs etc [1-3]. L-H equation) is considered to be essential [10-13].
It is well known that the oxidation resistance of The reaction rates of carbons such as artificial graphites,
glasslike carbons is relatively high compared with coals, and carbon blacks etc. with carbon dioxide and
other carbon materials and that the oxidation resistance water vapor have been analyzed using a L-H equation
increases with increasing heat treatment temperature by some researchers [14-20]. The authors of this paper
[4]. Also, effect for transitional metal oxides such as have reported the anaytical results of the reaction rates
TiO, and Ta,Os to enhance the oxidation resistance of of glasslike carbon with carbon dioxide using a L-H
glass-like carbon has been reported [5]. The reason equation [21]. We discussed the binding energies be-
given was that the transitional metals suppress the pro- tween carbon-carbon atoms and between carbon-oxygen.
duction of oxygen-containing functional groups formed In this paper, the effect of heat treatment temperature
on the surface [6]. The surface oxides forming during of glasslike carbon on the oxidation resistance is
oxidation are closdy connected with the oxidation investigated.
resistance [7]. The reactivity of carbon with oxidant
substances depends on the carbon structure. Carbon Experimental
with a high degree of graphitization is known to have a
high oxidation resistance [8, 9]. However, the oxidation Preparation of glass-like carbon
resistance of glass-like carbons having no graphitized Furan resin for the raw materia of glass-like carbon

was prepared from furfuryl acohol with p-toluene
sulfonic acid as a curing agent. Furfuryl alcohol was

*Conesponding auar. mixed with 0.3 wt% p-toluene sulfonic acid at room
Fax: +81-45-339-3957 temperature for 1h, then the temperature of the solution
E-mail: t-meguro@ynu.ac.jp was devated to 50°C whilst stirring. Three hours later,

12



Kinetics of gadification of glass-like carbons heat-treated at various temperatures with CO, 13

Programming rate (Kh™')
7 2 1020 100 50
1000 —

o0
=
=

—

500

Temperature (°C)

\

0 30 180 210 223 228 238
Time (h)

200

220

RT

Fig. 1. Hesting pattern for carbonization in nitrogen.

defoaming at room temperature was conducted in a
deaerator to eliminate as much as possible of the water
produced during polymerization. The solution was then
transferred into a flat vessel and cured at 50°C for 72h.
Through this process, a resin block with a size of
50%50x5 mm was obtained.

The furan resin was carbonized at 1000°C in nitro-
gen according to the heating pattern shown in Fig. 1.
The resulting carbonaceous product was heated up to
1500 and 2000°C and kept for 1h. The product was
crushed and grains with sizes of 20 to 30 mesh (250 to
315 wm) were used for the oxidation experiments. The
specimens heat-treated at 1000, 1500 and 2000°C are
hereinafter abbreviated as GC1000, GC1500 and
GC2000, respectively.

The specimens were characterized by measurements
of specific surface area, bulk density, interlayer spacing
and crystdline size. The specific surface area was
calculated by BET plots of the N, adsorption isotherm
measured at -196°C. The bulk density was measured
by the Archimedes' method using distilled water. The
average interlayer spacing dy, and the crystdlite size
L.(002) were determined from the (002) peak, respec-
tively, and the crystallite size L (110) was evauated
from the (110) peak in the XRD profiles.

Measurement of the Boudouard reaction rate

The Boudouard reaction means the reaction of carbon
with carbon dioxide to produce carbon monoxide as
expressed by equation (1):

C+CO, = 2CO )

The Rate of the Boudouard reaction was measured
using a batch reactor schematically illustrated in Fig. 2.
The major components of the apparatus are an electri-
ca furnace for oxidation, a device to measure the oxy-
gen potential pressure in the reactant gas, a circulation
system for the gas phase, and a gas supply system. A
flexible tedlar bag was attached to keep the gas phase
at atmospheric pressure, because the volume in the
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Fig. 2. Schematic diagram of the experimental gpparatus for
oxidation.

reaction system increases with the progress of the
Boudouard reaction. Diphosphorus pentaoxide was
used for perfect dehydration of the gas phase in the
reaction system.

After an adumina boat containing a 3.0g specimen
was placed in the center of the reactor tube, the reac-
tion line was evacuated and then carbon dioxide or
carbon dioxide plus nitrogen were introduced in the
reaction line through the gas supply system. The volume
of gasintroduced was estimated by measuring the pres-
sure of the gas stored. Then, the specimen was heated
to the prescribed temperature. The gas phase was kept
circulating during the reaction. The volume of the gas
introduced in the system was about 3.0 liter at room
temperature. The reaction was performed at temperatures
ranging from 925 to 1100°C.

As the reaction proceeded, the gas phase began to
contain carbon monoxide. In a gas mixture containing
carbon dioxide and carbon monoxide, the oxygen
potential Po, in the gas phase is determined by the ratio
of the partia pressures of carbon dioxide (Pco,) to
carbon monoxide (Pco). Therefore, the exact concen-
trations or the partial pressures of carbon dioxide and
carbon monoxide can be calculated from Po, in the gas.
The Po, was determined using an oxygen concentration
cell (stabilized zirconia was adopted). Air was used for
the cel reference. The amount of carbon gasified,
%burnt-off, was estimated through the initial amount of
carbon and Pco,. The reaction rate, R (%burnt-off/
minute™), was determined from the relation between
the reaction time and %burnt-off. The relationship be-
tween Pco, and %burnt-off/minute™® of the carbon
specimen was calculated to analyze the reaction rate.

Analysis of the Boudouard reaction rate by Lang-
muir-Hinshewood type equation
The reaction rates were applied to a L-H equation.
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The Boudouard reaction (1) is composed of two
elementary reactions (2) and (3) [12]:

C*+CO, % C(0)+CO @
C(0) ;3 CO+nC* (3
[CF]=[C*]+[C(O)] (4)

Here, C* indicates the active site to be oxidized and
i1, i» and i3 are the Kinetic rate constants. The reaction
(2) is caled the oxygen exchange reaction. It is known
that an equilibrium is easily attained [12]. In this
reaction, active carbon reacts with carbon dioxide to
form a surface oxide, C (O), and to release carbon
monoxide. The reaction (3) is the decomposition of the
surface oxide to produce carbon monoxide and active
stes. The tota active sites, Ct*, is expressed as
equation (4). Since the surface oxide concentration is
obtained by the theory of the steady state method
(d[C(O)]/dt=0) and equation (4), the reaction rate of
equation (1), R=i3g[C(Q)], is expressed as equation (5)
[12]:

e LIS oo, ©

1+2P o +1Pgg
I3 I3 7

Replacmg |1[Ct], iz/ig, and i1/i3 by Ky, Ks, and Ks
yields equation (6) which is called the L-H equation:

R= K1Pco2

1+K;PeotK3Peo,

(6)

Equation (7) is obtained from equation (6) under the
condition of Pco,+Pco=1(atm). Equation (7) shows that
1R and 1/Pco;, are linearly related. However, we cannot
solve the constants through linear plots of /R and 1/
Pco, because equation (7) has three constants. Then
another experiment is required to be conducted under a
different total pressure. In this study, oxidation was
performed in a reaction system containing nitrogen at
atmospheric pressure. The relation between /R and 1/
Pco, in equation (8) is not exactly liner, because PN,
changes as the oxidation proceeds. However, the inter-
cept of equation (8) isidentical to that of equation (7).
Since the region where the change of PN, can be
almost negligible gives a straight line as well, we can
thus determine the values of K;, K;, and K, through
experiments in the reaction systems (CO,-CO) and
(COZ' CO-N 2) .

(5_1+K2(LJ+K3—K2 @

Ky \Peo, Ky
1+K,—K,P, _
(RS STERNCES ®
Ky Pco, Ky
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These constants, K;, K, and Kj;, depend on the
reaction temperature. K, K, and K3, can be expressed
as equation (9):

i AL —Ekq

Kj(j=1,2,3) Akjexp[RgT 9

The kinetic constants, iy, i, and i; are expressed as
the following:

i,=AI 1exp[ RgT}[Ct* ]exp[ RgT} (20
. -Eiy7 (AkAky) 1 —Ek,—Ek,+EK,
'Z‘A'Zexp[RgT]‘ (Aky) [CtF] [ RgT }
(12)
. —Eig (Ak) 1 —Ek,+EK,
'3‘A'3exp[RgT}(Ak3>[Ct*1 RgT | @

Therefore, Ek;, Ek, and Ek; can be calculated from
equations (13), (14), and (15).

Ei 1= Ekl (13)
Ei 2= Ekl+Ek2—Ek3 (14)
Ei 3= Ekl— Ek3 (15)

The enthalpy change, AH, in the oxygen exchange
reaction expressed by equation (2) is evaluated from
equation (16). Also the formation enthalpy of the
surface oxide C(O), Hc(o), is calculated using equation
17).

AH=Ei 1—Ei 2:Ek3—Ek2 (16)

HC(O):AH_HCO+HC02+HC* (17)
Results and Discussion

Characterization of specimens prepared

The bulk density, BET surface area, interlayer spac-
ing and crystalline size are summarized in Table 1. The
bulk density dightly decreased with a rise of heat
treatment temperature. The BET specific surface area
considerably decreased between 1000°C and 1500°C.
The interlayer spacing aso dightly decreased and the
crystaline sizes increased with increasing heat treat-
ment temperature. Almost no difference between 1500
°C and 2000°C was observed.

Table 1. properties of glass-like carbon prepared in this study
specimen

Item GC1000 GC150 GC200
doce (NM) 0355, 0349 0345
L. (002) (nm) 145 22 2.3
L, (110) (nm) 300 29, 34,
Specificsurfacearea(m?/g) 2.1 14 13
Bulk density (g/cm?) 152 151 1.49
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Fig. 3. Relationship between burn-off and reaction time.
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Fig. 4. Typical linear plots of reciprocd reaction rate (U/R) vs CO,
partial pressure (1/Pco,).

Boudouard reaction rate and constants, K4, K, and
Ksin the L-H Equation

Figure 3 illustrates the relationship between burn-off
and reaction time. Since the oxidation was performed
in a batch reactor, the results of Fig. 3 cannot be direct-
ly applied to zero-order or first-order kinetics because
Pco, varies with the reaction time. The reaction rate R
at a specified time is determined from the tangent of
the curve at that moment.

Typical examples of relations between /R and 1/
Pco, areillustrated in Fig. 4. The region of the reaction,
a least in the linear portions, is believed to be in the
rate-determining step. Table 2 summarizes the results
obtained from the linear relations a various temper-
atures.

To compare the reactivity of the specimens, reaction
rates in eguation (6) were calculated using the con-
stants summarized in Table 2. A condition of Pco,+Pco
=1(atm) was adopted. The resultant reaction rates of

Table 2. properties of glass-like carbons prepared in this study
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Fig. 5. Boudouard reaction rates at various temperatures for
GC1000.
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Fig. 6. Boudouard reaction rates at various temperatures for
GC1500.
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Fig. 7. Boudouard reaction rates at various temperatures for
GC2000.

GC1000, GC1500 and GC2000 are shown in Fig. 5,
Fig. 6 and Fig. 7, respectively. In al specimens, the
reaction rates are confirmed to increase with increasing
reaction temperature. The reaction rates gradually de-

Specimen GC1000 GC1500 GC2000

Resaction temperature/°C 925 950 975 1000 1000 1025 1050 1100 1000 1025 1050 1100
K /%burnt-off-minute™-atm™ 8102 33808 0197 0898 0059 019 029 0848 0007 0.019 0.091 0.255
Kofatm™ 21.064 17263 2909 4133 1469 4863 6542 5971 3175 2099 1775 0538
Kg/atmv 11014 6.155 1073 3405 0097 0805 1112 1100 0491 1.040 3794 2076
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crease with decreasing CO, concentration and steeply
fall in the region of low partial pressure of CO,
indicating that CO inhibits the oxidation.

The results of the Arrhenius plots for Ky, K, and K3
are shown in Fig. 8, Fig. 9, and Fig. 10, respectively.
The value of K; becomes high as the reaction temper-
ature increases, and it increases with increasing pre-
paration temperature. A tendency for K, to decrease
with increasing preparation temperature is seen. The
temperature dependence on the K3 is considered to be
the same as K.

E, AH and HC(O)

The values of E, AH and H¢ (o) are shown in Table 3.
For reference, some reported values are summarized in
Table 4 [14-20]. Ei, is related to the temperature de-
pendence for the oxygen exchange reaction. As is clear
in Table 4, Ei; values of carbon black and activated
carbon whose oxidation reactivity is relatively high are
seen to be low [16-20]. However, natura graphite with
a low reactivity has high value of Ei; [14]. The values
of glasslike carbons examined in this study are
recognized to be higher than that of graphite. It has
been reported that the reactivity of glass-like carbon is
lower than that of natural graphite [4].

Ei, is the activation energy of the reverse reaction of
equation (2). Ei, decreases with the rise of heat treat-
ment temperature. The values of al specimens are
positive and smaller than those of Ei;. Since the reac-
tion of carbon dioxide with carbon is endothermic
reaction, Ei, must be smaller than Ei;. However, Lewis
et al. [15] reported that Ei; is amost equa to Ei, for

z _
f 4 e GCI500 - anthracite, and Bandyopadhyay and Ehosu [20] report-
g4 GC2000 A ed that Ei, is larger than Ei, for carbon from a coconut
8 3T shell-based carbon. Since the carbons [17-20] contain a
g aF - lot of minerals, the oxidation reaction mechanism can
.é L 4
— _\_\‘\_\__"._

2 1r . —m_ -
st :R'“*H “m Table 3. E, AH and He
'C"‘n ~ L ‘H-x = " " n
v 0 » \ j SpC|men Ei, Ei, Ei, AH HC(O)
S Y S s S T — kImol /kImol™ /kImol™ /kImol™ /kJmol™

0.7 0.75 0.8 0.85 GCl000 641 453 289 188 95
I/T x 1000 (K) GCIS00 563 342 338 21 -62
Fig. 10. Arrhenis plotsfor K3. GC2000 503 27 390 226 57

Table 4. E, AH and Hco) reported by other researchers

material El]_ E|2 E|3 AH HC(O)

Strange & Walker [14] Natural graphite 414 310 364 105 -178

Lewiset al. [15] Anthracite 136 135 205 13 -282

Menger & Ergun [16] Carbon black 222 151 243 71 -212

Ollero et d. [17] Olive 60 38 167 22 -212

Barrio and Hustad [18] Birch 165 21 236 144 -139

Rathmann et a. [19] Straw 100 -7 155 107 -176

Bandyopadhyay and Ehoush [20] Coconut 157 243 408 -86 -379
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not be discussed in detail.

The enthalpy AH of the oxygen exchange reaction
can be evaluated from the values of Ei; and Ei,. The
values of AH for GC1000, GC1500 and GC2000 were
calculated to be 188, 221, and 226 kJmoal. It is note-
worthy that the difference between 1000 and 1500°C is
large.

Based on the enthapy change, AH, in reaction (2)
and the formation enthapies of carbon dioxide and
carbon monoxide, the formation enthalpies of surface
oxide H¢o) Were calculated to be -95, -62, and -57 kJ
mol for GC1000, GC1500 and GC2000. Hco) express-
es the stability of C(O) in the oxygen exchange reac-
tion of equation (2). High vaues of formation enthal py
of the surface oxide indicate that the binding force
between the carbon of the active site and the oxygen
dissociated from carbon dioxide is strong [22]. The
values of glass-like carbons are very smal compared
with the other carbon materials as is shown in Table 4.
Therefore, the binding force between oxygen and
carbon of glasslike carbon is concluded to be very
wesk and then the surface oxide is very unstable. It is
thought that the functional group containing oxygen is
hard to form on glass-like carbon. Furthermore, since
Hc(o) increases with the rise of heat treatment temper-
ature, the functional group containing oxygen becomes
harder to form on glass-like carbon with the rise of heat
treatment temperature.

It is known that the edge plane of the graphite struc-
ture is more reactive than the basal plane[23, 24]. The
concentration of edges on the carbons hesat-treated at
lower temperatures is higher than that on the carbons
heat-treated at higher temperatures. Also this concen-
tration increases in the process of oxidation [25]. Since
carbons with high edge concentration contain many
functional groups, the reactivity of the carbons should
be reasonably high. Activated carbons are considered
to have a high concentration of edges. We can confirm
in Table 4 that Hc(g) of such activated carbons [15-19]
is relatively high and that of natura graphite [20] is
low. The glass-like carbons prepared in this study have
lower He(o) than that of natural graphite. The structure
of glass-like carbons is said to be cdl type [1] by
which the edge concentration is expected to be low.
The strain energy must be high because the plane has a
bent form. Furthermore, the strain energy becomes small
when glass-like carbon is heated at high temperatures
because the cell size is known to grow with increasing
temperature [26, 27]. This means that a functional
group is difficult to form on glass-like carbon. Then,
Hco) Of glass-like carbon is thought to become smaller
with increasing heat-treatment temperature.

The activation energy of equation (3), Eis, is consi-
dered to be proportional to the binding energy between
neighboring carbon active sites [28]. The specimens
GC1000, GC1500 and GC2000 have Eis values of 289,
338, and 390 kJmol, respectively. Ei; increases by 50

kJmol every 500°C of heat treatment temperature,
indicating that the binding energy becomes higher with
increasing heating temperature. Ei; of GC2000 is
amost the same as natural graphite, indicating that the
decomposition of the surface oxide is significantly
difficult.

In some of the thermodynamic parameters, Ei,, Eis,
and Hc(o) of glass-like carbon are found to be relatively
high compared with those of other carbons. The
Boudouard reaction of glass-like carbon doesn’t appear
to be easy to initiate because of the cell type structure
with low edge concentration. Since and the combi-
nation of carbon with dissociated oxygen is weak and
the binding energy between carbons of glass-like carbon
was estimated to be high, the functiona group contain-
ing oxygen was hard to form on glass-like carbon and
the decomposition of the functiona group into carbon
monoxide was thought to be difficult. These are the
reasons that the oxidation resistance of glass-like carbon
is excellent.

Conclusions

In this study, the relationship between heat treatment
temperature of glass-like carbon and the reactivity with
carbon dioxide was investigated. The main results and
conclusions are as follows.

1. Ei; and Ei, decreased and Ei; increased with
increasing heet treatment temperature. The binding energy
between carbons of glass-like carbon was considered to
become high with increasing heat trestment temperature.

2. AH of glasslike carbon considerably increased
between 1000°C and 1500 °C and remained unchanged
between 1500°C and 2000°C.

3. The binding energy of carbon with oxygen dis-
sociated from carbon dioxide on glass-like carbon was
estimated to be weak, and small values of the energy
compared with other carbon materials were established.

4. Since the combination of carbon with dissociated
oxygen is weak and the binding energy between carbons
of glasslike carbon was estimated to be high, the
functional group containing oxygen was hard to form
on glasslike carbon and the decompostion of the
functional group into carbon monoxide was thought to
be difficult. For this reason, the oxidation resistance of
glass-like carbon was concluded to be relatively high.

References

1. G M. Jenkins and K. Kawamura, “Polymeric carbons-
carbon fiber, glass and char”, (Cambridge University Press,
Cambridge, 1976) p.52.

2. Y. Suzuki, Tanso (the carbon society of Japan). 190 (1999)
293-299.

3. Y. Kuwabara, “New Introduction to Carbon Materids’,
(Carbon Socity of Japan, Redlize Inc., Tokyo, 1996) p.206.

4, GL.Tingey, 181, (12th Biennid Conf. on Carbon,
Extended abstract, Pittsburgh, 1975) p.3



18

10.

1.

12.

13.

14.

15.

16.

17.

. E. Yasuda, S. Park, T. Akatsu, and Y. Tanabe, J. Mater. Sci.
Lett. 13 (1994) 378-380.

. Y. Tanabe, M. Utsunomiya, M. Ishibashi, T. Kyoutani, Y.
Kaburagi, and E. Yasuda, Carbon. 40 (2002) 1949-1955.

. Q. Zhuang, T. Kyotani, and A. Tomita, Energy and Fuels.
9[4] (1995) 630-634.

. W.R. Smith and M.H. Polley, J. Phys. Chem. 60 (1956)
689-691.

. H. Marsh, D.A. Tador and JR. Lander, Carbon 19 (1981)

375-381.

JB. Lewis, “Modern Aspect of Grahite Technology”,

(Edited by L.C.F. Blackman, Academic Press, 1970) p.129.

PL. Walker, J., F. Rusinko, J. and L.G Eley et 4d.,

(Academic Press, New York, 1959) p.133.

S. Ergun and M. Mentser, “Chemistry and physics of

Crabon”, 1, (Edited By PL. Walker, J., Mercd Dekker

Inc., New York, 1965) p.203.

T. Meguro, and N. Torikal, Tanso (the carbon society of

Japan). 114 (1983) 110-118.

JF. Strange, and PL. Walker, J, Carbon 14 (1976) 345

350.

K.W. Lewis, E.R. Gilliland, and GT. McBride, J., Ind.

Eng. Chm. 41[1] (1949) 213-217.

M. Mengter, S. Ergun, US Bur Mines, Bull. 42 (1973) 664-

683.

P. Olleero, A. Serrera, R. Arjona, and S. Alcantarilla,

Biomass and Bioenergy 24 (2002) 151-162.

T. Hirasaki, T. Meguro, J. Tatami, T. Wakihara and K. Komeya

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

M. Barrio, and JE. Hustad, (Proceedings of the confer-
ence, Progress in Thermochemical Biomass Conversion,
Tyrol, Austria, 2000).

O. Rathmann, P. Hald, J. Bak, J. Billerup, E. Gjernes, J.
Felerup, and A. Olsen, (Riso-R-819[EN], Riso Nationa
Laboratory, Denmark, 1995).

D. Bandyopadhay, and A. Ghosh, Steel Research 67[3]
(1996) 79-86.

T. Meguro, T. Hirasaki, K. Komeya, and J. Tatami, J. Mat.
Sci. Soc. Jpn. 40 (2003) 35-41.

D.L. Biederman, (Ph.D. Thess, The Pennsylvania State
University, 1965).

JM. Thomas, and K.M. Jones, J. Nucl. Mater. 11 (1964)
236-239.

GR. Hennig, “Chemistry and Physics of Carbon”, 2,
(Edited By PL. Walker, J., Mercel Dekker Inc., New York,
1966) p.1

M. Nakamizo, and Y. Tamai, Tanso (the carbon society of
Japan). 117 (1984) 94-98.

J. Yamanaka, E. Yasuda, H. Migita, and Y. Tanabe,
Materials Transactions 42[3] (2001) 453-456.

K. Fukuyama, T. Nishizawa, and K. Nishikawa, Carbon 39
(2001) 2017-2021.

R.T. Yang, “Chemistry and physics of Crabon”, 19, Edited
By PL. Walker, J., Mercel Dekker Inc., New York, 1984)
p.164.



