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MECHANISM OF COMBUSTION OF SOLID CARBON

J.G.A. deGraaf
Central Technical Institute, T.N.O. The Hague, Netherlands

	

The mechanism of combustion of solid carbon is still not 	 /227*

entirely clear. On the basis of the experiments described in

the literature it can be assumed as established that there are

at least two or three temperature zones in which the reaction

of carbon with oxygen proceeds differently. Thus it is often

assumed that the reaction rate at higher temperatures is

determined by diffusion processes and at lower temperatures

by the surface reaction.

However, there are still differences of opinion on the

theoretical interpretation of the experiments and there are, for

example, investigators who are of the opinion that at high

t

	

	 temperatures the reaction is not governed by diffusion but by

chemisorption. l More fundamenta: knowledge of the combustion

mechanism is re q uired in order to achieve further technical

improvements.

Based on a study of the literature, E.F.M. van der Held 

wrote a theoretical article in which s pecial attention was devoted

to the reaction zone within the gas phase In the immediate

vicinity of the carbon surface, while the mechanism of the actual

heterogeneous surface reaction was pretty much not considered [1].

Experiments to test this theory were begun as early as late

1960. These experiments are still in progress. However since

the first measurements, which concern the temperature curve in

the reaction zone, led to findings which to our knowledge have

1. Adsorption on surfaces by means of chemical valence forces.
2. Prof. van der Held is a professional consultant of the Dutch
Central Technical Institute T.N.n.
* Numbers in the margin indicate pagination in the foreirn text.
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not yet been described, we will now report them here.

r
Summary of a Few Articles on the Combustion of Carbon

Although the chemical reaction of solid carbon with oxygen

¢ looks very simple on paper, in reality it turns out to be very

complicated and so far no one has 	 managed to fully clarify the

mechanism.	 The experimental work is very difficult because

many factors affecting the course of the reaction are involved

in this heterogeneous reaction, such as the rate and the activation

energy of the actual surface reaction, the nature of the primary

reaction products, diffusion phenomena caused by the boundary

layer surrounding the surface and the nature of the surface

during the reaction.	 It is ofter very difficult to separate

these factors experimentally. 	 Therefore, it is also not at all

surprising that on the basis of the experiment one often ends

up with mutually contradictory results.

The Most Popular Measuring Techniques

The simplest measuring technique consists of burning

particles of carbon or a carbon filament in a flow of gas, the

composition of which is measured before and after the combustion

process, while the amount of carbon burned is weighed per unit

time. Naturally the temperature is also measured. This

measuring technique is fairly imprecise and it provides only a

general insight into the reaction.

Another method consists of burning the carbon in a flow of

oxygen under very low pressure and with an adjustable flow

velocity. In this way it is possible to eliminate the effect of

diffusion on the reaction, while at the same time the primary

reaction products can be isolated. A disadvantage of this method

is that the reaction mechanism at lower pressure need not cor-

respond to the reaction mechanism at normal pressure.
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Certain tricks can also be used to study certain details

of the reaction separately. Thus, for example, the afterburning

of the first formed carbon monoxide to carbon dioxide can be

prevented by the addition of inhibitors such as CC1 4 and PC13.

One can also check to what extent atomic oxygen is present in the

reaction by adding NO 2 gas which produces a greenish flourescence

in the presence of 0 atoms.

Nevertheless, from the experimental results, which often	 /228

contradict themselves in particular points, a few facts can be

derived which can be assumed as being established. Thus it has

turned out that there are at least two and possibly even three

temperature zones in which the reaction proceeds differently and

therefore in which different factors determine the reaction rate.

At a certain temperature, which is said to be about 1,100°C,

the reaction rate is only slightly dependent on the oxygen

concentration. Above this temperature, on the other hand, the

reaction rate is dependent on the oxygen concentration. At
temperatures above abc!it 1,300°C the activation energy is much

smaller than at lower temperatures, i.e. the reaction rate de-

pends to a lesser extent on the temperature.

In general it is assumed that above 800°C the primary

combustion product consists almost exclusively of CO. Below this

temperature, CO and CO 2 are supposed to be formed simultaneously

in a ratio depends on the temperature. The experiments have also

shown that the nature of the surface, the crystalline structure,

the apparent and the actual density, the impurities and try

hydrogen concentration may also strongly affect the reaction.

If one wants to construct a theory for the mechanism of

combustion, then in any case this theory must explain these

facts.
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Some Recent Theories

The following two stages are distinguished in the combustion

of carbon:

1. the primary reaction, i.e. a heterogeneous surface

reaction during which CO and CO 2 are formed;

2. the secondary reaction, i.e. a homogeneous gas reaction

during which CO combines with C 2 to form CO2.

The first reaction is in turn determined by a number of

factors: diffusion of reactive molecules to the surface of the

solid phase, adsorption of gas molecules on the surface, chemical

reaction in the boundary layer formed, desorption of the reaction

products and diffusion of reaction products to the mass of gas.

Of these five factors the slowest process will determine

the reaction rate. If the rate is nearly independent of the

temperature, i.e. if the activation energy is very small, then

the diffusion process is controlled. In the case of diffusion,

in contrast to the situation in which chemical reactions prevail,

activation energy is out of the question. If the rate depends on

the Temperature, then the reaction is determined either by the

chemical reaction or by the adsorption and/or desorption

processes. It is extremely difficult to determine experimentally

which of the three last-named factors on the whole governs the

reaction.

As Farly as 1920 it was found experimentally that the

temperature coefficient of the reaction changes suddenly at a

certain critical temperature. The reason for this was generally

assumed to be 'chat below this temperature the actual chemical

reaction on the carbon surface determined the reaction rate,

whi-le above this temperature the overall picture was governed

by diffusion. in this case the reaction rate on the surface

has become so great that the diffusion rate -- which indeed in-
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creases much less rapidly with increasing temperature (approxi-

mately with the square root of the temperature) then the

chemical reaction rate -- is the slowest process and thus deter-

mines the overall course of the reaction.

Essenhigh [2] doubts, however, that the reaction at higher

temperatures is determined by the diffusion towards the carbon

surface and away from the carbons surface. Instead of this,

he assumes the hypothesis of oxygen chemisorption as the factor

determining the reaction rate.

At temperatures above 1000°C adsorption and not diffusion

is supposed to govern the reaction process. This adsorption is

then to be construed as genuine chemisorption, in the process of

which the oxygen is linked with chemical valences to the C atoms

of the surface and not by means of the much weaker Van der Waals

forces. Below this critical temperature of 1000°C desorption is

supposed to govern the process. The activation energy of the

desorption would then have to be much greater than that of the

chemisorption, which in and of itself need not be controversial.

Wicke [3], on the basis of his experiments, came to the

following conclusion: between 500 and 1,100°C both CO and CO 2 are

formed, in the process of which the CC  portion decreases

exponentially with increasing temperature and above 900°C can

practically be ignored. The activation energy in this case is

25 to 30 kcal/mole. From 1,100° to 1,600°C CC is formed exclu-

sively, while the reaction rate increases less rapidly at

increasing temperatures than at temperatures below 1,100°C.

Above 1,600°C only CO is produced with a reaction rate inde-

pendent of the temperature.

The view is held that the explanation of all these phenomena

is contained in the way in which the C atoms are bound to the

lattice of the carbon atoms in solid carbon, and in the subsequent

5



desorption. This is thus approximately equivalent to the

"chemisorption hypothesis" of Essenhigh.

In a later article [4], however, transport phenomena on the

carbon surface were also taken into consideration to explain the

phenomena mentioned by Wicke. At temperatures below 600°C the

combustion rate on the entire surface, including the pores, is

determined by the heterogeneous chemical reaction. At higher

temperatures (at about 750°C) the process is governed by pore

diffusion, by means of which only the enveloping outer surface

ZLi11 participates in the reaction and consequently the activation

energy is reduced by half, while at temperatures above 1,200°C

the di:'fusion in the boundary layer next to the enveloping carbon

surface determines only the reaction rate which is then almost

independent of the temperature.

A similar line of thought can also be foudn in Khitrin [5].

In recently published experiments [6], temperatures up to 3,000°K

have been reached by high-frequency

7 heating of spherical carbon

pellets with a diameter of 15 mm,

a6-	 a 
I	 _-^ °__ _.	 ^__ ?	 Fig. 1. The reaction of carbon

u	
4	

^^ with air can be explained as

lows:

a;rr !^ 	 I	 I

FUU	 IOUII	 li?U WUU	 I6UU	 IBUO ::Y/OU eiLU 6YUU'C 1j.70
^., uu q	 6

Fig. 1. Gasification rate u
of carbon with air and carbon
dioxide as a function of the
termperature t [6].
a - calculated curve of com--us
busticn to CO r .overned by dif-
fusion; b - calculated curve
for combustion to CO2 governed
by diffusion; c - C + air
d — C + 50pCO2

Above about 1,000°C the 	 /229

reaction is completely governed

by diffusion. The fact that the

reaction rate nevertheless strongly

increases from 1,000 0 to 1,400°C

is attributed to the formation of

CC instead of CC  (thin lines in

Fig. 1). At 1,400°C only CO is

produced so that the reaction

rate then depends on the temperature
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only to a small extent; below 1,00°C mainly CO 2 is formed. It

is obvious from the lower line that the reduction of CO 2 by C at

1,100 0 C suddenly increases sharply.

Letrot [7] studied the mechanism of carbon combustion
below 1,400°C in all its particulars. By excluding diffusion

(very low pressures) he studied the mechanism of the actual

surface reaction. However the results of his theory are difficult

to extrapolate to the combustion experiments at normal pressure

in which transport by means of diffusion is not excluded.

The Theory of Van der Held

In the theoretical consideration of Van der Held [1), in

particular the gas phase reaction and the transport phenomena

from and to the surface are analyzed mathematically. In this

analysis the following preconditions were assumed:

1. A layer of laminar flow of sufficient thickness in the

gas phase is located on the surface.

2. Combustion of carbon monoxide with externally added

oxygen to carbon dioxide takes place in this layer.

3. The primary reaction product on the surface is carbon

monoxide.

4. The catalytic effect of water vapor on the combustion

reaction is not taken into consideration, i.e. the

added combustion gas is always sufficiently moist.

5. The Boudouard equilibrium CO 2 + C4-  2C0 - 41.2 kcal/gmole

predominates on the carbon surface. This reaction is

endothermic so that the required heat must be supplied

by the surroundings, i.e. from the reaction zone in the

gas phase, in which the reaction CC + 112 0 2 -+ CC  +

67.6 kcal/gmole takes place.

The general picture now appears as follows: in the reaction

zone carbon dioxide is formed from carbon monoxide with oxygen.
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Part of this carbon dioxide is transported back to the carbon

surface by means of diffusion and, moreover, escapes into the

surroundings (Fig. 2). The CO 2 which reaches the surface there

reacts with carbon to form CO, which again is diffused away from

the surface and then burns in the reaction zone to CO2.

fl,

C11	 ,' !	 I	 c

R	 /!

=-Inminar	 -- K.- lur^ulCnl	 Ap.rlond I'Mde_r	 /rnuGer!/o.lr^
to*$ µu 11

Fig. 1. Composition of the gas Fig. 3. The temperature dis-
(partial pressures) in the 	 tribution in the laminar layer
laminar layer. The nitrogen	 (schematic diagram).
pressure is not shown in the 	 The maximum temperature tR in the
graph.	 reaction zone R is found by
R - reaction zone; S - carbon 	 extrapolating the temperature
surface; dl - distance from 	 lines in zones I and II and by
the middle of the reaction 	 determining the point of inter-
zone R to the carbon surface S; section.
g - turbulent layer	 Key: A) Distance from the carbon
Key: A) pressure	 surface

The calculations produce the following; results:

The surface temperature is greater than about 1,100°C.

We imagine the gaseous reaction zone as being Oivided into

three regions, Figs. 2 and 3:

1. The oxygen concentration and therefore also the reaction

rate in the inner layer I equal zero.

2. The CO concentration and thus also the reaction rate in

the outer layer IT equal zero.

3. The reaction CO + 1/2 0 2 -* CO 2 takes place in zone R.

It turns out that in the reaction zone F the temperatures is

si&nificantly higher than on the surface of the solid carbon.
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By using the equations derived

by Van der Held we obtain, for

example at a temperature of

1,500°C on the carbcn surface,

a maximum temperature in the

zone of about 2,200°C, Fig. 4.

Since the thermal dis-

sociation of molecules was not

taken into consideration in the

calculations, the maximum

temperature in the Tone will be

somewhat lower than calculated.

The surface temperature is

low.

.t

At temperatures below 1,100°C

a certain 02 concentration can be

present on the surface.

empera
temperature tL as a function At very low surface temper-

of the ratio of the distance x atures (below 500°C)	 the CC
from, the carbon surface to the pressure on the surface is lower
thickness d of the laminar
layer. to such an extent that this
Key:
A)	 surface

surface is shifted into the

B) -reaction zone reaction zone.	 The gasification
C) increase J.n ` thickness due of the carbon then takes place

to dissociation
D) laminar layer	 mainly, if not entirely, due to

0 2 . Then there wi_'. scarcely be

any question or none at all of finding a maximum temperature out-

side the surface, Fig. 5.
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Measurement Method
	

/23V
ca
su

c

i

.x---a 
—.s

Distance from the center of the
MSIR reaction zone

Fig. 5. Comparison of case A
(free reaction zone) with Case
B (disturbed reactions zone).

For measurin g the temper-

ature distribution in the reaction

zone we selected the method of

spectrurn line reversal because it

has been shown experimentally that

the temperature measured in this

way comes fairly close to the

value of the thermodynamic

temperature [8,9].

As for tine term "flame

temperature" it should be noted that the temperature of a gas is

only clearly defined when it is in thermal equilibrium. In

general, this condition is fulfilled in a diffusion flame out-

side the reaction zone in which the most important chemical

reaction takes place. In the reaction zone, on the other hand,

atoms and molecules can also be "chemically" knocked during the

reaction by the formation of an activated atom or molecule in

the form of an intermediate product. In this nonequilibrium

state it is difficult to define the temperature, and the

experimentally determined temperature deponds on the measurement

method used. However in the case of diffusion flames, as in our

study, the measured temperature nearly agrees with the thermo-

dynamic temperature [8;9).

In order to measure the temperature profile at a certain

point in the zone the flame was colored as much as possible here

and there. In our measurements we u,ed bead of borax (sodium

borate). Then a region of sodium atoms was produced around the

beads in the flame, in the process of which a diffusion zone of

about 1 mm thick is formed around the beads which 1s especially

suited for measurement purposes, since the flame in this region

Is fairly free of disturbances.
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The experiments were carried out with small carbon rods like

those used for electric arcs. As everyone knows, a single solid

piece of carbon cannot maintajn its combustion on its cwn, since

the loss of heat to the surroundings is too great. "_'herefcre the

experiments were carried out in a horizontal electric pi pe furnace

with an inside diameter of 6 cm. The pipe was set up hori:.ontally

or with a	 inclination and Toth ends re:iained opened.

The carbon r^d (which had been degassed beforehand) was placed

in the middle of' the pipe perpendicular to the pipe. The maximum

achievable temperature in the ft-rnace was about 1,200°C.

At a furnace temperature of about 700°C the carbon flared

up, A clearly visible blue zone formed around the carbon. At

800°C the visible thickness of this zone was about 2.5 mm.

Image on the spectroscope
slit	 e

^I

L

I}

e

FiF. 6. Temperature measurement in the diffus_cn layer
using the spectral line reversal method.
a - tungsten band lamp; b - electrically hea ted pir
furnace; c - carbon rod; d - spectroscope slit; e - spectro-
sco_le: f - imaEe of the carbon rca; F - irr,ag,e of the
borax beads; h - stablized d.c. voltage

The temperature profile was measured in the following way

(Fig. Q: the pine furnace containing a vertical carbon rod was

placed in the ligYt p a t h in such a way '„hat the l-grit passed
through the p ipe and the ima ge of the 7.ight source 'V.P.s ferr.ed
at the point of the reaction None. in adritien, the arrangement
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was such that at the start of the experiment the shadow image

of the carbon was just still covered by the vertical slit of the

spectroscope. The borax bead was placed as close as possible to

the carbon, but in such a way that the image of the bead remained

outside the region of the spectroscope slit. After a short time

the carbon had burned down so far that it left the slit open and

consequently allowed measurements.

The moment at which the burning carbon cleared the slit was

regarded as the zero point. The distance between the bead and

the carbon measured at this instant was thus each time substracted

from the distances measured later. Thus neither the furnace nor

the bead had to be shifted to another position during the experi-

ment. Because of the burning down of the carbon the distance

between it and the bead automatically became greater, while the

image of the zone passed the spectroscope slit. By making a

measurement at regular intervals of 2 to 3 minutes the temper-

ature curve in the zone could be determined within 30 minutes

up to a full hour. At the same time, the distance between the

carbon and the bead was determined during each measurement.

The temperature of the surface of the carbon at the level

of the bead was determined with an optical brightness pyrometer.

Experimental Results

A large number of measurements were made in the manner

described. The rate at which the carbon burned down cculd be

adjusted to some extent by somewhat changing the slight incli-

nation of the pip e furnace. The temperature i_rofile in the

reaction zone was measured for a number of combustion rates and

surface temperatures of the carbon.

Fig. 7 shows the results of three measurements at a furnace

temperature of 1,000°C and various burning rates Q. It is
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Figs. 7 and 8. The difference At between the maximum
temperature in the reaction zone and the surface temper-
ature of the burning carbon rod as a function of the
distance s to the carbon surface.

obvious that as Q increases both the surface temnera.ture of the
carbon and the difference At between the maximum temperature in

the reaction zone and the surface temp erature of the carbon rod

increase. -Fron. Fig. 8 we see that for various furnace temperatures

At at 950°C is greater than at 1,050°C " At a furnace temperature

of 1,100°C At decreases further, but at 1,180°C At again in-

creases.

In the last two cases ti- , e neak_s of the cur ,^.es turn out to
be much less dfstinet than at lower furnace temperatures. Also

the reprodL;cibili f,y was significantly less than at temperatures

below 1,100°C. Apnerently a transition zone is involved above

x,100°C in which the mechanism of combustion oranges, which,

moreover,would agree with ;rhat is mentioned in the literature.

In order to get and idea of what takes place it is necessary to

carry out experiments at even higher temperatures, something this

pipe furnace did not allo y;. In the meantime a new p ipe furnace
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s	 of special construction has been ordered with which temperatures

up to 2,000°C can be reached.

In addition to these temperature measurements using the

line reversal method, the spectrum of the blue reaction zone

was also recorded using a Hilger Medium Quartz spectrograph.

The spectrum turns out to be identical with the spectrum of a

carbcn monoxide/air flame.

Conclusions

From what has been said above it can certainly be concluded

that there is a reaction zone outside the carbon surface in which

carbon monoxide burns to carbon dioxide and in which temperatures

exist which can be several hundred degrees higher than the surface /231

temperature of the carbon.

This may be regarded as a qualitative confirmation of the

Van der Held theory, but sufficient data are not yet available

to be able to test this theory quantitatively as well. Also it

is still unclear what effect the mechanism of the surface

reaction exerts on the reaction zone. Therefore in the first

place the measurements must be extended to the region of higher

temperatures, and it also slggests itself to work at lower

oxygen concentrations and total pressures which would increase

the width of the reaction zone and thus facilitate the

experiments. The new furnace will also offer an opportunity

to do this.

In addition, measurements of CO 2 and CO concentrations in-

side and outside the reaction zone are necessary. This investi-

gation is very difficult because the spectrum of a CO flame is

very difficult to interpret. perhaps it will be possible to

realize the method described by Wicke [10;11] for measuring

concentration by means of gas suction.
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We hope to be able to report later on on the continuation

of our experiments.
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