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Abstract -  Thermal analyses were conducted in a thermogravimetric analyzer by isothermal techniques in order 
to characterize the carbon-nitrogen oxide reaction. The carbon samples employed in the present study were SP-1 
graphite and Micro 450 graphite. Carbon-NO and carbon-N20 reactions were carded out in a temperature range of 
550-900 ~ and 5-20 kPa of the partial pressure of reactant. In the NO reaction, reaction orders with respect to NO 
concentration and activation energy were 0.46-0.92 and 85-102 kJ/mol, respectively. The rate on the monolayer 
edge was higher than the rate on the multilayer edges. In the N20 reaction, reaction orders with respect to N20 con- 
centration and activation energy were 0.55-1.35 and 167-190 kJ/mol, respectively. 
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I N T R O D U C T I O N  

Increasing environmental concern has led to numerous stu- 
dies about removing nitrogen oxides from flue gases [Yaver- 
baum, 1979; Park et al., 1986; Sloss et al., 1992; Hong et al., 
1997]. One such study involves the decomposition of nitrogen 
oxides to N2 by reacting with carbon. 

The reaction of carbon and nitrogen oxides has also at- 
tracted interest for the modelling of a coal combustor where 
the nitrogen oxides in the exhausted gas react with the un- 
combusted coal particles [Feng, 1996]. Especially, the NO 
content of flue gases in the fluidized bed combustor (FBC) 
is reduced by a reaction with entrained coal particles at free- 
board conditions. But because the FBC is operated at a re- 
latively low temperature compared with a pulverized coal 
combustor, the FBC has been identified as one of the major 
contributors to the anthropogenic emission of nitrous oxide. 
Nitrous oxide also contributes to deepening of the green- 
house effect and plays an important role in the depletion of 
the ozone layer [Rodriguez-Mirasol et al., 1994]. And the 
reaction of  carbon and nitric oxide is also one of the basic 
reactions for the technology of nitric oxide reduction through 
reburning of exhaust gases in a fuel-rich environment [Butch 
et al., 1991; Chen and Ma, 1996]. 

Much research [Illan-Gomez et al., 1996; Furusawa et al., 
1985; Chart et al., 1983; Suzuki et al., 1994] about the reac- 
tion mechanism of carbon and nitrogen oxide has been con- 
ducted by the measurement of gas conversion in a fixed 
bed, but little has resulted [Teng et al., 1992; Degroot and 
Richards, 1991] on the solid conversion of graphite in TGA. 
In the case of the fixed bed study, secondary reactions have 
positively contributed to the total conversion of nitric oxide 
according to the bed thickness. Actually, Aarna and Suub- 
erg [1997] indicated that the reactivities derived from fixed 
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bed results in the high temperature regime are consistently 
higher than those derived using the TGA technique. 

The purpose of  this paper is to present the results of in- 
trinsic reaction rate of graphites with NO and N20 by use 
of TGA. 

E X P E R I M E N T A L  

The apparatus used for measuring the reaction rate was a 
Chart 1000 thermogravimetric analyzer (TGA) which had a 
minimum sensitivity of 0.5 Bg. Two graphite samples (SP-1 
and Micro 450) were used to examine the effects of the sur- 
face area of  a basal plane and an edge plane on the reaction 
rate. The impurities for these two graphite samples were 
<100 ppm and 0.95 %, respectively. The samples were disk- 
shaped. Chen and Yang [1993] measured the average particle 
size by using a scanning electron microscope (SEM) and BET 
apparatus by the standard N2 adsorption method, as shown in 
Table 1. 

The experimental conditions were as follows: The reac- 
tion temperature was isothermal in the range from 550 ~ to 
900 ~ and the partial pressures of nitric oxide or nitrous 
oxide were varied between 5 kPa and 20 kPa. The concentra- 
tions of the reaction gas were varied by mixing of pure ni- 
tric oxide or nitrous oxide (min 99.0 %) and ultra high pur- 
ity helium gas (99.999 %). The water as impurity in the gas 
stream was removed by a trap of calcium sulfate anhydrate, 
and the residual oxygen was removed by a preheater quartz 
column packed with copper turnings maintained at 800~ 
(initial oxidation temperature of copper turnings was 520 ~ 

Table 1. Graphite samples 

Sample BET (m2/g) d Q.tm) h (~tm) A~ (m2/g) A2 (m2/g) 

SP-1 2.01 33 0.46 1.95 0.054 
Micro 450 18.90 2.05 0.05 18.01 0.89 

d=diameter, h=height, Al=basal plane area, Az=edge plane area 
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from TGA measurements). 
Before the reaction rate was measured, the graphite sam- 

ples (about 6-7 mg) were degassed at 120 ~ in a flow of he- 
lium gas for several hours in order to remove the physically 
adsorbed gases. Then the furnace of TGA was heated at a con- 
stant heating rate (20 ~ to the final experiment temper- 
ature. At the final constant temperature the pre-mixed reac- 
tion gas flowed into the TGA, and graphites were isother- 
mally reacted with reaction gas. To study the effect of the in- 
ifial surface area of graphite on the reaction rate, we used only 
reaction rates from 0 % to 10 % bumoff. 

RESULTS AND DISCUSSION 

1. Reaction Rate on the Different Bases 
There are three other ways to express the NO-carbon reac- 

tion rate. They arc based on (1) per unit mass, (2) per unit 
external (or geometric) surface area, and (3) per unit internal 
(total) surface area [Yang and Steinberg, 1977]. Also, there 
are many other ways to express the reactivities of NO (mass 
or molar) from a fLxed bed experiment. These are based on 
(1) per unit volume of NO gas, (2) per unit reactor volume, 
(3) per unit mass of carbon, and (4) per unit carbon surface 
area [Aarna and Suuberg, 1997]. 

In the case of graphite, the valence electrons of carbon 
permit trigonal and n bonding between each atom and its 
three neighbors. Such bonding results in the formation of a 
two-dimensional hexagonal lattice. The binding between car- 
bon atoms in the same sheet is covalent, i.e., strong, whereas 
the binding between successive sheets is of van der Waals 
type and hence, weak. Therefore the reactivity of a basal 
plane formed by tr bonding is different from the reactivity 
of an edge plane formed by 7r bonding. 

It is clear that vacancies and edge sites on graphite surfa- 
ces are active sites and that only these sites contribute to the 
gasification reaction. Therefore, Yang and Wong [1981] ex- 
pressed the reaction rate data from the TEM experiments to 
the turnover frequency (TOF), i.e., rate per active site. 

TOF (atoms ~asified / 
edge atom. sec J 

atoms gasified/time 
AE• C/edge plane surface areas 

where atoms C/edge plane surface areas=0.120 C/A z 
Mass reduction data from TGA experiments can be easily 

converted to TOF by Avogadro number. 
r~ for Micro 450 was 3-3.5 times greater than ri for SP-1, 

but rE, r3, and TOF for Micro 450 were smaller than those 
for SP-1. Espexhally r3 and TOF for SP-1 were 3-5 times great- 
er than those for Micro 450. The ratio of a basal plane sur- 
face area to an edge plane surface area (A#A2) was 36.11 for 
SP-1 and 20.24 for Micro 450. Therefore SP-1 was more af- 
fected by the lattice faults of the basal plane than Micro 450. 

The edge plane surface area of Micro 450 was 16 times 
greater than that of SP-1, but r] for Micro 450 was only 3-5 
times faster than r~ for SP-1. 

If only the edge plane surface was used for the Micro 450 
and NO reaction, it was expected that the maximum 6-12 % 
basal plane for SP-1 was composed of the lattice faults in 
order to the same r3 or TOF for SP-1 and Micro 450. 

For the C-O2 reaction, the rate on the multilayer edge was 
reported to be about 100 times greater than that on the mo- 
nolayer edge due to the cooperative effect. But for the C- 
C O  2 reaction, the TOF on the monolayer edge was about four 
orders of magnitude greater than the TOF on multilayer edges 
[Yang, 1984]. It can be predicted from the present studies 
that the rate on the monolayer edge was higher than that on 
the multilayer edges in the C-NO reaction, because the Mi- 
cro 450 graphite containing more multilayer characteristics 
exhibited a lower TOF than the TOF for SP-1 graphite. This 
was opposite to Chu and Schmidt's [1993] result, in which a 
multilayer pit compared with the nearly monolayer pits reveal- 
ed relatively greater reaction rate at low pressure (below 0.1 
arm). 
2. Rate Parameter for NO Reaction 

The effect of reaction temperature on the NO and gra- 
phite reaction at 9.5 kPa NO is shown in Fig. 1. TOF can 
be expressed as the following equation. 

TOF = ko e x p ( -  E/RT) CNO 

where ko is a frequency factor and CNo is the partial pressure 
of NO (concentration of NO). 

The activation energy of SP-1 graphite was 102 kJ/mol and 
that of Micro 450 was 85 kJ/mol. The frequency factor was 
2.623 • 106(sec - atm)-t  for SP-1, and 1.063 • 105(sec �9 atm)- 

Table 2. Reaction rate on the different bases 

Temperature CC) 
r lx 100 (min -~) r2• 100 (g/m2-hr) r3• 100 (g/m2-hr) TOF (sec -~) 

SP-1 Micro 450 SP-1 Micro 450 SP-1 Micro 450 SP-1 Micro 450 
550 0.051 0.16 3.44 0.04 
600 0.024 0.127 0.72 0.40 26.7 8.56 0.31 0.10 
650 0.051 0.169 1.52 0.54 56.7 11.39 0.66 0.13 
700 0.102 0.313 3.03 0.99 112.8 21.07 1.31 0.25 
750 0.149 0.568 4.45 1.80 165.6 38.29 1.92 0.45 
800 0.218 1.137 6.51 3.61 242.2 76.62 2.81 0.89 
850 0.410 1.389 12.24 4.41 455.6 93.61 5.29 1.09 
900 1.220 36.27 1350.0 15.67 

where rl : reaction rate based on weight (g carbon/g carbon, min) 
r2 : reaction rate on total surface area (g carbon/m 2. hr) 
r3 : reaction rate based on edge surface area (g carbon/m 2. hr) 
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for Micro 450. In Aama and Suuberg's [1997] results, the 
kinetics of the NO-carbon reaction was found to be a two- 
regime Arrhenius behavior, with the activation energy of  
the low temperature regime being typically less than 100 kJ/ 
mol, and the activation energy of the high temperature regime 
generally being considerably in excess of this value. 

Fig. 2 shows the effect of NO partial pressure on the reac- 
tion rate of NO with SP-1 graphite for different reaction tem- 
peratures. The reaction orders with respect to NO were 0.75 
(800 ~ 0.67 (750 ~ and 0.46 (700 ~ Also the reaction 
orders with respect to NO for Micro 450 graphite were in the 
range from 0.67-0.92. 

Reaction orders of 1 and below 1 with respect to NO have 
been reported by many researchers. In the review of Aama 
and Suuberg [1997], the reaction orders with respect to NO 
in the condition of NO partial pressure from 0.001 kPa to 
10.1 kPa were in the range from 0.22-1. The range of NO 
partial pressure for this study was between 5 kPa and 20 kPa, 
and the reaction order with respect to NO was below 1. 
3. Rate Parameter for NzO Reaction 

Fig. 3 shows the effect of reaction temperature on the re- 
action rate of N20 and graphites at 11.5 kPa N20. The acti- 
vation energy of SP-1 graphite was 190 kJ/mol and that of  
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Micro 450 is 167 kJ/mol. The activation energy of Micro 
450 graphite is lower than that of SP-1 as shown in the case 
of  NO reaction. The reported activation energies vary be- 
tween 40 and 280 kJ/mol lTeng et al., 1997], The frequency 
factor was 1.52x 1011 (see.arm) -1 for SP-1, and 1.93x 109 

(sec-atm)-~ for Micro 450. The activation energy and the fre- 
quency factor revealed characteristics of  the compensation 
effect. 

Fig. 4 shows the reaction rate of Micro 450 with N20 gas 
in the partial pressure range between 6.6 kPa and 16.7 kPa. 
The reaction orders with respect to N20 are 1.35 (800~ 
1.04 (750 ~ and 1.06 (700 ~ Also the reaction orders for 
SP-1 graphite are in the range between 0.55 and 1.03. The 
reaction order with respect to N20 pressure for N20-carbon 
reaction was reported to be between zero and unity [Teng et 
al., 19971. 
4. Variation of the Reaction Rate with Oxidant 

The combustion reaction of  graphites in the oxygen par- 
tial pressure of 9.6 kPa was conducted to compare with the 
NO and N20 reactions. Fig. 5 shows the reaction rate for 
Micro 450 graphite with several gases normalized to a par- 
tial pressure of  10.1 kPa. In the case of the combustion reac- 
tion, the reaction region is converted from a chemical reac- 
tion region to a gas diffusion control region at 700~ But 
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in the case of the N20 and NO reactions, the variation of 
control region did not appear. 

The activation energy and the frequency factor for com- 
bustion reaction below 700~ were found to be 149.2 kJ/ 
mol and 1.16• 10 9 (atm-sec) -~, respectively. The activation 
energy for the combustion reaction is higher than that of the 
NO reaction (85 kJ/mol), but is lower than that of the N20 
reaction (167 kJ/mol). The results show that the reaction rate 
in the combustion below 700 ~ decreases in the order 02> 
NO>N20. But above 700 ~ the reaction rate of N20 is fast- 
er than that of NO. 

DeGroot and Richards [1991] determined the rates of gasif- 
ication of cellulose char (HTr  1,000 ~ in the temperature 
range 400-600~ in 0.1 atm of oxygen, N20, and NO, re- 
spectively. The results showed that the overall reactivity in 
gasification decreases in the order O2>NO>N20. Chu and 
Schmit [1993] studied by STM to obtain the noncatalytic 
reactivities of NO2, NO, N20, and O2 with graphite between 
400 ~ and 700 ~ The rate of basal plane abstraction de- 
creased in the order N20>NO>O2. Moulijn and Kapteijn [1995] 
reviewed the gasification of peat char by oxygen-containing 
reactant molecules between 450 ~ and 650 ~ 02 was most 
reactive followed by N20 which is about as reactive at low 
temperature, and NO was less reactive. 

CONCLUSIONS 

1. The rate on the monolayer edge was higher than the 
rate on the multilayer edges in the C-NO reaction. 

2. The activation energy for the SP-1 graphite and NO 
gas reaction was 102 kJ/mol, and that for Micro 450 was 85 
kJ/mol. The frequency factor was 2.623 x 106(sec �9 atm)-' for 
SP-I, and 1.063• 105(sec.atm) -1 for Micro 450. The reac- 
tion orders with respect to NO for SP-1 graphite were in the 
range of 0.46-0.75, and that for Micro 450 graphite were in 
the range from 0.67-0.92. 

3. The activation energy for SP-1 graphite and N20 reac- 
tion was 190 kJ/mol, and that for Micro 450 was 167 kJ/ 
mol. The frequency factor was 1.52• 101X(sec-atm) -1 for SP- 

1, and 1.93• 109(sec.atm) -1 for Micro 450. The reaction or- 
ders with respect to N20 were in the range of 1.04-1.35 for 
Micro 450. Also, those for SP-1 graphite were in the range 
between 0.55 and 1.03. 

4. The gasification reaction rate below 700~ decreased 
in the order O2>NO>N20. But above 700~ the reaction 
rate of N20 was faster than that of NO. 
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