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The oxidation of carbon has been studied at 

high temperatures (1000 - 2000 °C0with pyrolytic 

graphite: the oxygen pressure was 0,21 atmospheres. 

This graphite has a very small porosity and is very 

pure. 	Therefore catalysis of the reaction was un-

likely and it was shown that rates of mass transfer did 

not limit the reaction rate at any temperature in the 

experiments. 

A maximum rate of reaction was obtained. at 

1900 00 and above this temperature the rate decreased. 

This unusual phenomenon was explained using the Nagle 

and Strickland-Consta7ole theory and the overall rate 

equation was fitted to the experimental rate - 

temperature curve. Reaction rates could be calculated 

fork the equation at all temperatures and pressures and 

were found to be in good agreement with the experimental 

results and with those reported by Strickland-Constable 

(obtained on carbon filaments at very low pressures). 

Lioreover the order of the reaction has been measured at 

1900°C and was found to be in accordance with the same 

theory. 

The maximum phenomenon had been observed 



previously at normal pressures by Sale with reactor 

grade graphite; but rates measured on this material in 

the present work appeared to be at least partly mass 

transfer controlled. However in the much slower 

reaction between carbon dioxide and reactor graphite a 

maximum rate was observed at 1700°C. 	Therefore it is 

possible that the maximum rate phenomenon is a character—

istic feature for gaseous reactions with all carbons at 

high temperatures, 

nth graphites, other than pyrolyticy it was 

shown that the porosi ty of the material strongly 

influenced its reactivity when boundary layer mass 

transfer control had been removed. 	The experimental 

results were interpreted using a pore diffusion theory., 

No conclusive evidence of catalysis was 

obtained for teuperatures a:cove 1200°C. 	In fact a 

sample of spectroscopically pure graphite was found to 

have a higher reactivity than the less pure reactor 

graphite; but this ap-;)arent anomaly was attributed to 

the higher porosity of the spectroscopic graphite. 
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1, 	INTRODUCTION. 

Recent developments in high temperature 

engineering show that graphite is a useful construction 

material as it is one of the few solids which retains 

its mechanical strength above 200000. A serious 

limitation to its use at these temperatures is the 

reaction of the solid with oxidising gases. 

Apart from the technical importance the 

oxidation of carbon is scientifically of an unusual type 

in that a gas reacts with a covalent solid to produce a 

gaseous product, whereas in most gas-solid reactions the 

product is also solid, 

In certain respects the reaction is very 

similar to a gaseous reaction on a porous solid catalyst 

where it is normally possible to distinguish three 

uharacteristic teperature ranges of reaction. 

At low temperatures where the surface rate is 

very slow the whole internal surface of the solid 

participates fully in the reaction. 	At higher tempera- 

tures the rate of diffusion of the reactants through the 

pores limits the increased reaction rate and consequently 

the internal surface is only partially utilised. 	At 

higher temperatures still the reaction rate is so rapid 
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that the reaction takes place mainly with the external 

surface of the solid: moreover the reaction is then 

usually limited by the rate of diffusion of the 

reactal is through a stagnant boundary laYer • This is 

fcv.-oed from the reaction products at the surface of the 

solid. 

101. Liathematical  theories of chemical  reaction on 

porous  solids.  

A quantitative theory of reaction rates in 

porous catalysts wa.;-  first given by Thieleb7  and later 

applied by others°1-10 to the oxidation of carbon. A 

discussion of the three regimes of reaction will now be 

presented on the basis of these theories. 

1.1.1. Temperatures below 650°C; In general the rate 

of reaction of a gas with a solid surface (dn/dt) is 

expressed as a -product of the external surface area of 

the solid (S), of some function of the concentration of 

the species (ci), acid of the reaction constant (Ks), 

the latter being related to temperature by a simple 

Arrhenius law:- 
/ Ks = A e °:2G1  . 1.1 

s tezved the activation energy, (i2G) is the 

gas constant, (T) the a1l soluto temperature and ( ) is 
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the frequency factor. Por porous solids it is more 

precise to consider the internal surface area of the 

solid in addition to the geometrical area so that the 

intrinsic rate of reaction can 'be determined. 

However the rate equation (1.1) is then further 

complicated by  the finite rate of diffusion of the 

reactant into the pores. The reactant concentration is 

depleted along a pore and consequently varies over the 

reactive surface. 	Therefore it is necessary to integrate 

the reaction rate over aeall areas (ds) to give the 

overall rate (see e.g. 1,2):- 

S dn a  = i Ks.2(ci).dS 
O 

The function of concentration is often assumed to be a 

simple power of the concentration but this is usually an 

approximation (only applicable to a limited range of the 

experimental variables). 	The reason for this is that a 

heterogeneous reaction may tae Place through a series 

of consecutive processes e.g.:- 

1. Adsorption on the surface. 

2. Dissociation of the species. 

Chemisorption of the free radicals or atoms to 

form intermediate complex compounds, 

1.2 
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4. 2e-organisation of the surface structure of the 

solid. 

5. Desorption of the reaction products. 

Under certain conditions of reaction a step 

of the mechanic:_ can be so slow that it determines the 

overall reaction rate; but in general a complex rate 

expression is required to define the overall chemical 

reaction rate completely. 	Li such a case the reaction 

order cannot be satisfactorily denoted by a simple 

power of the concentration. 

Yuen the reaction rate is very low as in the 

range below 650°C, the concentration of the species at 

the surface (ci) is equal to the bulk concentration (co) 

and is virtually constant throughout the pores of the 

solid. 	The tapparent activation energy' (Q) is there- 

fore equal to that of the true surface reaction:-
dal 

	

d lit dt 	d In Lis = - 	 1,3 
G 	d 1 	- 1 G 

1.1.2. Temperatures above 1000°C: The rate of steady-

state transfer of the reactants to the solid surface is 

given by Pick's law:- 

	

dn 	-D. s.dt dx 

where D is the coefficient of diffusion. 

. 1.4 
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When the gas phase is in turbulent motion the 

concentration gradient 	) can be considered to be 

confined to a thin film of fluid at the - hase boundary. 
Ifflijis the apparent thickness of the film and a 
constant concentration gradient is assumed, then the rate 

of mass transfer (R) is directly broportional to the 

concentration difference across this film (Ac), see 

equation 1.5. 	The constant of proportionality 

(KG  = D 	is termed the mass transfer coefficient. 

= KG-SC 	 1.5 
L 

• 
• • 	Ci 	Co - L . do 

S.D dt 

The rate of mass transfer equals the rate of reaction, 

therefore:- 

do 
dt 

dt hs.S.f(Co - L dn) 
S.D dt 
	 1.6 

This equation can be solved if an explicit form of 

f (ci) is known. 	For instance a first order law gives:- 

dt - 1+ KsL/D = Ks.S.Co.r 	1.7 

.The additional factor (,-) in the rate equation accounts 

for the boundary layer diffusion, and is the ratio of the 

Observed reaction rate to the maximum possible rate in 
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the absence of diffusion. 	The two factors (Ks) and 

(,) can be combined into a single reaction constant 

(Ko) for a first order reaction. 	in which case:- 

Ks.r7 = Ko = 	 

i.e. 1 	= 1 	1 . 	1.8 
K0 
	KS 	KG 

However for any other value of the reaction order the 

relationship is much more complicated. 

For mass transfer effects to be amall:- 

i.e. 	K L 	0 	(from equation 1.7) 
D 

Therefore studies of the reaction kinetics where 

transport phenomena does not interfere with the rate 

of reaction have been conducted in three separate 

systems:- 

a) Ks mall 	 low temperature studiasbelow 650°C. 

b) L mall 	 oxidation in high speed gas streams 

which reduce the boundary layer thicness. 

c) D large *• 	  low ',D2essure studies such that the 

mean free path of the molecules is very large. 

Otherwise, when (ci) is reduced to a mall 

value the mass transfer of ox;:sen to the surface can 



determine the overall reaction rate, 	The small apparent 

activation energy in this case reflects the small terpeo—

ature coefficient for mass transfer. 

1.1.3. Interpretation of reaction  rates which are parIly 

controlled  by  the rate of pore  diffusion, 

In the intermediate temperature range the 

concentration of the reactant is depleted along the pore. 

For such a case a complete solution of the rate equation 

is extremely complex, but Thiele .7 suggested an 

analytical treatment of the situation and several 

important results were achieved, 

The theory was developed later by Vlheelerb9 

and others°°  but was mainly concerned with catalytic 

reactions taiting place in the pores of a solid catnlyst. 

In the case of oxygen and carbon the situation is rather 

different because the carbon is consumed and the pores 

are continually changing in shape; nor are they 

parallel sided, which is what Thiele assumed to obtain 

an analytical solution.AlthouL;h rates were measured 

at very high temperatures, when boundary layer diffusion 

normally controls the reaction rate, it is proposed to 

develop the theory to cover this case, because under 

high speed flow conditions the reaction rate becomes 



Q1 < Q 2 < Q 3 

                 

                 

                 

                 

              

              

            

              

              

              

             

-r 	 
Zs 

Q3 

   

   

ZG  Zs 

Q 2 

    

ZG 

     

            

            

            

Q 1 

              

Fig.1.1 THREE STAGES OF REACTION CQNTROL 

( Ross berg and Wicke Model ) 
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independent of the gas velocity and can be controlled 

by the rate of in-pore diffusion. 

Tile three stages of mass transfer are 

illustrated in fig. 1.1 on the Rossberg and Viicke" 

scheme at different velocities M. At low gas 

velocities (.l) the gas film thichness (ZG) is large 

and the reaction zone in the solid surface (Zs) is 

very thin. However when. the rates are independent 

of the velocity (Q03) the reverse is true: (ZG) is 

very an all in comparison with (Zs) and this is normally 

the case with the present experimental technique. 

In the y ollowing analysis a steady-state 

pore profile is considered to develop by reaction, see 

fig. 1,2, where (r) is the pore radius and (x) the 

distance along the pore measured from the pore bottom. 

In the steady state the concentration (c) will be 

some function of (x), and independent of time. 

i.e. 	c 	f (x) 
dr, Also the rate of reaction 	may o: rims be w tt ri ,dt 	 en:- 

dr 
dt KS.cm  

where Ns is a constant and (m) is an assumed constant 

order of reaction, and therefore:- 

" 

dt Ks If ( x 
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SEPARAT ION 

REVERSE FLOW 
GAS 

FLOW 

z, ro  ) 

	VP,  

-ro  ) 

r 
A 

• 
• 
• 

Fig.1.2 PORE PROFILE 	 Fig.1.3 AERODYNAMIC FLOW 
DURING REACTION 	 AROUND A CYLINDER 
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This means that (-Et) is some function of (z) but this 

function is not easy to know. 	Th-,irefore it is assumed 

in the present analysis that the pore radius (r) is 

proportional to the Tilth poaer of the concentration (C) 

in that section of the 1301'e. 	In fact this means that 

the shape of the pore side is parabolic. 

i.e. 	r 	X111 

• 

. 0 

r  
ro (Co) 

Other assumptions in the analysis:- 

1. The temperature is constant throughout the solid. 

2. The c*cternal surface reaction is negligible 

the surface is completely filled with the pore 

entrances. 

3. Diffusion through the ez:ternal boundary layer is 

rapid compared with diffusion in the pores. 

14-0 No volume changes tame place in the reacion. 

5. Secondary reactions are 

Consider a section of the yore d-,•>: the 

depletion of the concentration across the section 

results from reaction at the section periphery, but 

radial diffusion is neglected. 	(Poiseuillian flow 

and bulk flow are also neglected). 
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d (D.rr r2.dc) = Ks.Cr  .2 TTr .dx 
dx 

• • 2r.dr.de  r
2.d2c = 	.0 

m 

dx dx 

Prom equation 1,9:- 

C orn 	= m,cm-1  de 
ro dx 	dx 

• 

• . 	2r o .114 dc ) 2,Cm-1 	ro 	d2c 	2Iia C
M 

C om 	dx Cora  dx2 

• 

• d 2c 	2m 	2 	aKs. co rn 
 

dx2 C dx 	D r 
1.10 

Put p = dc 	d2c _ 	.912 	ac 

	

dx dx2  dx dc dx 
	do 

2 1) = B 
• 01 

Put p2 = u • • 1 	du + 2ra U = B 
2 dc 

• du 
dc + 

u = 2B 

c 4m , dc 
c 

I .F 

4mln c 

04xilu ▪ 4mc4.-1.do  u  
• II 

14ra 	 4ra 
i.e. 	(12,0 	) 	= 2B ;, c 	,dc 

Lism 	 n  • u .c 	= 2B • 4m+1 K • 
4m4-1 



-27-- 

dc 2  i.e. (zE) _ 2B 
— 4Y-11+1 c  

Boundary conditions: Let c = o 

Ilhen x = o 

and cic/dx = o 

.dc = J 2B . dx. 
4.1-a+1 

202 	= / 2B 	\ 	+ 
ri 4m+1 

a 	= 
. 
-J 0 x2 

Liza+ 1 2 

• 
0 . 

Let c = co 

x z 
• • • 	Ii, = 0 

0 

Let all the :pores fill the external surface area. 

Therefore the total rate (11) pox'  unit external area:— 

a 	= 	D dc 
dx 

D B . z 
• i171-1 

A B 	/m+1 . 2c o 	D B 2c o  
7-1 /. 	B 	 ,14.m+1 

1 

	

Di2Ks . co 	2co 

	

ro 	LI-111+1 

• • 

/ 	, 
= 	4 	a 1 • KD . Coll1+1 	1.12 

4,7 0  

?rola the above equation the aDD ar en t 

activation energy (Q) and a:Y:3w ant order of the chei:Aica1  

reaction can be de termdned as they vrerc in the Thiele— 
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Wheeler theory. 	In the present circumstances pore 

diffusion was fully develo-ood, consequently the 

assumptions which were necessarj to derive the 

Thiele equations are different: but the variation of 

the reaction rate (2) -with (D),(Ks) and (Co) are 

identical for both derivations. 	Only the constants 

of proportionality are different. 

1. Apparent activation energy: i.e. comparison of 

rates at constant partial pressure (P02) and total 

pressure (PT), 	equation 

R t~ K52 	 D -- constant 

e-Q,c/2P.G.T. 	 Cc --41: constant 

• 
. • 

= 10,574 a = 
1/T 2RG 1.13 

Therefore half the true activation energy (Q0) would 

-oe measured by experiment. 

2. Apparent reaction order: i.e. comparison of rates 

at constant temperature aad different oxygen pressures. 

From equation 4.7:— 

/D C ol- ii+11 a c-,,=-: 

• • 	R (:),,S Co  

K5 is constant 

D 	C o 
m/2 
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Therefore half the true reaction order is measured by 

experiment. 

3. Effect of total pressure (PT ) at constant tempera-

ture with tie partial pressure of oxygen a constant 

value; from equation 1,12:- 

R :1,1  D2 	his is constant 

p 2 	co is constant 

D 
	-1 

Therefore the reaction rate is inversely proportional 

to the square root of the total gas pressure. 

Some apparently successful comparisons with 

the Thiele-heeler theory have been made with experi- 

ments. 	Por instance rates of reaction have been 

shown to depend upon the size of the carbon specimen 
6 h 'o (Wickeb10  and others)l.  ' 	'_*).1so for large particles 

the apparent activation energy was half that observed 

when using thin carbon deposits (Eyring) .1  

1.2. Effect of :porosity on the  observed reaction rates. 

Prom the above discussion it is apparent that 

the interpretation of the hinetics of carbon oxidation 

in porous graphite samPles is often difficult because 

of the assumptions that have Aso be made to account for 
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the effects of diffusion,. 

If graDhites of lo-.7 porosity are used the 

reaction is mainly with the external surface. 	Therefore 

a more accurate understanding of the kinetics involved. 

call be obtained. 	Such graehites have a high bulk density 

compw.'able with that of tile perfect crystal structure 

which has a density of 2.265 L:; 	iTatur 	graphite:;  

and graphites produced by the pyrolysis of hydrocarbon 

vapours have densities a-„Dproaching this figure (1.9 to 

2.2 g.cm--5). 	Commercial gra-ohites, apart from pyrolytic 

graphite, are usually manufactured by the pyrolysis of a 

mixture of ground coke and pitch, 	s a result the 

solid has a high porosity with resulting bulk densities 

between 1.4 and 1,76 g.cm, 

1.3. Revie'v of carbon oxidation studies  at 	tem7)era- 

tures. 

At high temperatures the reaction has often 

been studied at very low pro ssurc.',s. 	Under these 

conditions the rates of gare.ou.s diffusion are so rapid 

that the overall reaction is no loner limited by the 

diffusion process. 

Amongst others Duvala3 ,LL ' and S tri chi and.-

Constablea7  studied the oxidation of graphitised carbon 



filaments which were heated electrically. 	The 

interesting common feature of their results was the 

observation of a maximum rate of reaction at about 

1400°C. 	A decrease of the rate then occurred as the 

temperature was increased up to 1900°C. 

Somewhat similar results were reported by 

Strickland-Constablea7with carbon dioxide, steam and 

nitrous oxide, although in the latter reaction the rate 

again showed a positive temperature coefficient after 

the maximum. Yatee8has reported that even in some 

experiments with nitrogen, the rate-temperature curve 

appeared to suggest a maximum. The similarity of these 

results with very different gases suggests a common 

mechanism for the reaction dependent mainly on the 

reactivity of the graphite. 

1.4. Experimental methods  for moasurinc. ilas-solid 

kinetics at hin ;as pressures. 

As explained earlier, at normal pressures the 

overall reaction is limited by the rate of mass transfer 

through the bulk. gas phase, so the unusual kinetics 

observed at very low pressures are not observed. 

Loreover the rate of mass transfer depends on the 

turbulence of the gas phase, se that in a flow system 
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the overall reaction rate depends upon the velocity 

of the gas stream. 

1.4.1. Aerodynamic flow around a cylinder, 

In a real fluid flowing over a solid body 

the gas velocity at the solid surface is zero (except 

at low gas pressures). Viscous drag -produces this 

effect and establishes a velocity gradient at the wall 

called the boundary layer. 	The drag can only be 

transmitted to the fluid at a finite rate so that at 

the leading edge of the surface the boundary layer 

thickness is very small. 	It will increase in thickness 

away from the leading edge but will become thinner in a 

decreasing pressure zradient. 	In an increasing pressure 

gradient as from D to D and C to D (fig.13) the boundary 

layer will thicken until reverse flow takes place when 

the boundary layer separates from the surface. Thergy 

will then be dissipated by eddies in the wake giving 

form drag in addition to skin drag on the front surface 

of the cylinder CAL. 

1.4.2. Lass transfer analo,cry to momentum transfer. 

The aeynoldt s analogy for heat, mass and 

momentum transfer is only valid when each transport 

mechanism is by au analagous process; there is no mass 
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transfer analogy for form drag. However, before flow 

separation occurs, the mass transfer resistance can be 

considered as confined in the region of the velocity 

gradient i.e. in the surface boundary layer. 

If (J) is the mass transfer rate per unit area, 

A c the concentration difference acro ss the boundary 

layer of thickness ( 	and 	) is the effective 

diffusion coefficient then from equation 1.5:- 

/\ 
	

A  c 	 1 . 3 

It is usual to consider the boundary layer at the lead-

ing edge to be in laminar flow so that the gas velocity 

is parallel to the surface. Eass transport across 

the laminar film is then purely by molecular diffusion 

so 5 a D. Away from the loading edge the boundary 

layer develops into turbulent flow, the onset of which 

is dependent upon the gas velocity and the rouchness 

of the solid surface. 	In laminar flow the boundary 

layer thickness 	) can be shown to be proportional to 

(Her`; in turbulent boundary layers ('5 ) is proportional 
_ -1/5 to (2.e) 

	

	the change in (KG) can therefore be 

estimated as a function of the flow conditions. 

In general, however, the mass transfer 

coefficient (KG.) can only be found emDerimentally and 



one has to use dimensionless groups to generalise the 

data. 	Such a correlation is:- 

Sh 	f(Re 	 1.14 Sc)  

where the Sherwood number (Sh 	,/D) is characteristic 

of the mass transfo'r conditions, the Reynold's nunber 
ck fir (Re = 	) is characteristic of the flow conditions 

and the Schmidt, number (Lic =Pl5',D) is characteristic of 

the fluid -oroperties. 	in external flow over a solid 

body the, correlation can be ex-Dressed as Sh. = K.Ren.Scn  

and several values for (m) and (n) have ooen given in 

the literature, for instance:- 

<0.67 
O,3 	<u,24 

JOV file flow of gases, (Sc) is close to unity therefore 

the main change in (Sh) is caused by ellanges in (Re). 

At very high gas velocities a turbulent 

boundary layer is quickly formed at the leadinc edge 

of the cylinder especiall-y if the solid surface is 

rough and is reacting with the gas. 	Under these 

highly turbulent conditions mass transfer rates can 
K2 uen oe vr. -ry much faster then chemical r eaction rates. 

Consequently the latter rates are measured directly in 

the 	 al obsorvJ•t ions. 
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This situation was used by Nagle to measure 

the reaction kinetics of carbon oxidation at normal 

pressures. 	Graphite rods were heated electrically 

and the reactant gas directed across the rod surface 

from a jet. 	The rates were calculated from the linear 

retreat of the carbon surface beneath the jet over a 

measured time interval, 

Nagle, observed similar rate-teliipc:rature 

curves to tiose found in the lo-:r-pressure studies; 

however 1Ta.gle t s 	rate occurred at 1700°C as 

opposed to 1400°C in the case of filaments. 	A theory 

ryas proposed to account for these results. 

1,5.   of the reaction kinetics of graphite 

oxidation. 

The theory of 1,Tale and Strickland-Constablee'1 

is based on the presence of two different reactive sites 

on the carbon surface. 	In this reopect it follows a 

theory proposed by Eyring"3  but the concept of the 

nature of the sites is different. 	An A site, the 

more reactive, is associated with loosely bound atoms in 

the graphite lattice. 	The B sites are in a more stable 

configuration but reactions on B sites produce reactive 

A sites. 	A third activated process is considered to be 
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the therraal annealing of the surface by the migration of 

carbon atoms: in this process A sites are converted into 

B sites. 	The ove:.'all reaction kinetics can then be 

devolope,d as follows:- 

Let the fraction of the surface occupied by 

A sites be x. 	Of these a fraction (9 is occupied by 

adsorbed oxygen. 

Rate of oxygen adsorption on A sites =1.7,b(1-6)P 

Rate of desorption of product from 	sites = KE. 

Under steady-state condit',_ons ( ) is constant 
• 

• • Ko(1-6)P = KE. 

Kr!   Lp 
Ki-]+Kc  

.6 . Rate of reaction on A sites = • x 

= 	 
11u+ 	. 1.16 

B sites are considered to have a lo-  a adsorption coverage 

of oxygen.. 	Therefore : 

Rate on 3 sites = IZ-3(1-x) .P 	. 	. 1.17 

.•• Total Rate 	 KB(1-x),P 

	

.P 	 . 1.18 

The fraction (x) is pressure and temperature dependent. 

Rate of conversion of B sites into A sites = 1.3(l-4P 

= KT.x Rate of annealing of A sites to 3 sites 
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At steady-state conditions, (x) is constant 

KB(1-x).P = KT.x 

x = K5 .P 	 1.19 

1.6. Deductions frorlILIIla9sa. 

j.,) At low temperatures (x) is close to unity and 

therefore (KT) is small: (x) depends very little on 

(P) and the overall rate is given by 	KA.Kc.P 
KL+Kd.P 

However the overall reaction rate may tend to zero or 

first order dependent upon the relative magnitude of 

Ka .2 and KE. 

ii.) At very high temperatures (x) is close to zero 

and (KT) large: (x) depends on (P) so the surface 

anneals most rapidly when (P) is small i .0 . a maximum 

rate at low oxygen pressures is reached at a lower 

temperature than at higher pressures. 	The overall 

rate is given by 

za: KBP 

This is a first order reaction, 

1.7. Scope and aims of the -present investi!7ation. 

In the above work there was considerable 

scatter in the experimental results owing principally 

to the uncertainty of temperature, and inaccuracy in 
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measuring the rate of burning of the carbon surface. 

Nagle interpreted the data by a statistical correlation 

which gave the best fit to the known exl.:,erimental 

variables. However because of the complexity of the 

reaction kinetics and the partial dependence of the 

overall rate of reaction on mass transfer effects, the 

information from the analysis was necessarily limited., 

Nagle, found that the rates of pyrolytic 

graphite oxidation depended very little on the gas 

velocity but adequate proof of the absence of the effects 

of mass transfer was not presented. 2urthermore because 

of the experimental scatter, the small decrease observed 

in the reaction rates above 1 700 00 was not very 

significant. 	In fact it was :possible to consider the 

'apparent' maximum to be a flattening of the rate-

temperature curve caused by partial control of the 

kinetics by rates of mass transfer. 

In the present work it was decided to improve 

and develop the ex-oerimontal technicue described above. 

Then the effects of mass transfer on the reaction rate 

at high temperatures could be investigated so that the 

conclusions reached by I:agle could be verified or 

rejected. 



\X\\:\\\\‘\\\\..\\\‘‘  

SIN DANYO 
GLAND 	 

SAMPLE 

  

EXHAUST SAMPLE 

TO MANOMETER 

\.\\.\.\\\‘\\\\\X\ 

BUS 
BAR 

A 
12.5 

Fig.2.1 FRONT ELEVATION OF REACTION VESSEL 

GAS 

 

JET 

TO MICROSCOPE 

\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\1 
8  

SECTION ON AA' 

GAS 

ALL DIMENSIONS IN INCHES SCALE 1  /2 FULL SIZ E 



-40- 

2. A study of the experimental scatter usinathe microscope 

technique. 

2.1. Introduction: in order to study the reproducibility 

of the experimentn1 results using Nagle's technique, the 

air-oxidation rates of reactor graphite were measured 

at a constant temperature of 1400°0 and a constant gas 

velocity of 7000 cm.soc:1  The data was subsequently 

analysed by statistics to find the magnitude of the 

variation about the moan (this analysis is given in 

Appendix 2). 	In addition a complete reaction-tempera-

ture curve was established and compared with the results 

published by Nagle. 

2.2. A-o-Ezatus; The apparatus used in this pert of the 

experimental work was that sot up by ITazioC.1.  and will 

be briefly described. 	A cylindrical rod of grarhite 

was enclosed by a metal vessel b.::16 could be viewed from 

outside through a small glass window, (a drawing of the 

reaction vessel is given in fig. 2.1.). 	Lare 

currents were tal:en from a ste-D-down transformer md 

passed through the samDle, which was rapidly heated 

to a steady temperature, 	A stream of the oxidant [zas 

was directed over the g;rm White to increase the rate of 



mass transfer to the solid surface: r ate measurements 

were calculated from the rate of retreat of this 

surface beneath the gas jet. 	The retreat was 

observers in a travelling microscope end the rod 

temperature measured with a disap-oearing filament 

p -Lrrometer 

2.3. Pre oration of r,ToDhite som-oles: The graphite 

sam-oles used above were prepared as follows:- 

A .4 inch diameter brass tube was drilled into 

a large block of E•;ra:?hite. 	On withdrawal, the tube 

removed a cylindrical core from the graphite block. 

This was cut to 	cms. in length and jammed 'oetween 

the graphite bushes immediately bc)low the tip of the 

gas jet. 

Square samples of the sale width were found 

to give identical rates of reaction, a:1d as these wo"20 

easier to make, the were used in place of cylindrical 

rods in later expeal'ilAents. 

Square, pyrolytic g a bite s a:ples ‘oro,  cut 

from a large sheet of the material as doscrilDoc:. later. 

0.1-'eat care was taken to -Dre -oare tho ends of each sample 

to make a good electrical contact with the supports, 
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2.4. Nar:le i s Lethod of rate measurement: The duration 

of each run was only about a minute so all instruments 

were prepared before the sample was heated; the 

pyrometer Gild microscoJe were focussed onto the cold 

graphite surface and the pyrometer sot to read a 

temperature of about 1400°C. 	:lho_a the entrance to 

the vessel had been sealed, the pumps evacuated the 

air space aad air was drawn in through the jet over 

the graphite surface. 	The fl wrate was adjusted by 

constricting: the rubber supply tdbing to give a gas 
-1 velocity of 7000 cm.sec. at the jet. 	A similar 

adjustment to the ex.haust line set the vessel pressure 

to 0.21 atmospheres. 	hen the gas -oressure ceased 

to fluctuate as appropriate transformer voltage was 

selected GO give the required tam-iperature and the 

current eras switched on. 

The attack proceeded most quickly at the 

site where the jet impinged on the rod, forming a 

saddle depression in the surface. 	As soon as the 

graphite appeared to attain a steady temperature the 

position Of the bite seen in silhouette on the 

microscope graticulo was read and mentally noted: 
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the stopwatch was started simultaneously. Without 

delay the pyrometer filament was matched with the 

brightness of the graphite surface. 	Then the new 

position of the retreating surface was measured as 

the timing was stopped 	The reaction temperature 

was read from the calibrated scale of the pyrometer 

and the rate was calculated from the other measurements 

as shown below in equation 2,1, 

The magnification of the microscope (M) was 

100 divs = (0.250 or 0.390) ems. 

All the graphite rods 'Jere cut from the same sample in 

which the bulk. density measurod in a specific gravity 

bottle in comparison with water was 1.76 g.cm.-3  

If the surface retreat was (h) divisions of the micro-

scopic scale in a time of (t) secs, then th,e rate of 

reaction was given by:- 

h 1 f° 	-2 
= 

 
. TT • 7:2- -au. cm. . sec. -1. 2.1. 

2.5, Results of rate a-ainst talature. 

The results of the experiment OTC set down 

in tdble 	which is given in Appendix 2, where the 

syffools are the sacie as described above. 	MO full 
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experimental curve was plotted in fig, 2,2 as the 

logarithm of the rate (E. g at ,cm-2, sec-1  ) against 

the reciprocal of the a:osolute temperature. 

Nagle's published results are shown on the same 

4 raph: the experimental scatter is seen to be 

similar in both cases. 

A higher gas velocity (7000 cm„sec.1) was 

used in the present experiments which probably 

accounts for the m 0:AWL11.1;11 1' at e be  in :higher than 

Nagle's had been: this result supported the 

supposition of partial macs transfer control of the 

reaction rate, 

It is also possible that once a maximum 

value for the results is obtained, they remain constant, 

instead of decreasing as sugested by Nagle. 

Below 1500°C the corresponding velocity 

difference has no effect on the reaction rates. 

This a-opears to suggest that reaction rates below this 

temperature are not controlled by rates of mass trans- 

fer and from Nagle's results an a-,Dparent activation 

energy of 30 N..cals.mole 	 .ras calculated. 

2.6. Results  fer 	 cra-ohite: With -the sayac 
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apparatus and technique as described above soma rate-

temperaGure results vie-re obtained with pyrolytic 

graphite: these are described in detail in a later 

section (4.3). 	The rate-temperature Curve was 

similar in shape to that observed with reactor graphite, 

It is interostin to note that neither gas-

velocity difference nor pressure difference affected 

the comparison with Nagla's results for pyrolytic 

graphite and below 1500°C an apparent activation energy 

of 44 K cal.mole-1 was found in both cases. 

2.7. Conclusions: 

2.7.1. 	From this -..:)rciliminary analysis, it bocelne 

clear that the large fluctuation in the te;aperature 

whilst the retreat was measured was a aclall but 

significant contribution to the experimental scatter 

dbout the rate temporaturc curve. 	A,1 improvement 

would be obtained if the temperature could be brought 

under closer control. 

2.7.2. 	The error in the measure of length (h) 

contributed most to the c-4-. crinental scatter as was 

shown by an err of analysis (sob o..7)endiz 2). 	Therefore 

if this could be measured with grater 7recision W1020 
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accurate Dr3dictions could be made froil the reaction-

teraperaGure curve, 

2.7.3. 	The velocity of the gas stream., altered the 

reaction rates: this required a fuller investigation 

preferably at a constant reaction teixperaturo, 

2.7.4. 	Belay/ 15000 the aopaont activation energy 

for the reaction of oxygen with pyrolytic graphite was 

higher than that for the reaction of air Yrith reactor 

graphite. 
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3. Improvements to .i .aLle l s methods of measurement and 

evaluation of the jet-flout techniacte, 

The investigation of scatter in the rate 

measurements suggested several major improvements 

to the experimental methods. 	These were successively 

introduced and are doscribcd below in detail. 

3.1, hieasuremensfe, salbleratErL. 

The causes of tempo::ature fluctuations during 

a run were as follows:- 

a) The development of the bite in the graphite surface 

altered the electrical resistance of the sample. 

b) The contact resistance between the sample aad 

support sometimes changed during the rim. 

c) The reaction was exothermic, so whore the reaction 

rZGe was greatest, i.e. under the jot, more heat 

had to be dissipated. 

The following values of the temperature change 

were noted, in the presence and absence of a jet of gas; 

three different carbons were oxidised using both air 

and oxygen at ati,;ospheric pressure and a moan initial 

° temperature of 1500 C:- 



A T(02 ) 	A (air) 

carbon rod 4. 

reactor graphite 

ipyrolytic graphite 

+ 210 

+ 	30 

- 	90 

130 

+ 	10 

- 150 

As might be expected the biggest temperature 

rise was observed with the most reactive material 

(carbon rod) in a stream of pure oxygen. 	In contrast 

a fall of temperature was observed with pyrolytie 

graphite, 

In general the tope2atur:3s as measured 

were not correctedfor glass absorption, emissivity, 

etc., because these were systematic errors and the 

air solute temperature values were not essential for 

interpretation of the rate-temperature curve in the 

present investigation, 

Lodifications: The pyrometer line of sight was 

changed -by moving the sample to the centre of the 

vessel and fitting a window directly above it: a view 

of the sample could now be made Liutually at right 

angles to the axis of the graphite rods and the line 

of site of the microscope. 	If the jot was inclined 

at 45o to the rod axis the temperature at the seat of 
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Fig. 5.1. Photograph of apparatus. 
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the reaction could then be viewed. directly through a 

450  glass prism, placed on the top window (for detail 

see photograph fig, 3„,l). 

Different supports were needed for this new 

arrangement and these were made from much larger piccos 

of graphite  as described in section (4.2). 	These were 

easily removed between runs and could be machined to 

give two new pa:::-.1.11e1 faces to support each fresh 

graphite sam-ole„ 	\n additional advantage was that 

the supports did not become hot and burn away during a 

run because of their greater thermal capacity: they 

therefore provided a firm support for the sam,,31e during 

oxidation and no further experimental difficulty was 

experienced in this respect, 

3.2. New method of tenTeerature control. 

In order to compensate for the electrical 

resistance changes in a sample during a run it was 

decided to adjust the heating current manually whilst 

the sample temperature was •cnder continuous observation.. 

The magnitude of the heating current was of the order 

of 6o0 amps, at the low-voltage side of tho transformer, 
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and was now varied by controlling the input power to 

the high-voltage side of the transformer with an 

additional auto-transformer: since the input current 

was only 15 amps (at 40 If) a standard t Variacl could 

be used. 

To assist further in control, the size of 

the heating current was estimated by a current trans-

former (in the shape of a coil) placed around the 

electrical lead rods to the reaction vessel. 	The 

current induced in the coil was observed continuously 

on an 'Al o' meter (see the electrical diazraa;1 fig. 3.2, 

and the photograph, fig. 3.1.1  fel the position of the 

coil next to the reaction vessel). 

3.3. Pressure  control: 

A °Cartesian 1:anostat° was fitted into the 

exnaust line from the vessel in order to control the 

pressure in the vessel more closely. 	In effect the 

manostat controlled the rate of pumping from the vessel 

by means of a stainless-steel bell floating on a pool 

of mercury. 	The space beneath :).10 bell was connected 

through a three-way' tap to the exhaust line. 	When the 

vessel pressure was at the required level this connection 
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was sealed off; further pressure reduction caused 

the bell to rise so that the top (covered in hard 

rubber) sealed the exhaust orifice (fig. 3.3). 

This instrument worked well except for high flow-

rates (5 litres per minute) at low pressures (less 

than 1/5 atmosphere) when the orifice was too small to 

pass the volume of gas, 	However it was very satis- 

factory for rate-velocity work on pyrolytic graphite. 

3.4. The Jet: 

A "Bray-burner" gas jet was used to direct 

the gas flow. 	The sy:;a11 jet (-Zit overall height) 

consisted of a hexagonal brass socket with a slotted- 

port porcelain tip. 	The dimensions of the port are 

s'llovin in fib;. 5.4, 	Velocity-traverses were made 

across the jet and showed a parabolic distribution of 

flow. The plane of the jet was directed across the 

sample. 

3.5. Calibration of the caoillar: flowmeter. 

Two capillaries were aranzed in parallel; 

one was used at low flow rates aad both were used at 

high flow rates. 	The -oressure drop (L\Pf) across 
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the capillaries was measured with a dibutyl phthnl  late 

manometer, 	In addition, the pressure in the capillaries 

was measured using a mercury manometer and density 

corrections were made as required. 

In the calibration 	Pf;f/760) was plotted 

against (Q) measured at S.T,P. 	When (Q) was plotted 

against the root of the pressure drop a straight line 

correlation was produced. 

3,6, Velocity of the as in the jet, 

A simple pitot tube made from anall-bore, 

thin-walled, stainless-steel tubing was used to measure 

the flow velocity. The velocity was dependent upon 

the arLibient gas-pressure, gas £lovrrate and position of 

measurement relative to the jet mouth. 

The pitot tube was set first of all at a 

fixed distance from the jet inside the vessel and 

the gas velocity was measured at different gas flow 

rates when a straight line calibration was produced; 

the slo-oe of this calibration line varied directly with 

the affoient ;as pressure. 	Secondly at one atmosphere 

pressure, the flowrate-volocity calibration was 

obtained at several fixed distances (do) mms from the 
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tip of the jet or (do + 1) mms from the throat of the 

jet. 	At distances greater than 3 mms the slope of 

the calibration was found to vary directly with 

(do + 1) 2, 	The following calibration was evaluated 

as characteristic of the jet:- 

v = _2 x.  104g, 	 3.1, 
f (do 	1) 2  

do> 3 mm 
where (v) is the gas velocity (cm.sec:1) along the 

axis of the jet, at a distance (do) mms from the tip of 
. - the 	jet, ,vith a gas flow rate 	1.min.1  and aMbient 

pressure of (T) atmospheres, 

The above velocity may not be obtained when 

the free flow of the jet is obstructed by the sample, 

but the v elocity will be characteristic of the conditions 

appertaining to the flow, 

In each experiment a constant "i):70SS1120 was 

maintained and the jet-sample distance was reproducible 

from run to run. For this case, the flow-rate WI  

which is directly proportional to velocity (Equation 3.1) 

can also be used to characterise the flow conditions, 

Flow-rates could be measured moe easily than the flow 

velocity and so reaction rates were plotted in the 
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first case as a function of gas flow-rate. 

3.7. Surface pressure increase.  

A speciall: constructed dummy sample was 

used to measure the surface -eressure directly. 	This 

was made from metal and had a small hole in the leading 

edge which connected to a copper tube (below the sample): 

this In turn was connected by PVC tubing to a mercury 

manometer. When measurements were made under different 

flow and pressure conditions the following ca3ibration 

was found to apply:- 

P 
	

= 	.?!5 
	3 . 2 . 

do2  

do> 3 mm 
Where 4P) is the pressure increase: the other 

syMbols have already been described. 

In addition to the above experiments the 

surface pressure was measured at high temperatures 

(up to 1800°C) in one atmosphere of nitrogen. 	For 

this experiment a ceramic tube was inserted into a 

graphite sample. 	The temperature of the graphite was 

found to have no effect uDon the surface pressure 

increase caused by the jot of gas. 
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3.6. Measurement of theaphite  surface retreat. 

Rather than continue with a microscope it was 

decided to project an image of the sample for measure-

ment as the sample itself was incandescent. A magni-

fication up to fifty times '%-ras obtained without any 

noticeable distortion of the image and the retreat could 

be measured to + 0.01 mm. (In the travelling microscope 

a magnification of 3.9 times eras obtainable and surface 

retreats could only be measured to ± 0.1 mm.) 

Further improvement was obtained by photo-

graphing the projected image vrith a Rolex (I-1.16 reflex) 

cin-camera, at an OrDOSUre rate of 1 frame every 

1.94 seconds. 	'Each frame of the cin6:-film gave in 

effect a separate estimate of the rate of combustion, 

so that a single run was equivalent to several tens of 

runs using the microscope method of measurement. 

chock could also be made for steady-state combustion, 

The sample silhouette 7.7as photographed through 

a translucent screen made of "IC.oda-trace" aad. a 

reference scale at 1 cm. intervals was dr EIV/11 111D on the 

screen. 	This was 	inside a large rectangular 

box-frame covered by black* cloth and it was eossi'ole to 

see tile 	clearly even at low temperatures. 
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Kodak "plus-X" negative film (6LjASA) was 

used and was sufficiently sensitive for temperatures 

as low as 1100°C and the resolution of the image at 

a magnification of thirty-five times was about 0.5 mms. 

3.9. Analysis of the cine-film. 

The cine-film was developed with Kodak D.76 

developer. 	A "Specto" 16 mm. cane-projector was used 

to project the film, fraa-.1e by frame, onto a large screen 

made from "Kodatrace" supported on a sheet of Perspex at 

the rear of the darkened enclosure. 	The movement of 

the film was operated by a micro-switch fitted to an 

extension wire at the screen, and each frame was counted 

automatically by lie projector. 	The image was viewed 

through the screen and a tracing of the silhouette was 

made at each frame interval. 

Two typical views -  of tile silhouette are shown 

in fig. 3.6. 	The photographs are an enlargement of a 

piece of film of the oxidation of pyrolytic graphite at 

1840°Cand aro taken from the saLle film shown in fig.3.7. 

The two views are sep.J:rated by 50 frames (equivalent to 

58 seconds) and the bite has ;progressed by about 0.75 ails. 

An image of the jet can be seen above the sample owing 
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to the reflection of light from the white ceramic tip. 

Some typical pieces of film are also 

reproduced in figs 3.7. 	On the far right is a film 

of the oxidation of iron-ipregnated reactor graphite 

at 1400°C. 	The gas velocity was very high and a 

re action rate of 247 x 10-5 g . at. cm.-2 sec.-1  was 

measured. 	Centre right is a fil= of the oxidation of 

SDectvoscopic graphite also at 1400°C in a high gas 

velocity, 	The reaction rate was 248 x 10-5 r,  at • 
cm.-2  sec.-1. 	Note how much Imoother the silhouette 

of the sample is for this is 	Centre left ds a 

direct view of the sample, obtained in early experimental 

work. 	In this strip of film the movement of the sample 

is clearly visible and shows one of the reasons for the 

scatter in 	c s results, since only the initial and 

final positions of the sample silhouette were recorded. 

2ar left is a film of the oxidation of pyrolytic 

graphite at 18)4000. 	Note the much slower reaction 

rate which was 23,7 x 1.0 - -2 sec. . 

Each position of the silhouette was plotted 

ar•ainst the frame nuMber and from the graph the rate of 

reaction was determined. 	The graphs for 6he three 

reaction rates described above are reproduced in fig's3s8 
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tne actual surface retreat (in ems.) is plotted as the 

ordinate, and time in seconds is plotted as the abscissa, 

3.10. :Experimental_:uocedure using; the  improved 

experimental method, 

1. A graphite sample was prepared and positioned inside 

the vessel immediately below the tip of the jet, It 

was possible to view the rod from the top window during 

this operation. 

2. The front cover of the vessel was clamped into 

position aad the vessel evacuated by three rotary vacuum 

pumps opeating in parallel. 

3. Atmospheric pressure was recorded and the cartesian 

manostat adjusted to give the required ambient pressure. 

L. The gas flowrate was adjusted to the req-c.ired level 

and the manostat reset at the correct ambient pressure. 

5. 1,1ains power was switched on and the heating current 

was increased to give a salle temperature of about 

20000. 	This was maintained for 15 minutes. 

6. In this time the pyrometer was set to the required 

temperature and a run number photographed by the eine— 

came:?a. 

7. Immediately before heating the graphite further, the 
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various pressure measurements were recorded and the 

camera-lens aperture set. 	The sample was then brought 

up to temperature, the camera was started and the 

enclosure quickly moved forward on its rollers to focus 

the silhouette of the sample on the screen. 

8. Immediately after the run, the various pressure 

measurements were recorded azain and checked for 

consistency. 

3.11. Evaluation of the jet-flay/ technicue. 

Previous discussion has shown that when rates 

of reaction are independent of the degree of turbulence 

in the gas phase, they are not limited by rates of 

diffusion to the gra-fnite surface. 	Therefore when a 

turbulent gas jet is directed over a carbon surf ace it 

is to be expected that, a "critical° velocity will be 

found, above which the rates of reaction are not depend- 

ent on further increase in the velocity. 	The magnitude 

of the critical velocity can be found from the dependence 

of the reaction rates on the gas velocity at a constant 

reaction temperature. 

3.11.1. :Rate-velocity curves for reactorraTthite. 

A velocity'-i .pendent reaction rate for 
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reactor graphite was Deasured at 1400°C and also at 

1900°C; but at 18000C the reaction rate was so high 

that it was not possible to eliminate boundary-layer 

mass-transfer control of the reaction. However a 

m ax irn um was observed in the 'rate-t er1J r ature curve. 

In using very high gas velocities in this 

work it is possible that some "erosion" of tree graphite 

surface could take place: this possibility will now be 

discussed:- 

3.11.2. "Erosion" of the graphite surface. 

Several authorsil'k2have reported that 

particles of graphite can be detached from a sar:iple 

without being consumed by the oxidising gas. The 

reason for this is that as the reaction proceeds in the 

pores the surface bul-2: density is progressively reduced 

until the remaining surface structure eventually dis- 

integrates into a powder. 	This was observed in the 

present wor]... for the oxidation of reactor graphite in a 

stagnant atr:losphere of air, when a shower of incandescent 

particles was continuously emitted. 	Tile "erosion' was 

clearly visible in these circuzistances a:ad it is probable 

that the ri ain reaction was proceeding in the binder 

(which was only partly gra_phitised) along the grain 
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boundaries. 

It was expected that the surface erosion 

would be enhanced in a flow systei but when a gas jet 

was directed over the surface no erosion was observed 

at all. 	This difference in behaviour can probably be 

explained as follows:- 

When the oxygen has a uniform and small 

concentration throughout the porous graphite the bulk 

density must procrosively decrease until the structure 

eventually crunples as described above. 	On the other 

hand with a limited oxygen penetration of the sample the 

bulk density can decrease only at the surface. From 

the theory of pore diffusion, the pore profile will then 

"Voe"-shaped and not cylindrical, and therefore much 

stronger. 	L:or eov or as the graphite to ]posture is 

increased the penetration of the 	proressively 

decreases; therefore the surface structure during 

reaction will be stronger at high tei.7beratures. 	This 

may expl ain why no erosion was ob served in the flow 

experiments with reactor graphite. 

In the case of pyrolytic grailite the sanDles 

virtually non-Dorous so erosion of the material is 

most unlikely to occur, 	x- on ental c o nf rm at i can 
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be sought from the rate-velocity resultso  presented in 

the next chapter, because a constant rate was obtained 

once boundlary-layer mass-transfer control had been 

removed, 	Therefore despite the increase of skin drag 

as the gas velocity was increased further, the reaction-

rate was still constant4 which implies that erosion of 

the graphite was negligible, 
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)4. The reaction between pyrolytic rraphite and oxygen. 

Introduction: 	As already explained in section 107:  

Nagle observed that at near atmospheric pressures the 

rate of reaction of oxygen with pyrolytic graphite 

reached a limiting; value at about 1900°C, and appeared 

to remain constant above this tei-x.Derature. 	T170 

possible explanations for this observation can be 

entertained, either:- 

a) the effect is due to the limiting rates of mass 

transfer at high temperatures (as already explained 

in section 1.1.2.) or:- 

b) the effect is due to the actual behaviour of the 

surface reaction kinetics, a suggestion which is 

strongly supported by the results of the filament 

experiments (already described in section 1.3.) 

when a pronounced mas.imz:_m was obtained in the rate- 

temperature curve. 	in these low pressure experi-

ments mass transfer limitations .:.ere entirely absent, 

Some evidence was produced by Na:;le that his results 

were not of 	by rmss transfer resistance, 

although this evidence was in no way conclusive. 

Consequently the flattening-out of the curve at 1700°  C 

might have been duo to a mass transfer effect. 
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It appeared therofore to be a matter of great 

importance to attempt to obtain results which could 

be demonstrably shown to be free from any mass transfer 

effects. With this and in view the technique of Nagle 

was improved and the measurements rendered much more 

accurate. 

Prior to working with p:rolytic graphite a 

great deal of work was carried out using reactor graphite. 

However the results of these experiments proved to be 

inconclusive for the following reasons:- 

a) large rate of reaction: it proved impossible with 

the present equipment to obtain reaction rates which 

were independent of the gas velocity between 1600°C 

and 1900°C, 	Therefore the chemical rates of reaction 

could not be determined, 

b) high porosity: even the rates that were independent 

of the gas velocity at other temperatures were shown 

to be controlled by the rate of in-pore diffusion. 

Consequently it was very difficult to produce a 

complete analysis of the rate ;measurements. 

c) impurities: small concentrations of impurities were 

present in the reactor gra;phite which may have been 

catalytic agents for the oxidation of graphite. 



For these reasons work was continued with 

pyrolytic graphite which is of very high purity and has 

a much smaller reactivity. 	In addition the material 

has a very low porosity so that intrinsic reaction rates 

can be measured. Some further experimental modifica-

tions were required to use this new material and. they 

are described in the following section 

4.2, Further experiment al modific ationso 

Unlike reactor graphite in which the micro 

crystallites are randomly packed, iii pyrolytic graphite 

the crystallites are larger and orientated with their 

basal planes parallel: consequently the material shows 

a marked degree of anisotropy. In experimental work 

it was observed that a sample would striate into hot 

and cold layers if imperfect electrical contact was 

made with the sample supports. Moreover the supports 

were more reactive than the sample and rapidly burnt 

away. 
To solve the latter problem larger supports, 

2 inches in length, were cut from a graphite rod one 

inch in diameter. 	'•::Tith the lwger thermal c opacity, 

the supports could hold the pryolytic graphite samples 



for a longer period of time before the contact was broken. 

A 	all hole was drilled and ta-oped along the axis of 

the supports which could then be screwed onto the 

electrical leads; a fresh. face could be cut on the 

support before each experiment, and in this way the 

pyrolytic graphite was always held firmly between two 

parallel surfaces. 

_Attempts to oxidise the sample in the a-direction 

caused the outer basal--planes (parallel to the direction 

of the jet) to cool. 	As a result a pit was formed 

rather than a saddle depression so that the reaction rate 

could no longer be measured from the silhouette of the 

sample. 

Oxidation in the c-directioL also tended to 

cause the plane beneath the jet to cool. 	However in the 

preparation of the sample (4 x 4 x 25 mm) the ends were 

slightly inclined to each other so that the top plane 

facing the jet was in firmer electrical contact with the 

supports. 	In this way cooling of the surface was 

avoided before the bite develooed.. 

A further experimental modif action was intro-

duced to measure reaction rates below 13000C when the 

photographic method was insufficiently sensitive. Por 



IM 

4-0  
Co 
Cr 

C 
Za.  

Co 

U 

0 

1 CD 

0'11 atrnoyyqvn 

7 
	

8 (104. T -1°K 4 5 
	

6 
h000 °C 11500 12 500 	1 2000 

Fig.41 OXIDATION OF PYROLYTIC GRAPHITE (HTM) 



these comparatively small rates the depression of the 

surface beneath the jet could be measured by a micro- 

scope after the reaction had taken place s 	in this 

way the range of experiments with pyrolytic graPhite 

was extended downwards to 90000. 

In more detail - the sample was reacted 

beneath the gas jet for a fixed time (of approximately 

five minutes) at a low temperature, 	''.11-3.en cold the 

sample was placed on a slide 'oeneath a microscope and 

observed at a magnification of fifty times, with 

opaque illumination. 	traverse was made across the 

surface of the sample and the depth of the surface 

depression at the bite was used to calculate the rate 

of reaction, 

4.3. Rates of reaction with  jaroLytic jgraphite (HTLI).  

using Nagle's technique, 

Before starting the work using the improved 

technique, a set of results was obtained with pyrolytic 

graphite using Nagle's technique. 	The sample of 

pyrolytic graphite was sup2lie,d by High Temperature 

Materials (U.:3,-A-) and was part of the same material 

used by Nagle in his e:-,-periments. 	Experimental results 
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were obtained for tempeL'atures up to 2500oC and were 

found to be in substantial agreement with Nagle ?  s work. 

The results are plotted in fig. 4.1. as the logarithm 

of the reaction rate (2,g.atocm-2.sec-1) against the 

reciprocal of the a:o solute temperature (10/4/T°K) 

Noticeably the experimental scatter is about 

the same magnitude as 	observed by Nagle, However, 

when rates were measured above 18000C they were found 

to be substantially snallor than those measured at 1800°C; 

so despite the experimental scatter the occurrence of 

a maximum and subsequent decrease of rates at higher 

-:.66,Zpertares was ob served. 	It should be noted that the 

upper limit of Nagle s temperature range was 190000 so 

the above trend was not then ai-_,,paront. 

4r4. dates of reaction of -c:zrol-crtic 

The remaining quantity of HTE graphite was 

small so work was continued with material kindly made 

available by the General l]lectric Company ( 

.eaction rates were measured on this material (to be 

referred to as 0-EC 4.50) and were found to have substan- 

tially the same reactivity as the HTL: 	 T n  

4.2. the reaction rates of the (.:C0 samples are represented 
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by circles aad are compared with the rate-temperature 

curve (from fig. 4.1.) obtained with HTif graphite (using 

Nagle's technique). 

4.5. The effect of gas velocitv on reaction rateg:- 

Following this 'i;017 1i. the reaction rate was 

determined as a function of the gas velocity in the jet 

over a wide range of velocities with (1j= 430) pyrolytic 

graphite: for comparison an additional curve was 

obtained with reactor graphite, 

4.5.1. 2.".o17,,tic_,z,21g.R141:9:-... 

Since  the maxirxrm reaction rate for pyrolytic 

graphite occurs at 1900°C (fi. 4.1.) the rate-velocity 

experiments were carried out at this temperature, the 

pressure being 0.21 atmospheres, 

The results are given in Appendix 5 and are 

plotted in fig. 4 7c .. as the reaction rate (2..7.1.05)g.at„em72  

sec.-1  against the gas velocity in cm.sec.
-1. 	The 

rates can be seen to be inde-oendent of the gas velocity 

when this exceeds 2500 cm.sec.
-1 

 . 	Therefore above a 

gas velocity of 2500 cm.sec.
-1, the reaction rates of 

pyrolytic graphite are not limited by rates of mass 

transfer at 19000G or at any other temperature, because 
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the maximum reaction rate was observed at 1900°C. 

These results confirm IT,  le c s data obtained 

with pyrolytic graphite where rate measurements at a 

gas velocity of 1090 cm,sec. 	were not different from 

rate measurements made at 7000 cm.sec„ 

It is concluded, therefore, that a linear gas 

velocity of only 2500 cm,sec.-1  is required to disperse 

the gaseous products: above this critical velocity the 

true, chemical kinetics of reactier c an be observed. 

4.5.2. Reactor r.ra-Dhite:- 

Nagle had argued that the system for the 

oxidation of reactor raphite was geometrically similar 

to that for pyrelz,rtic graphite, and since the reactor 

graphite rates `,iere very much higher thaJ those of 

pyrolzrtic graphite, the latter could riot be controlled 

by mass transfer. 

The rate-velocity curve for reactor graphite 

was determined experimentally at 1900°C end 0.21 

atmospheres of oxygen and was plotted with the pyroly-tic 

graphite results on fig. 4.3. 	If this curve is 

compared with that for pyrolytic graphite, the two rates 

are found to coincide at low gas velocities„ 
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However, the reactor graphite rates increase with the 

rise of gas velocity until the comparatively high 

velocity of 12,000 cm.sec.-1  when a flattening of the 

curve is apparently obtained„ 

4.5.3. Conclusior:- 

Therefore, in conclusion, the max mum 

reaction rate of pyrolytic graphite appeared not to be 

limited by mass transfer rates except at very low gas 

velocities. 	If the gas velocity exceeded 2500 cm.sec.-1 

the constant reactio rate achieved at 1900°C was 

24 x 10-5g.at.cm:2  sec. 0  

4.6. Reaction rate temperature  curve for pyrol'Ttic.  

crLy2hite (GEC 430_2. 

The above experiments were followed -by a 

series of rate measurements between 1000o0 and 2500oC 

on G.E.C. pyrolytic graphite. 	In each run the gas 

velocity was high enough to prevent mass transfer 

control of the reaction. 	The scatter in the results 

was much smaller than in previous work and can be 

contrasted with Yagle i s technique which was used to 6b 'Gain 

the results given in fig. 4.1. 	This comparison 
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demonstrates the superiority of the photographic 

technique, and in fact the curve could now be plotted 

on an arithmetic scale with a considerable degree of 

accuracy (figs, 4.4.) 	In this 7.ra-,-)h, the reaction 
-2 -1 rate (11.105 )g.at- Gcni. sec fl  is plotted against the 

temperature in °C. 	it will be seen that the 

reaction rate rises to a maxil:= 1-, at 1900°C and falls 

to less than half the maximumrate when the temperature 

reaches 2500°C. 	The reaction rate measured at 1900°C 

in the experiment described in (section 4.5.) is found 

to lie at the peak of the curve. 

1. Tile rate-teperature curve for the reaction of 

pyrolytic graphite with oxygen at 1/5th atmosphere 

pressure ShOWS a pronounced maximuLl at 1900°C. 

2, In addition the results demonstrate a marked decrease 

in the reaction rates for tai,iperatures above 190000. 

3, Therefore the phenomenon of a maximum reaction rate 

is not the result of mass - ra.nsfer limitations; it is 

a chemical-kinetic effect comparalple to that reported 

at very low preE-sures on graphite filaments. 
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4.8.1. Comparison of four different rate-temperature 

curves obtained with pyrolytic  

In fig. 4.5. four different rate-temperature 

curves are re-plotted, namely:- 

(L) Hflc re sults(liagle) 0.20 atm at 109C) cm. sec . . 

(2) HTLi results (Nagle)0.13 atm at 7000 cm.sec.-1. 

(3) HMI results (section 4.3) 0.21 atm at 7000 cm.sec.-1, 

(Li.) GLO results (section 4.6) 0.21 atm at 3500 cmasec.-1•  

The results were obtained with two different 

pyrolitic graphites at different ambient pressures and 

gas flowrates by two independent experimenters using 

different techniques of measurement: but all four 

curves approximately coincide. 	This implies, first of 

all, that the two different experimental techniques are 

capable of giving the same results; secondly, that 

the reactivites of pyrolytic graphites from two different 

sources are the Emile. 

4.3.2. Comparison of the present results with those 

published -07  Horton. 

Horton has reported much lower reaction rates 

on H.T.L. graphite than those measured above: these 

were subsequently interpreted by him using the theory 
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of pore diffusion, 	However, as air was used, and not 

pure oxygen, it is more probable that low rates of gas-

phase diffusion are responsible for the low activation 

energy and the scialler reaction rates, 

In order to check this deduction, rate 

measurements were made in a stationary oxygen atmosphere, 

to find by how much the rate decreased (in fact the 

incoming stream of oxygen was directed away from the 

sample). 	The results are E(hovria in fig . 4.2. by discs; 

they are seen to be larger than the rates measured by 

Hox- ton (shown in fir]. 4.2, by small crosses) but smaller 

than rates measured under flow coiiditi. one at all temper-

atures above 1300°C. 

4.9. Overall rate ecauation:- 

The theory of Strickland-Constable and 1Tagle 

which was reproduced in section 1.05, was originally 

proposed to re-!Dresent the reactivity of all -cure carbons 

at high tempe::atures, 	The rate equation. cash be 

rearranged to give:- 

Rate = 	
+ 

.A.il estimate was made by ITagle of the individual rate 
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ccnstants 	KC/KL, E-3 and KT)„ 	Therefore using 

these estimated values, a reaction-rate temperature 

curve was calculated at 0.21 atmospheres pressure and 

compared with the experimental curve for G.E.C. 

pyrolytic graphite (Table 4.2.) and with e'agle's results 

(fig. 4.6.) the calculated curve fitted the very high 

temperature results quite well and correctly predicted 

the rate decrease at high temperatures: however, it 

was apparent that the values of the individual rate 

constants (KA, KC, iLi, KT, KB) were in need of correction 

to fit the more accurate rate-data nowavaila:cle. 

Consequently, new values of the constants were evaluated 

by fitting tne rate equation to the filament results 

of Strickland-Constable and to the high pressure results 

obtained with 	pyrolitic graphite. 	The method of 

calculation is given in detail in Appendix 1. 

From the new individual r ate constants the 

reaction rate was calculated at several temperatures 

and plotted alongside the experimental results in fig.4.4. 

A close fit was obtae_ned, 	In addition, the rate-temp- 

erature curve was calculated for a gas pressure of 

2.5 x LO-5  atmospheres to compare the theoretical 

value with the published results of Strickland-Constable: 
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both curves are plotted in figure 407. and again the 

fit is good. 

In addition, rates were calculated at 

several pressures at a constant reaction temperature, 

Three series of results were calculated in this way in 

the pressure range (0.1 - 1.0) atiaospheres for the 

temperatures of 1400°C, 1900°C, 2300°K; these are 

plotted in fig. 4.8, on a logarithmic scale with the 

rate (R.10---5 )g.at s e 1-11 . sec.-1 as a function of the gas 

pressure in atmospheres. 

The slopes of these curves correspond to the 

reaction order at the particular ter.-:pe2ature and pressure 

range. 	Hence it can be seen that the reaction is first 

order above the maximum rate (2,300°K curve); below 

the maximu,'; the order changes rapidly from first to 

zero as the reaction pressure approaches one atmosphere 

(1400 -0 curve). 	Thus it is seen that the difference in 

the rate of reaction is shall when measured at 0.21 

atmospheres and at 0.13 at.-los',3heres which may explain 

why the rates measured by 1,Tagle ana niese two pressures 

are coincident (see section 4 

4-•10. A study  of the reaction order at 1900°C. 

In the pressure range 0.21 to 1.00 atmospheres 
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the order is practically constant at a particular 

• temperature: for instance at 1400°C (1700
o 
 K) nearly 

zero order kinetics would be observed, whilst at 

2200o / C 2.9 00 oK) the order would be closer to first. 

At 1900°C (the temperature at which a IA axin]ur,] rate is 
measured) the slope of the calculated curve shown in 

fig. 4.8. is less than one and a fractional order would 
be expected. 

To teat this theoretical derivation against 

experimental evidence, rates of reaction for GEC 430 
were measured at 1900°C using a high gas velocity at 

six oxygen pressures from 0.21 to 1.0 atmospheres. 	The 

results sre given in Table 402. and are also plotted on 

the log (rate) - log (pressure) graph (Fig. 4.8.) as 
circles. 	The points fall close to the calculated curve 

for 1900°C and the mean slope indicates an "order" of 

reaction of 0,6 over the :pressure range. 

4.11. Conclusions:- 

1. The rate of reaction of oxygen with pyrolytic graphite 

rises to a maximui at 1900°C and then falls as the 

temperature rises further, 	.2his fall in rate, which 

was shown by Nagle to be probably the case with reactor 

graphite, has now been shown to be quite certainly the 
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case with pyrolytic tzr aphite. 

2. It was shown that 'under the experimental conditions 

the rate was not under masc transfer control. 

3. The fall in rate is in accordance with the predictions 

of the Strickland-Constable and Nagle theory for the 

oxidation of carbon. above 1000°0. 

4. The order of reaction at 1900°C has also been 

measured and found to be in accordance with the same 

theory. 

Table )4.1.: 	Experimental results with G.E.C.430 

pyrolytic graphite at 0.21 at.:osph:)res pressure, of 

oxygen. 

°K 	104,1°K 	1.Q 1.min.-1 
1 

1180 	8.143 2.85 

1430 6.99 2.73 

1580 6.33 2.80 

1770 5.65 2.65 

19 20 5.21 2.75 

2010 4.98 2.36 

2110 4.74 2.75 

2170 4.61 

Rx10 T 5 	1 og i 0-2. 

	

0.03 	7.477 
0.69 -gu839 

	

3.4 	3.532 

	

12.3 	T4.090 

	

19.7 	4.295 

	

22.8 	.4.553 

	

23.7 	
, 
4.375 

	

24.2 	7.333 
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7. 267 
4.255 
T.132 

4.146 

3.949 

-4.013 

18.5 

18.0 

15.2 
14.0 

8.9 

10.3 

2290 	4.37 
	2.90 

2380 	14.20 
	2.90 

2480 
	

4.03 
	2.62 

2510 
	

3.98 
	

2.75 

2640 	3.79 
	

2.70 

2650 	3077 
	2.75 

Table 4.2. Experimental results with G.E.C.430 pyrolytie 

graphite at 1900°0 and various pressures. 

Ilx10 —5 P(atm) C,11.in:1 	I 	login?. 1°C102 

53 .3 1„019 2.8 7.727 0.008 

46.1 0 .831 3.03 7.664 1.930 

43.6 0 .712 2.59 7.640 71...353 

37.6 0.553 7.575 1.743 

35.5 0.595 4.550 1.597 
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5. Reaction rates of carbon - in the present of catalytic 

materials. 

5.1. Introduction: 	The rate-temperature curve for 

the reaction between pyrolytic graphite and oxygen 

at normal pressures can be satisfactorally predicted 

by the theory of Strickland-Consta7ole and 

Reactor grade graphite gives a similar react:Lon curve 

under,  the same experimental conditions but the rates of 

reaction are of a much greater magnitude (x10). 

The difference can be partially attributed 

to the higher porosity of the reactor graphite, for, 

although the reaction is confines: to the vicinity of 

the external surface, limited penetration of the pores 

must take place. 	Therefore, although the intrinsic 

reaction rates may be the same, the extent of reaction 

in unit volume is greater for the more porous graphite, 

Such a direct comparison of the graphites 

neglects the appreciable difference in the impurity 

level of the two ga.'aTphites. 	I)yrolytic graphite by 

virtue of its method of preparation is extremely pure. 

The major requirement of reactor graphite however is 

mechanical strength and although the preparatory 
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materials are carefully chosen the impurity level is 

much higher than in pyrolytic graphite. A purer 

graphite is available, for spectroscopic analysis using 

the c ^o on arc. 	In order to evaluate the possible 

catalytic effect of impurities at high temperatures the 

latter two graphites were reacted with oxygen under the 

same experimental conditions and their rates were 

compared. 	A typical analysis of the graphites is 

suranarised 

Spectroscopic 
Graphite. 

Reactor 
Graphite. 

Pyrolytic 
Graphite. 

Ash ppm 1,03 100-300 0.1 

Fe 	ppm 003 10 - 

Bulk density 1.46 1.76 2.20 
g.CM.-3 , 

_ 	
t), 	•._. 

i c, 
/°.'7' 

At low reaction temperatures (below 100000) 

the, presence of impurities has a marked effect on the 

reactivity of carbon and graphite as has been shown by 

many authors; in -earticular metallic impurities are known 

to be effective catalysts. 

At high reaction temperatures little is known 
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of the catalytic effect of impurities because rates of 

mass transfer limit the reaction kinetics. 	In general 

it is to be expected that catalytic effects are less 

marked at high temperatures, for a catalyst provides 

alternative reaction mechania2s of lower activation 

energy; the reaction rates on catalysed sites will there-

fore increase more slowly with a rise in temperature than 

reaction rates on uncatal;,:sed sites, 

5.2. Effect of catalysis at hic;h tempe::atures. 

In contrast to the low temperature range, where 

many different materials have 1)een found to be effective 

catalysts for the reaction between graphite and oxygen, 

at very high temperatures little or no data is available. 

Pyrolytic graphite, itself, has an extremely high purity 

level so it is unlikely that catalysis takes place through 

impurities in this material. 	ilo,.-rerer, it was not 

possible to exclude water vapour completely from the 

reaction vessel. 	On the other hand reactor ;Traphite is 

far less pure: iron is the main impurity. 	Experiments 

were therefore arranged to investigate the, effects of iron 

salts added to the graphite and water vapour added to the 

oxygen. 
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5.3. Reaction rates in the 1Dresence  of water vapoW, 

In view of the apparent effect of water vapoul'i°3  

on the reaction rate at low temperatures, precautions 

were taken to dry the reacting gases throughout the 

experimental investigation. Per this purpose the gas 

passed through a steel tower 31 cms. in diameter and 

70 cms. high, which was packed with silica gel: at a 

flowrate of 2 litres per minute the residence time was 

of the order of ten minutes. 	A small glass tube contain- 

ing magnesium perchlorate was joined to tills tower and 

both entrances to the drier were connected 	wailer 

guard tubes also containing silica gel. It was 

estimated that the partial pressure of water vapour was 

reduced to the orde: of 0.002 mins.HZ )  i.e. 3 ppm, by 

this technique. 

Special experiments were also undertaken in 

which wet oxygen was used with reactor graphite at 

1400 oC and at a pressure of 0.21 atmospheres. 	Retreat 

measurements were obtained using the travelling micro-

scope technique and the results -,•;3-3 compared with those 

previously obtained 7.-rith dry oxygen. 	The saturation was 

effected. by passing the gas stream at atmospheric -pressure 

through a sintered glass disc, which supported a column 
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of water at 20°C. The partial pressure of water 

vapour at 20°C is 17.5 mm.iig, which represents a 

concentration of 23,000 ppm water in the reacting gases. 

Two series of rate i:easuremen.ts were obtained 

with both wet and dry gas at 1400°C and 0.21 atmospheres 

of oxygen, as shown in table 5.1. 	Gas velocities were 

chosen to prevent mass transfer controlling the overall 

reaction. 	There was no significant difference beteen 

the means and it is concluded therefore that the presence 

of water vapour has no significant effect on the reaction 

races for concentrations between 3 and 23,000 ppm. 
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Table 5.1.: Reaction rate of reactor graphite at 

1400°C with ox,7gen, containing different amounts of 

water vapour. 

Run No. 3 ppm H2O 	23,000 ppm H2O 

1 74.6 122.0 

2 82.8 88.9 

3 79.5 101.0 

97.9 8569 

5 90.5 115.0 

6 90.5 90.5 

7 88.0 85.0 

8 120.0 (.97.2 

9 83.1 107.0 

10 85.5 80.0 

11 121,0 117.0 

12 94.0 109.0 

13 91.0 (_37.5 

14 107.0 107.0 

15 93.6  96.2 

16 115.0 86.7 

17 112.0 •••• 

18 109.0 

19 59.9 ••• 

20 95.9 
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5.4. Reaction  rates for reactor gra,phite impregnated 

with iron. 

The porous graphite was impregnated with ferric 

nitrate nova-hydrate byhcating the salt until a solution 

was formed (circa 50°C) and then soaking prepared samples 

of the reactor graphite in this solution for several 

hours. 	Tile samples were dried in an atmospnere of 

nitrogen and heated to above 1000°C in an electric 

furnace for several hours: this treatment reduced the 

salt to metallic iron. 	It was estimated by weight 

difference that up to 5;7,; i.e. 50,000 ppm iron was present 

in the graphite. 	section of the graphite was cut and. 

this revealed that iron was evenly distributed through-

out the inner pores. 

The experimental results are given in Table 

end are plotted on a rate-velocity graph figure 5.1. as 

the reaction rate(.1.105 )g.at.cm-.2sec--.1against the gas 

flow rate (01 min.1  Samples impregnated with iron are 

represented on tile graph by discs, and are compared 

with results obtained with untreated graphite which are 

represented by circles. 	At a gas flovrrate of 

11.5 1.min. (22,500 cm.sec:1) the reaction rate of 

impregnated samples was twice the rate of untreated 
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graphite; but at 5.1 min.1  (8000 cm.sec"...1) both sets 

of results are about equal, 	Therefore the above 

results indicate that the iron-impregnated graphite 

reacts faster than untreated graphite, but the full 

catalytic effect of the iron cannot be assessed because 

the increased reaction rate was probably limited by rates 

of mass transfer. 	Alternatively, so much graphite was 

used in the reduction of the iron nitrate (deposited in 

the pores) that the porosity of the reactor graphite was 

signific a:lily increased: consequently tile volumetric 

reaction rate was increased. 	A similar effect of 

porosity was observed in the coLiparison between reactor 

and spectroscopic graphite, results (see section 5.8). 

5.5. Re action rate 	or reactor  :--j1- aphite soaked in 

carbon t 	achloride. 

Some reactor graphite was soaked in carbon 

tetrachloride and immediately onidised at a high gas 

flovrrate: these results aro indicated by small crosses 

on figure 5.1. 	However,  the above treatment did not 

appear to affect the reaction rates. 
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5.6. Reaction rates for reactor'  gr aphite impregnated 

with sodium carbonate. 

The graphite samples 'rere covered with sodium 

carbonate powder and placed in an electric furnace. 

On heating to aLec in en atmosphere of nitrogen the 

say  t fused and penetrated into the pores of the graphite. 

The rates of reaction on this treated graphite, ho7.7ever, 

did not differ apprecidolz: frora raw graphite results. 

These results are also indicated in fig, 5.1. by small 

crosses. 

Results° Table 5.2. 

Slope of graph(s) 	 ems. frame-1 

ation 

Framing rate 

Liolecul ar weight 

Density (bulk) 

.. Rate 	S 	x 1 	x 1.76 	2.35 x 10-3S 
1.94 	32.15 	12 	

g.at.cra:2sec-.1 
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Slope R 	r., 
x 1.0-)  

Q 
1 . ra in . 

Impregnated 
1,7i th 

0.344 80.0 3.72 Fe 	_ 

0.520 122 4.16 Fe 

0 .1(,5 2 106 4.28 Fe 

0.610 143 5.10 Fe 

0.5114 121 4-.85 Fe 

0.445 105 5.31 Fe 

0.987 232 11.7 Pe 

1.051 247 11.7 Fe 

0.612 1)1)1  11.5 C Cl 4 

0.555 130 11.3 c 01 4 

0.655 154 10.5 0 01 4 

0.653 154 11.5 1,T aC o3 
0.696 162 9.3 NaC0- > 

5.7. Reaction rates for  spec tro scopic ally-yure 1'raphite. 

The rates of reaction of spectroscopic graphite 

and re ac tor-grade cr 	.1or c 	e d 	The impurity 

contents of these materials are as fol1o7s:- 
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ILIPURITY 	. SPECTROSCOPIC 
GRAPHITE. 

REACTOR C•RAPI-II TE 

Fe p-om 0 .3 10 
Ca ppm 0.1 15 

Sr ppm 0.00 15 

Na ppm 0.00 2 

V 	ppm 0..00 10 

Si ppm 0.3 -- 
.1. ppm 0.2 < 1 

Cu ppm 0.05 < 1 
Lg PPL1  0.05 <1 

Ti ppm 0.03 <1 

Total ash ppm 1.03 100 - 300 

It was anticipated that a significant difference 

in rate might result from the almost total elimination of 

inorganic impurities in the case of the spectroscopic 

graphite. 	The :i2.isults were plotted as the reaction rate 

(R.105 ) gat.ciii.2  sec.1  against the gas flovirate fig. 5.2. 

and a table of the r suits is given below„ 	Contrary to 

expectations the reactor g:2,70hite had only /-15./6 of the 

reactivity of the purer mat:::rin1. 	However this 
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anomolous behaviour can be attributed to the levier 

porosity of the reactor .1-aphitef, 

acectro-iraphite 	Re ac t or -Gr a-phi te 

Rate x 105-1 Q lemin-.1  Rate x 105 Q 1.m-1  

55.5 0.5 60 1.04 

133 2.04 85 2.08 

139 3.0 93 2.94 

203 5.8 ii4 4.18 

252 9.3 120 4.79 

248 10.2 120 6.12 

271 13.1 102 7.12 

262 15.75 118 8.12 

128 9.97 

5.8. Analysis of the reaction-rate dependence on the gas 

velocity for spectroscopic and reactor graphites. 

A mathematical analysis ,as souzht for both the 

reactor graphite and siDectro-;ra-iphite rate-velocity curves 

obtained at 1400°C. both sets of results can be analysed 

simultaneously because the values of (KG ) were identical 

for both curves so that the differences bet7.7een them 
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resulted solely from the difforent reactivities of the 

two materials. 

If either a first or half-order was assumed 

for (m) it was shown that the value of (%) depended 

initially on the square root of the gas flowrate 

The rate-velocity equations according to this analysis 

are shown on graph 5.2 by the full. lines. However it 

was not found possible to account analytically for the 

velocity-independent results shown by broken lines. 

Therefore it was concluded that the assumptions made in 

the analysis were probaly unjustified and it is suggested 

that:- 

a) (m) must vary appreciably according to the surface 

oxygen concentration (Ci) as suggested by the Nagle 

and Strickland-Constable mechaniml. Consequently 

an. analytic solution of the rate-velocity curve 

becomes very difficult to solve in the case of 

porous grail cites, except for a constant first-order 

reaction. 	In this special case the mass transfer 

process is first order, the true reaction order is 

first and the ? apparent' order under pore diffusion 

is also first. 	However, experimental evidence has 

shown that the order for graphite oxidation is less 
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than first and will vary therefore according to 

different conditions of flow. 

b) 	the power of the v elocity, on which the value of 

(KG) depends, may undergo a change at the critical 

velocity,. 	For instance it is conceivable, that at 

a critical Reynold' s number the boundary layer can 

suddenly change -.2a.-om laminar into turbulent flow 

as in the case of a pipe. However, in apparent 

contradiction it is noted that the critical flow-

rate for the spectro-scopic and reactor graphite 

curves are quite different although the two syst.prils 

were geometrically similar. 

Therefore at this stage of the work the rate- 

velocity curves for porous graphite,s could not be 

interpreted analytically because the progress of the 

reaction was too complex to be fully understood. All 

that can be .ss.id with certainty is that above the critical 

velocity the reaction rates are not affected by the rates 

of boundary-layer diffusion but are controlled by the 

rate of in-pore diffusion. 
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The reaction of reactor ,-,:ra-,Dhite with carbon dioxide 

at high temoerature. 

6.1. Introduction:- 

Experiments showing the reaction between 

graphite and carbon dioxide at low pressures and high 

temperatures have been described by several authors. 

As discussed earlier, the reaction-rate temperature 

curve shows similar characteristics to that for the 

reaction between oxygen and graphite at high temperatures. 

To investigate the carbon dioxide reaction at 

high temperatures, it is necessary to consider the 

possible dissociation of the carbon dioxide before the 

gas roaches the g2a2ilite surface:- 

CO2 	CO + 1 02  
2 

Calculations based upon equilibrium data are given in 

Appendix 3. A one percent dissociation is given at 

1550°C and 10 dissociation at 2150°0. 

If appreciable amounts of oxygen are formed 

in this way, it was anticipated that the reaction rate 

observed would. be  at any rate partly that of oxygen and 

carbon, rather than carbon dioxide and carbon. 	To 

avoid this situation, 30; of carbon monoxide was added 
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to the carbon dioxide which would reduce the percentage 

of oxygen below 1% for all temperatures below 21500C. 

Calculations on which this estimate is based 

are given in Appendix 3. 

6.2. Experimental: - 

A convenient pressure to use was slightly above 

1 atmosphere, for this prevented the ingress of air into 

the vessel. 	.Xs the rate of reaction was low, rates of 

mass transfer did not limit the overall reaction rate, 

A glass mixing chamber was constructed for mixing the 

gases before they passed to the jot. 	In addition the 

backflow of the gases was p2ovented. Before an 

experiment was commenced, a rapid flow of gas was passed 

through the reaction vessel for fifteen minutes: this 

reduced the residual oxygen concentration in the reaction 

vessel to a very low level. The flow of the gases was 

metered on separate capillary flo•ameters and adjusted to 

dive a 30*,. concentration of carbon monoxide in the gas 

stream. 

6.3. Results:- 
The experimental results are given in Table 6.1. 
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and are plotted in fig. 6.1 as the reaction rate 
- g.at.cm..-2  sec.1  x 10-5) against temperature (°C),  

A maximum rate of reaction was observed at 1700°C and 

the similarities with the oxygen results can be clearly 

seen. 	One noticeable difference is the further increase 

of the reaction rate move 2000°C as the temperature 

increases. 	This effect was attributed to the partial 

dissociation of carbon dioxide at this high temperature 

which now becomes ap,)recia.ble in soite of the added 

carbon monoxide. 

Two results with pyrolytic graphite gave the 

much smaller reaction rates of 4.9 x 
these were too si.,all for a complete curve to be satis-

factorily obtained using the sine-technique. 

6.4. Reaction oJ. spectre sco,f•)ic, 	pure r7,-a-ehite at 21000C. 

with carbon dioxide 	the  preSenca of a varyin 

.saantity of carbon monoxide,. 

In section 6.1. it ,:gas shown that the dis-

sociation of carbon dioxide at high temperatures can be 

suppressed by the presence of carbon monoxide. 	For this 

reason, a gas mixture of 30, ca: bon monoxide to -70'," carbon 

dioxide was used. 	At 21 00°C the reaction rate-temperature 
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curve showed a positive temperature coefficient as can 

be seen in fig. Sal 	This was attributed to an 

increased quantity of oxygen produced by the carbon 

dioxide dissociation: but this assumption needed a 

fuller investigation. 

Therefore some reaction rates with spectro-

scopic graphite were :]easured at a constant pressure 

(in excess of 1 atmosphere) at a temperature of 2100°C 

and the 00/CO2  ratio was varied. 	Spectroscopic graphite 

was used in preference to reactor graphite because of its 

hicr her reactivity, 	aesults are presented in table 5,2. 

and it can be seen that the rate of reaction falls with 

the increase in the 00 concentration. 	However, the 

rate did not become independent of the carbon monoxide 

concentration as would be expected from the above 

discussion, 

In view of the complexity of the problem, 

involving several chemical r eactions and in-pore mass 

transfer effects, no clear interpretation of the results 

could be formed at this stage, 
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Table 6.1. Reaction between reactor graphite and 

carbon dioxide (plus 3O carbon monoxide) at 1.20 

atmospheres total pressure. 

Table 6.2. 	Reaction be tween spectro-scopic graphite 

and carbon dioxide 7rith varyin,s quantities of carbon 

monoxide at 2100°C. 



-1129 - 

7. Discussion. 

7.1. Summary of the main experimental re5u7.tst  

1. The rate temperature curve for the reaction 

of pyrolytic graphite with oxygen (at 1/5th of an 

atmosphere pressure) was determined for temperatures 

between 1000 and 2500°C using gas velocities in excess 

of 2,500 cm. sec .-1  The curve rose to a maximum at 190000 

and fell to half the maximum value as the temperature was 

increased further. 

2. The reaction rate of pyrolytic graphite was 

determined for several gas velocities at 1900°C. Above 

2500 cm.sec:1  the reaction rate was found to be independ-

ent of the gas velocity: thus it was shown that reaction 

rates were not under mass transfer control at the curve 

maximum described above or indeed at any temperature of 

reaction. 

3. Two pyrolytic graphites from different sources 

gave identical reaction. rates. 

These results were shovra to be in accordance 

with the theory of Strickland-Constable and Nagle. 

The order of reaction was also measured. 
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(at 1900°C) aad eras found to be in agreement with the 

same theory. 

Li.. 	A maximum rate was observed when reactor 

graphite v.ras oxidised in air but reaction rates were 

shown to be partly mass transfer controlled. A 

maximum was also observed in the much slower reaction of 

reactor gra-ehite with carbon dioxide• 	Therefore the 

maximum phenomenon may be a common factor for gaseous 

reactions with most,;rap 'altos at high tempenatures. 

5. 	In certain experiments water vapour was added 

to the oxygen and in others the reactor graphite was 

impregnated with salts (Na2CO3 and Po(NO3)3); but only 

the presence of the iron salt caused any appreciable 

change in the rate of oxidation at 1400°C. 	(A two-

fold rate increase was measured when the gas velocity 

was very high). 

From these experiments catalytic effects 

seemed to be relatively unimportant when compared to 

their effects, reported in the literature, at much 

lower reaction temperatures: for a further comparison 
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a rate-velocity curve was obtained using spectroscopic-

ally pure graphite. Rather suprisingly the reactivity 

of the spectroscopic grahite was found to be higher 

than that of reactor graphite, but this was attributed 

to the different porosities of the two graphites. 
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7.2. Kinetics of oxidation of carbon at high temperatures: 

explanations  given in the literature for the  maximum 

rate phenomenon. 

In the literature dealing with the oxidation 

kinetics of carbon at high temperatures no comprehensive 

theory of the reaction kinetics has been universally 

accepted. 	This situation reflects upon the complex 

nature of the reaction mechanism because in recent years 

the oxidation of graphite has been the subject of an 

intensive research effort on account of its technological 

importance. 

In the past the inconsistancy of the results 

obtained with graphite has been attributed to different 

degrees of:- 

a) mass transfer participation in the overall reaction 

b) catalytic effects of impurities 

c) graphitisation of the carbon. 

In the present work graphite of very low 

porosity and high purity has been used, namely pyrolytic 

graphite. 	Catalytic effects wore therefore unimportant 

and it has been shown that rates of mass transfer did 

not control the reaction kinetics at any temperature 

under the particular experimental conditions used. 
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In fact the behaviour of the true surface chemical 

kinetics was indicated by the experimental rate 

measurements. 	Loreover a rate-temperature curve has 

been experimentally determined at normal pressures with 

a maximum at 190000. 

The shape of the curve corresponds with reported 

results obtained at very low pressures with carbon fila-

ments. Such an unusual result observed at two widely 

different pressures is strong evidence of a common 

reaction mechanism which is probably the same for the 

oxidation of all Pure r'raphites at hi h temperatures. 

The reaction theory proposed by ITale and Strickland-

Constable predicted the nature of the curve quite well 

and was further confirmed by experimental measurement of 

the reaction order at 1900°0. 

Several other explanations have been given in 

the literature to explain the maximum in the rate- 

temperature curve of the filament results. 	Lost of 

these are criticisms of the experimental methods used in 

the filament work and they will now be reconsidered as a 

means of explainin the maxim:II:1 when it, is observed at 

normal gas pressures. 	As opposed to the criticisms of 

the experimental technique, two rate mechanisms have 
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been proposed namely that of Blyholder, Binford and 

Eyring and that of Strickland-Constable and Nagle. 

Finally an atte:1-ipt to interpret the physical 

significance of individual constants in the overall 

rate equation will be made. In addition the equation 

will be used to predict reaction rates below 1000°C, 

which is outside the experimental temperature range of 

both the present and the filament results, in order to 

compare the predicted values with those published for 

pure graphite specimeii.S. 
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Criticisms of  the experimental methods: 

7.2.1. Rate limitations are  caused by a limited collision 

rate. 

A gas-solid reaction must be ultimately limited 

by the nuMber of collisions that a gas molecule makes with 

the surface, so that a limit in the rate-temperature curve 

is obtained when the collision rate equals the reaction 
r. 

rate. 	This ultimate rate (R) can be calculated from the 

kinetic theory of gases to give:- 

" R = 23.5P 
qtYT 

where (M) is the molecular weight of the gas, (T) the 

absolute temperature(°K) and (p) the gas pressure in 

atmospheres. For oxygen at a temperature of 1900°C and 

a pressure of 0.21 atmospheres:- 

R —2 —1 = 2350 x 10-5  g.at.cm. sec. 

The experimental maximum-rate for pyrolytic graphite 

(at 1900°C) was 24 x 10-5g.at.cm72secTi  aad therefore 

only 15 of the theoretical nuMber of collisions need 

result in chemical reaction. 

The theoretical collision rate 	is inversely 
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proportional to the square root of the absolute temper-

ature and so the rate will be expected to decrease above 

the maximum rate. 	This effect would produce the 

maximum phenomenon but the decrease in the experimental 

reaction rate () was much larger than can be predicted 

by the collision theory:- 

	

ToC 	 R x 105 	R x 105 / TAT 

	

1900 	 24 	 214. 

	

2400 	 10 	 21.6 

Therefore it appear s that the reaction is not limited by 

the nuriTher of collisions of oxygen molecules with the 

surface. 

7.2.2. ?ate limitations b rates of mass transfer. 

When the reaction rate is very rapid the graphite 

surface is shrouded by gaseous reaction products and the 

reaction rate is controlled by the speed with which fresh 

oxygen can penetrate this stagnant boundary layer. 	In 

the oxidation of pyrolytic graphite the rate-velocity 

data obtained at 1900°C showed that the maximum reaction 

rate was not limited by rates of mass transfer. 

Consequently, the obsorved reaction -kinetics of pyrolytic 
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graphite oxidation cannot be accounted for by either 

of the above physical limitations, 

7.2.3. The effect of unheated  gas on the reaction  rate, 

Meyer and Gomare.3. suggest that when a cold gas 

reacts with a hot filament the thermal accommodation 

coefficient (n4) is less than unit; and decreases as the 

temperature increases, 	If (to) is the gas temperature, 

(ti) the filament temperature and (t,) the desorbed-gas 

temperature then:- 

r>( = tr, 	t = energy interchange 
o ti 	total possible interchange. 

According to this argument the gas will desorb when the 

energy interchange is large enough to overcome Van der 

Waal's force (of adsorption): the force is constant and 

independent of the filament temperature, provided that 

(ti)›.(t,). 	Consequently at very high temperatures, the 

gas molecules will tend to desorb before reaction has taken 

place and a maximum in the rate-temperature curve will be 

produced. 

The argument is valid at low gas pressures when 

the gas-phase collisions are rare. 	However, at normal 

pressures, multiple gas-phase collisions near to the solid 
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surface could be expected to raise the temperature of 

the gas to that of the solid before collision with the 

surface took place, 

Nonetheless it would. have been desirable to 

deterfriine whether or not a pro-heated gas would give an 

increase in the reaction rate at normal pressures. 

However very considerable experiment al difficulti es were 

foreseen, and the experiment has not been attempted 

successfully. 

Preheating of the gas has been reported by Day 

and ;7alkerg ° 2  to have no effect on the reaction rate: 
$7.3 this view was supported also by Kuchta, Kant and Damon° 

in their ex-oeriments, However it is possible in these 

cases that mass transfer effects were controlling the 

reaction rate; pl'olla tins of the gas would not then 

ratericaly affect the overall reaction rate, 

In the present work the effect of preheating 

on the reaction rate can probably be estimated from the 

rate-velocity data (fig. 4.3). 	Above the critical 

velocity, the reaction rate is found to remain ap-oroxi-

mately constant, despite the fact that with the increase 

of velocity the gas layer at the surface is cooler. 

Consequently, it is -probable that the rate of reaction 
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for a given surface temperature is independent of whether 

the gas is hot or cold. 

Perhaps this conclusion is not too difficult to 

accept because reaction can only take place after the 

oxygen has been adsorbed by the graphite, by which time 

thermal accommodation of the molecule with the surface 

has taken place: this point is discussed later, 

Moreover as the reaction rate at normal pressures is 

apparently of zero order over much of the temperature 

range the rate of adsorption of oxygen onto the graphite 

is comparatively rapid and would not limit the reaction 

rate. 
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7.3. Proposal of a rate mechanism to explain the high 

temperature reaction kinetics of carbon oxidation. 

It is very difficult to e::plain the high 

temperature results of carbon oxiLation without 

postulating the existence of two different reactive sites 

in a graphite surface (for the purpose of this discussion 

they will be called A- and B-sites.) 	This proposal was 
e.2 first given by 31yholder, 1- in.:.'ord and Eyring 	in order 

to explain the low pressure filament results (see 

Appendix 5). 
At this time no maxt_nim had been reported at 

normal g as pressures so Layholder, Binford and Eyring 

were led to believe that the reaction of a gas with 

pure graphite was a 13-site reaction which was of zero 

order with a large activation energy. 	Otherwise it 

was proposed that the reaction was catalysed by 

impurities to give a different reaction rate: this 

reaction tool: place on A-sites, was first order with a 

much lower activation energy. 

Therefore llyring assumed. that the carbon 

filaments were specimens of impure graphite so that at 

low t e, m p e atures an A-site rate was observed: at higher 

temperatures the catalytic impurity evaporated from an 
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A-site which then became a B-site so that for a certain 

temperature range the overall rate appeared to show a 

negative temperature coefficient. 

However in the present work only pyrolytic 

E:raphite samples were used. 	This is one of the purest 

forms of carbon available aad it seems unlikely that a 

catalytic A-site reaction is a possibility. 	Moreover 

the B-site reaction cannot be considered to be zero order 

in view of the normal pressure results. Therefore a 

different mechanism was proposed for the A- and B-site 

reactions by Nagle and Strickland-Co astable as outlined 

below. This was found to agree with the present results 

and with those at low pressures. 

.:%nnealinr: of reactive  sites: Theory of NaLLe 

and Strickland-Constable. 

According to the rate mechanism of Nagle and 

Strickland-Constable, all carbon atoms in the graphite 

cxvstal are regarded as B-sites in the virgin materiel. 

However, during the reaction, it is considered that the 

crystal structure at the surface is disrupted so that 

a more reactive site is produced (A-site). 
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At low temperatures of reaction all the 

surface atoms are A-sites; but at high reaction 

temperatures the A-site atoms axe able to migrate over 

the surface to more stable lattice positions and. become 

3-sites. By this process of annealing_ the reactivity 

of the graphite decreases and for a certain temperature 

range the overall rate equation has a negative temperature 

coefficient (maximum phenomenon). 

At a constant temperat.cre a steady reaction 

rate is achieved when the rate of creation of (A) sites 

equals the rate of annealing of CO sites. Consequently 

the steady-state reaction rate is independent of the 

previous thermal history of the sample. Thus all 

graphites are expected to have similar surface reactivi-

ties at high temperatures when annealing can take place, 

171 fact in the present work t7.ro different pyrolytic 

graphites were found to have identical reaction rates. 

In further sup.3ort of the iTagle and Strickland-

Const rible mechanism it can be shown that the maximur:. in 

the rate-temperature curve mist be dependent on the gas 

pressure. 	In the present won'.: a maximum occurred at 

1900 00 but in the reported filament results a maximum 

was observed at about 124.00°C. 
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7.4. Predictions based on the  dale  and Strickland-

Constable theory. 

The accuracy of each individual reaction 

constant must be considered in relation to the 

assumptions made in the curve fitting. By comparing 

the revised rate constants to Nagle's original constants 

the variability in magnitude can be seen more clearly. 

A table of comparison is presenteC, below and a visual 

comparison can be made on graph A.1. 

KU 	Q K0 	Q 	NAG LE 	NAGLE 

KB  3.83 x 10-5 21,000 4.46 x 10-3  15,000 

KT  2.39 x 10.)  84,000 1.51 x 10-)  97,000 

K" A 	Z  x 8.222 	104 48,900 20 30,000 

Kzr 1.17 x 105 18,560 21.3 - 4,100 

KA 0.702 30,500 0.939 54,100 

i 
Ig .moles.cisecT.* c a:4 1:1061 cf.1  g  a:D:11P S 0 ei7.2seEl cal.rridgl °II  

The new rate constant for the A-site reaction 

(KA) was calculated from the slope of the rate-tempera-

ture curve below 150000, (which compares closely with 
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Nagle's value). 	From equation 1,16 it can be seen that 

the reaction rate on an A-site is pressure independent 

at normal pressures:- 

RA  = KA.P.KC 	
KA.P.KC 	 KA  

K3 	KC * P 	 K .P 

if flay D P 	la 

The second assumption is that all reactive sites 

are ( ) sites below 15000C i.e. x = 1. 	At normal 

pressures it is conceivable that the graphite structure 

at the solid surface is quickly broken up to give only 

reactive A-sites because of the high reaction rate. 	The 

experimental results for two different pyrolytic samples 

gave evidence of this situation because the rate-temper-

ature curves were coincident in this temperature range. 

However at low pressures the reaction rate is 

very mall and would need to proceed for an extended period 

of time at a fixed temperature before the reactive surface 

was converted totally to :-sites or an equilibrium value 

of x was established. Iherefore in the low pressure 

experiments the ixtitial reaction rate would probably 

depend strongly on the previous thermal history of the 

samples. 	This was shown to be true by Strickland- 
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Constable who observed a t hysterisis' effect i.e. the 

rate-temperature curve measured as the filament 

temperature was -orogressively increased was different 

from the curve obtained as the temperature was progress-

ively decreased, 

This implies that the potential reoption curve 

on A-sites must nlways lie above the experimertal curve. 

In the filament work the initial slope was confined to 

temperatures below 1100°C (as opposed to 130000 at normal 

pressures); very low gas pressures were present so that:- 

ii Kc.P 

2A = KA'KC'P 	/ = KA.Kz,0) 

K 

On graph A.1. the curve for K..K A. is shown to be above C E 

the experimental curve. 

From the above A-site reaction rates at high and 

low gas pressures the value of (Kg) can be deduced. = 

(K;) is the ratio of the adsorption rate of oxygen onto 

A-sites to the desorption rate of the reaction products 

from A-sites. 	In Nagle's calculations the activation 

energy for each of these processes vas shown to be 

approximately equal, with the activation energy for 

desorption greater than that for adsorption: a physical 

• 
• • 
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process was indicated. 	However the new constants show 

that the activation energy for adsorption is very much 

larger than that for desorption. 

This important deduction weakens the Lieyer 

and Garner arguments for the occurrence of a rate maximum, 

because if oxygen is chemisorbed as opposed to 'physisorbed' 

it is unlikely that a chemisorbed oxygen molecule will be 

released from the surface before reaction has taken place, 

In fact experimental work has often shovrn that oxygen is 

not desorbed from graphite as oxygen gas but only as one 

of the oxides of carbon, 

A.t normal pressures and very low temperatures 

Kc .P because Ka  has an a7Dpreciane activation energy 

as opposed to ILJ. 	Consequently the potential A-site 

reaction will tend asymptotically to the (K) curve at 

high temperatures aiad to the F.4..K.c.P/KT, line at low 

temperatures. 	At an intermediate temperature a change 

in slope will be observed. 	In experimental work with 

porous graphite a change in mechanism as described above 

has been observed but is usually attributed to pore 

diffusion effects. If such a change were observed with 

pyrolytic graphite it is more likely to be caused by the 

chemical kinetics as opposed to the diffusional effect. 
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At low pressures and low temperatures the 

A-site reaction is ;partly limited by the rate of 

physical desorption of carbon monoxide from the reactive 

A-sites. 	At high pressures and temperatures (KE) is 

relatively small despite the fact that the reaction is of 

zero order. 	The rate controllincf process (on A-sites) 

is the breakdovn of t::.0 surface oxide, 

The value of (KT ) is silaller than Nagle's 

constant in both frequency factor and activation energy. 

Consequently a less sharp peak is given to the calculated 

rate-temperature curve. 	(KT ) values were c alculated 

from the peak of the high pressure result s when the major 

part of the reaction is on A-sites, 	Therefore the 

calculated values for (KT) can be considered to be sub-

stantiall:: correct. 

Note: the negative slope of the low pressure 

results was assu.med to be predominantly an k-site reaction: 

(x) could be calculated for these temperatures and 

A 	C 
	was then determined. 	Therefore K,.K C 	was 

the last fit in a series of three (K,, KT 	C K‘K 	 ) and 

subject to the cumulative error. 

(KB ) constants were calculated from the low 

pressure results, 	Nagle's value .- as too high to fit 
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the filament results and was changed to give a better 

curve lit. 	The physical difference between a B-site 

and an A-site can be visualised in that a 3-site is more 

tightly bound than an A-site. Consequently a higher 

activation energy was expected. (but not obtained) for a 

B-site reaction as opposed to an A-site reaction. 

The difference in Qo (30A is not as high as obtained by 

Nagle (55,0) and an equal activation energy could be 

conceived as neither activation energy was established 

with very great accuracy. 	It is not possible to 

consider a higher activation energy (4o) for a 3-site 

reaction which is also consistent with both sets of 

results. 	However if the K.KC  /K.,, curve had a smaller A  
activation energy then the value of I A  would also be 

smaller. In fact a more exact fit might have been 

obtained from the present data which would have affected 

the values of (KA) and (K3) most. 

A computor programme could be devised to fit 

the different rate functions to the experimental results 

but to make the effort worthwhile it would have been 

necessary to repeat the filament results with G.E.C. 

pyrolytic graphite at several pressures with 

care being taken to ensure that steady-state values were 
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measured at each temperature: then the individual rate 

constants could be firmly established. 	However it was 

not possible to investigate a wider presure range using 

the present experimental technique. 	This could possibly 

be undertaken at some future stage, 
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7.5. Comparison of data reported at low reaction 

temperatures with the rates predicted by the  
overall rate euLation. 

As already explained there is little published 

data on the reactivity of graphite in the high temperature 

range, which is free of mass transfer effects. However 

a comparison with low temperature data is possible if 

the pyrolytic graphite results are extrapolated to lower 

temperatures using the 1Tagle and Strickland-Constable 

rate equation. 	This has been done for reaction pressures 

of 76, 38 and 2 tort to correspond to the experimental 

results of Gulbransen, L:adrevr and Brassart.3 * 6' 	moth the 

calculated and exp rimental rate-temperature curves are 
- given in fig. 7.1. 	The reaction rate in g.cm.-2  sec.1  is 

plotted as the ordinate; and the reciprocal of the 

absolute temperature ( °K) as the abscissa. 

The results described by Gulbransen were obtain-

ed with spectroscopically-pure graphite using an electric 

furnace. To allow for the porosity of the graphite a 

roughness factor of 350 was used by the authors to 

j.6. Gulbransen E.A., Andrew K.F., Brassart P.A. 

3. Electro.Chem.Soc. 110 	476 (63) 
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calculate the intrinsic reaction rates. The magni—

tude of these rates differs from the extrapolated curves 

by a factor of about 3; however the separation between 

the curves at 76, 38 and 2 tor,-,0 corresponds to that of 

the calculated curves and therefore is in apparent agree—

ment with the Nagle and Striclaand—Constable reaction 

mechanism, 	(Above 700°C the "apDarent" activation 

energy of the results described by Gulbransen is 3600 

K.cals. which would correspond to the temperature 

coefficient for the change of diffusivity with tempera— 

ture. 	Therefore a mass transfer process probably limits 

the reaction rate above this temperature). 

Blyholder and L'yring i s results are indicated 

on the same straph by circles. 	I2he results are again 

different in magnitude to the calculated values (which 

are not plotted) altho',;.gh the activation energy 

corresponds quite closely. 
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-7.6. Summary: 

Several theories have been postulated in the 

literature to explain the maximum in the rate temperature 

curve. The limited number of oxygen molecular 

collisions, the limiting effect of rates of mass transfer 

and the effect of using hot and cold gases have all been 

examined, but in the light of the present results each 

has been rejected. 	A more fruitful source of investi-

gation was Blyholder, 3inford and :3-yring 1  s theory that 

there are two different reaction sites A and B in the 

samples. 

In a modification of this theory, Nagle and 

Strickland-Constable postulated that all virgin material 

contains B sites only, but that A sites are produced on 

the solid surface during a reaction. This interpretation 

of the rate mechanism agreed with the present results 

for pure graphite. 

In addition it was found that the Nagle and 

Strickland-Constable theory can be used to predict with 

accuracy the reaction rates over a very large pressure 

range (10-6  to 1 atmosphere) which is quite an unusual 

achievement. 	Lorcover for temperatures outside the 

experimental ra,ne, the preJicted rate values 

approximate agreement with published results. 
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Appendix 1. 

1. Method of calculation of the reaction constants from the 

experimental data to fit the Nagle and Strickland - Constable 

theory. 

To facilitate the process of curve fitting the two curves 

Fig. 4.4. and Fig. 4.7. were plotted on the same graph ( Fig. A.1 ) 

as log 
10   rate / pressure ) against the reciprocal of the ( 

absolute temperature ( 10
4 
/ T°  K ). Statistical curve fitting to 

the Nagle and Strickland - Constable theory would be extremely 

complex : consequently the reaction constants were evaluated by 

means of reasoned approximations. 

1.1. 	Step 1 : The overall rate of reaction can be considered 

in two parts - the A-site reaction and the B-site reaction, where 

x is the fraction of reactive sites which are A-sites :- 

— = 
	KA. 	x 	K ( 1 - x ) • 

	 A.1 
+ K * P 

At low temperatures x tends to unity. Therefore the rate at low 

temperatures is on A-sites :- 

K R 	A° KC 7.. 
 

. 	. 	. 	. 	. 	A.2 
P 	K, + Ku. P 

T —3- low values 

In this temperature range, at high pressures:- 
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R 
	KA 	

• 	 0 	0 	• 	 • 	• 	. 	A.3 

P 
	

P 

In fact Nagle's constants show that this is not true at 0.21 

atmospheres but KA. KG  / (K,,,+ K0. 2 ) is approximately a 

straight line given by the low temperature slope ( Fig. A.1 ). 

At very low pressures :- 

K . X 
C  

= 	• 	• 	. 	• 	. 	• 	A.4 

- but the slope for the low pressure curve is not necessarily as 

given above because x may not be close to unity. ( The reaction 

rate may be too small to convert all reactive sites to A-sites ). 

1.2. 	Step 2 : The difference between the experimental curve 

and potential curve for A-site reactions can be used to find the 

variation of x with temperature. When this difference is small 

the contribution to the overall rate from the B-site reaction can 

still be neglected, therefore :- 

log 10  E. 	log 
10 	

KA. 	log 10  x • 	. A.5 

K , + KC. P 

• • 	• 	• 	• 	. 	A.6 

• • 	 1 
x 

KT 	KB. p 

KT  
1 	• 	• 	• 	• 	• 	A.7 

K,P 

But 
	 P 
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This analysis gives KT  / KB  as a function of T and it was 

found that:- 

Kr, 

	

logi 	 10 
 

10 	= 5 • 878 - 1 • 382 	. 	A.8 

	

KB 	 T 

	

1.3. 	Step 3 	: With the derived constants above, x values can 

be found for the low pressure results. Consequently the variation 

ofKA.K0 /K,with temperature can be evaluated. 

• 

log 10  It

P 

 log 	KA KC log 10  x 10 . A.9 

. log 	KA'  KC 
• 10  4 • 915 - 1 • 072 1_04 . A.10 

Kr3 	 T 

1.4. 	Step 4 : Prom steps 1 and 3 the rate constants KA 

and ICC 	3 can be evaluated :- 

log 10  

log 10 

• 

• 

• 

669 

403 

10
4 

. 

. 	• 

. 

A.11 

A..12 

A.13 

KA. 

ICA  

C  

KC  

= 

= 

T •  846 

5 • 069 

KA 

- 	0 

- 	0 

- 
T 

4 
10 

 

KE  

1.5. 	Step 5 : At low pressures the reaction rate curve can now 

be plotted at all reaction temperatures ( fig. A.1 ). At the highest 

temperatures the experimental results lie above this calculated. 
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curve on account of the B-site reaction. Therefore the rate 

constant for B-site reactions can be derived. 

R 	KA.  KC Y. P 

0 

1 

• 

• 

= 

460 

842 

KT 
. A.14 

A.15 

A.16 

log 10  KB  

log 10  KT  

= 

= 

- 	• 

3 	• 

KT + KB. P 

585 

461 

KB'  KT + %B, P 

104 • • 	. 

10
4  

. 
T 

2. 	Calculation of a reaction - temperature curve.  

Prom equations A.1 and A.6 :- 

KA. Kc.  KB. P 	KB. KT  

+ Kc. V KT  + KT. P 	KT  + I B. P  

Put K 	- 
C 	.L] 	Z 2  

EA. KZ. KB. P + KB. KT  + AB. KT. KZ. P 

PKT  + KT. KZ. P + KB. P + KB. KZ. P 2 

These values can be calculated from equations A.12, A.15, A.15, and 

A.16, and are presented in table A.1. 

It is then a simple matter to calculate the rate - reaction 

curve at different pressures. See table A.2 for the reaction curve 

at 0.21 atmospheres ( R2 ) and for the reaction curve at 2.5 x 10
5 

atmospheres ( R1  ). Calculations were also made for several pressures 

at temperatures of 2200°  K, 1900°  C, 1400°C, see table A.5. 

. 
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TABLi A.1 

104  
Log 	10 	Individual 	rate 	constants 

t--- 

KA•KZ ''''L KA•I'VKJ, 	:10 ":::::T / 	KZ KB''T•KZI l'1.-CKZ t KI3 •ICZ • 
..1L

oK 

2.5 2.255 1.455 2.668 2.856 5.239 4.062 1.350 2.918 0.495 

5.0 1.699 1.203 3.902 3.95.; .6.158 5.860 5.993 1.795 0.063 

3.5 1.165 5.075 5.135 5.014 5.907 3.658 1.6,16 0.672 1.631 

5.8 0.841 7.855 47.676 1.461 5.296 3.538 5.334 1.999 1.573 

4.0 0.627 5.743 4.570 4.095 5.856 3.457 5.295 1.550 1.200 

4.2 0.413 5.651 4.064 3.725 5.376 3.376 6.752 1.101 1.027 

4.4 0.198 5.559 5.757 3.356 16.915 3.299 3.211 2.652 2.855 

4.6 1.984 3.467 5.431 3.980 10.455 3.215 7.670 2.203 2.682 

4.8 1.769 5.575 6.144 6.619 11.994 3.135 7.129 3.754 2.510 

5.0 1.555 5.283 6.858 6.251 11.554 5.054 5.580 3.505 2.557 

5.2 1.541 5.191 5.532 7.633 11.074 2.973 6.047 .4.056 2.164 

5.5 1.019 3.053 6.072 7.330 12.583 2.855 5.235 1,185 3.906 

6.0 2.483 6.825 7.306 5.409 13.252 2.651 11.883 5.060 5.474 

6.5 3.947 6.595 5.540 9.438 14.081 2.449 12.531 7.937 5.042 

7.0 3.411 6.535 9.774 10.567 16.930 2.248 13.178 5.815 4.611 

7.5 4.875 5.155 9.008 11.646 17.779 2.046 15.825 9.695 4.180 

8.0 4.539 7.903 10.242 12.725 18.628 1.845 16.473 10.570 5.748 
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TABLE A.2 : calculated reaction rates at 2.5x10
5and 

0.21 atmospheres of oxygen, 

logio(d, 	82.105 1og10(R2) T°K 1 4 

o.... T i, 

9.851 6.87 3.857 4000 2.5 

9.650 6.02 3.779 3550 3.0 

5.491 7.94 5.900 2860 5.5 

5.425 10.88 4.056 2630 5.8 

5.393 14,58 4.157 2500 4.0 

9.583 17.75 4.249 2380 4.2 

9.381 20.5 4.512 2270 4.4 

9.595 23.1 4.363 2170 4.6 

5.418 25.4  47.569 2080 4.8 

9.452 22.1 1.545 2000 5.0 

5.493 18.9 1.276 1920 5.2 

5.565 J3.4 4,126 1820 5.5 

9.700 6.60 5.820 1670 6.0 

8.857 2.75 5.761 1540 6.5 

0.942 1.42 5.151 1430 7.0 

9.911 0.645 6.810 1530 7.5 

5.656 0.293 6.467 1250 8.0 
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TABLI] A.5 : calculated reaction curves at several 

pressures and at a fixed temperature. 

PR-133-0, 	(AN.) 10
4  

T
o
K 

P 1.0 0.4 	i 	0.21 	0.1 

log10]? 0.000 1.602 	1 	1.522 	1.000 

, 

R. 105 6.74 6.70 6.58 6.40 
6.0 

log10 5.829 3.820 5.818 5.806 

R. 105 /14.8 52.6 23.1 	1.375 
4.6 

log10  ' " 1.651 1.515 1.363 6.158 

R. 105  49.47 24.5 14.4 6.84 
4.0 

log10R 4.694 1.586 4.157 5.835 
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Appendix 2. 

2.1. Analysis of the experimental results at 1400°  C obtained 

with reactor graphite in air using the mfcroscppe technique. 

Although the reproducibility of a rate measurement can be 

best tested at a constant temperature, it was impossible to set or 

control the rod temperature accurately to a predetermined value 

using Nagle's technique. So some results were obtained in the 

temperature range of 1400 ± 50°  C. Owing to the small variation 

of rate with temperature these results were all treated as being 

at the same temperature of 1400°  C. Within this range the results 

did not show a significant dependence on temperature as can be seen 

from the graph ( fig.2.2 - where the group of results are enclosed 

by a square ) so this proce-dure was probably justified. 

The seven results in this range are shown below to have 

a mean value (1-i g.atoms.cm-2.sec-1  x 105  ) equal to 21 *7 with a 

, 
variance s2  (R) of 24 . 8 : from these figures the reproducibility 

can be evaluated. 

2.2. Statistical analysis of results at 1400° t  50°  C. 

(see table overleaf) 

R. 105  = 20  .4. 	11.8 = 21.7 	n = 7 
7 

2 
R - 20 ) 	!L-( R - 20 )j  
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R x 105 ( R - 20 ). 10
5 - 20)

2
. 1010  

22.9 

29.9 

26.5 

20.9 

19.1 

15.5 

19.2 

2.9 

9.9 

6.5 

0.9 

- 

- 

- 

0.9 

4.5 

0.8 

8.41 

98.01 

59.69 

0.81 

0.81 

20.25 

0.64 

18.0 	- 6.2 168.62 

( R - R )
2 	168 • 62 - (11.8)2/ 7 = 148 • 

. 	• 	s2  (R) 

 

R - 172_ 148 • 7  = 24 • 8 

 

n - 1 	6 

For 6 degrees of freedom at 95/0 probability :- 

R . 105 = 	21 • 7 	4. 	2 • 45 	24 	8 

= 	21 . 7 * 	12 • 2 

ff. . 105 	= 	21 • 7 ± 	12 • 2 / 17 

= 	21 • 7 ± 	4 • 61 

In this analysis R is the expected range for 95 of the 

experimental results obtained with the experimental technique at 

1400°  C. R is the range of the arithmetic mean rate about the true 

reaction rate with a probability of 95 . 
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Table A. 4. 

h 
divs 	secs 

1 
To c  

I 

104.  
R 	Ilogio  R 

70 115 1420 22.9 	1.36 

25 31.5 1445 29.9 1.48 

25 68.2 1505 15.7 1.14 

50 4d.5 1480 42.4 1.63 

50 V1.7 1380 26.3 1.42 

55 63.1 1380 20.9 1.32 

35 69.1 1450 19.1 1.28 

60 68.5 1640 53.0 1.52 

20 48.8 1400 15.4 1.19 

30 50.6 1260 22.3 1.35 

55 68.8 1410 19.2 1.28 

100 	divisions 	-1' 	0 . 257 	cm. 

20 46.4 1955 23.8 1.38 

25 29.3 1790 47.1 1.67 

50 67.7' 1755 40.8 1.61 

15 29.5 1830 28.1 1.45 

35 39.4 1910 49.1 1.69 

70 89.1 1850 43.3 1.64 

50 60.2 1800 45.9 1.66 

50 69.4 1840 59.8 1.60 

50 62.5 1665 114.2 1.65 

40 70.3 1815 51.4 1.50 

100 	divisions 	0 . 376 cm. 

T° K 

5.90 

5.85 

1 6.54 

5.71 

6.05 

6.05 

5.80 

5.23 

5.98 

6.52 

5.94 

4.53 

4.85 

4.95 

4.75 

4.58 

4.75 

4.85 

4.74 

5.17 

4.79 
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2.3. - ;stimato of the instrumental error in the measurement of the.  

rate R, at 14000  C. 

The method of rate measurement is given in equation 2.1. : 

R = h 	1 	1 
	

h 
t 12 
	t 

where +li is constant for a series of runs on the same graphite. 

If 62 (R) is the to ::al variance in the rate from 

instrumental error and 5 2  (i) the variance in a measured variable 

(i) , then :- 

2 	)2  
01) 	`. 	2 

i ;, 

The two variables are (h) and (t), therefore :- 

- 	 - 2 	2.(h) 
(n) = 	

112  • o2  (t)1,  
I (7: 

t
2 	

t
4 
	

I 

The average values of qi, t and h were calculated from the 

results presented in table A. 4 and are given below : the probable 

errors in h and t were known by experience to be :- 

(h) = t 0.5 divisions 

(t) = t 0.2 seconds 

1.76 g. cm -3 

100 to 0.257 divs.cm-1 

• 
. . 1,// = - 0.377 x 10 2 g.atoms.cm 2  .div.-1  

- 
h = 39 divisions 

-t = 67.6 seconds 

n = 7 



-156- 

(R) _ 0.3772. 10-11' 1(0.5)2  +  59
2  

0.04 
67.22. 

 
67.62 

( 

	

0.315. 10-8  	0.25 + 0.015 ) 

8.29 . 10-10  

(R) = 	2.9 . 10
-5 

For 6 degrees of freedom at 95 	probability :- 

R x 105 = 21 . 7 	t 2 • 45 x 2 • 9 

R x 10
5 
 = at • 7 	t 7 • 11 

In this analysis R is the estimated range for 95 ,) of the 

experimental results at 1400°  C caused by instrumental error. 

The results of the above analysis are summarised in the 

following table :- 

total 
variance 

standard 
deviation 

95° 
confidence 
limits 

Range of the experimental rates 24.8 4.98 * 12.2 

Range due to instrumental error 8.29 2.88 ± 	7.1 	' 

Range due to error in 	h 7.88 2.80 - 

Range due to error in t 0.41 0.64 - 

Range of 	R 	- - t -4.61 

Nean reaction rate 	= 	21 • 7 
i 
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2.4. Discussion of the experimental  scatter. 

2.4.1. The instrumental errors in measuring the reaction rates, 

arise in the estimation of the reaction time (t) and linear 

retreat of the surface. From the table given above it can be clearly 

seen that the error in the measurement of (h) accounted for most 

of the instrumental error. As a consequence of error from this 

source 95 	of the experimental results are expected to be in the 

range of ( 21.7 t  7.11 ) x 10
-5 

g.atoms.cm
-2
.sec.-1 

2.4.2. Experimental error : all the experimental results apart 

from one were inside the range of the instrumental error. However 

the total experimental variance s
2 
(R) was 24.8 as compared with 

the estimated instrumental variance of 8.29. Therefore it was 

concluded that other factors outside the error in measurement of 

the rates made a significant contribution to the overall error. 

2.4.3. True reaction rate at 1400o C. By using the Students' t- 

test on the seven experimental results, it has been shown that 

95 ';; of any further rate measurement at this temperature will be 

in the range of (21.7 	12.2) x 10
-5 g.atoms.cm-2.sec-1. The 

arithmetic mean of the results (K) will approach the true reaction 

rate (Rtrue)  as the number of results (n) tends to infinity,i.e:- 

Ttrue 
	t. (RL 

n 

If a 5 	deviation from the true reaction rate is an acceptable 

value then :- 
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t. 	(n) 	21 • 7 

,/ n 
	

20 

i.e. 	n2 
	

0.923 x 12.2 

n 	 127 

Therefore 127 experimental results are required, with the 

present experimental technique, to establish the reaction rate with 

a 5 % degree of accuracy. 

2.4.4. error in temperature : the error in the measurement of 

the temperature was certainly small, but in the course of a run 

the temperature of the rod deviated substantially from the mean 

value. The reaction rate is not strongly temperature dependent, 

especially near the rate maximum, but eiren so the temperature 

deviations could introduce considerable uncertainty into the 

measurements. 

2.4.5. Other experimental errors : later, when the rate of 

burning was recorded photographically and continuously two sources 

of error were detected which could not be observed in the microscope 

technique where only the initial and final positions of the silhouette 

were recorded:- 

a) The initial reaction rate was sometimes found to be quite 

different from the steady - state value ultimately attained. 

b) In addition the sample was sometimes observed ',;(:) move 

during the run ; this movement resulted from compressive forces 
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exerted on the graphite rod, as illustrated in fig. 5.5. The 

force was required to hold the sample in position but was increased 

by thermal expansion of the graphite on heating. In the combustion 

only one face reacted to a large extent so bending moments developed 

which moved the centre of the sample downwards. The supports did 

not resist this movement because only point contact was made with 

the ends of the graphite sample. In fact if the support faces were 

flat and parallel this movement did not take place . In addition 

the points of contact were weakened by chemical attack which added 

to the movement of the sample during oxidation. A piece of cin6--

film illustrating this point is reproduced in fig. 5.7. 
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Appendix 3. 

Dissociation of CO2 at high temperatures in excess of CO  

CG2 	CO + z  02 

The equilibrium data was taken from 4  Technical data on 

fuels " and is presented as a graph in fig.A.2.1. Log 10  Kio  is 

plotted against temperature in 0C where :- 

Ii 
p 

CO 2 

  

pCO . Po 21  

Let ( 1 - x ) moles of CO2 dissociate. 

Initial no. moles 	Moles at equilibrium 

a 	CO2 	a . x 

b 	 CO 	b + a ( 1 - x ) 

0 	02 	-:13. a ( 1 - x ) 

3 
TOTAL = 	2 — a + b - 2 a. x 

• 
a . x 

 

2 a + b - 1  a.x 

  

b + a ( 1 - 

 

1 	1 
2 —2 a - 	a.x ) 

Let the CO / CO2 ratio , b / a = q 

3+ 2 q - x 

q + 	1- x 	( 1 - x ) P 
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1 
= 1°g  10 x 	-2- 1°g  10( 3 	2 q 	x  ) 

1og10 ( q + 1 - x ) 	
1 
1°g  10 

( 1 - x ) P 

A value of x 	q and P were selected and K calculated 

from the above equation : the corresponding temperature was read 

from graph A.2.1. In this way a series of equilibrium state values 

were obtained from which fig. A.2.2. was constructed. The fraction 

of carbon dioxide dissociated ( 1 - x ) is plotted as the ordinate, 

temperature °O as the abscissa and the curve parameter is the 

CO / CO2  ratio q : only a constant total pressure of 1 atmosphere 

is considered. 

log 	
p 



-1 
LP 
> 
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Appendix 4. 

Further discussion of the Blyholder  and Eyring theory.  

4.1. 	Experimental results of Blyholder and Eyring 1. 

Blyholder and ;gyring oxidised spectroscopically pure 

graphite in a heated furnace between 1 and 150 microns and a 

flow method was used. 

Below 800
o  C an activation energy of 42.3 Kcal.mole

-1 

was observed and the pressure dependence was half order. This 

activation energy was of a higher value than most other workers 

had reported in this temperature range, e.g:- 

Arthur and Bowing
2 
. 

7 

Chen` 

Lambert 

Tsukhanova5 

Wicke6'7.  

23 Kcal 	600 - 700°  C 

21.5 Kcal 	350 - 500°  C 

24 Kcal 	400 - 500°  C 

22 Kcal 	400 - 900°  C 

29 or 58 Kcal 600 - 700°  C 

1. Blyholder and Eyring 	L.P.O.S.R. report : technioal 

note 0.A. No 20 15 Aug. 1956 

2. Arthu-: and Louring 	J. Chim. Phy. (50) 47 540 

3. Chen et al. 	J. Phy. Chem. (55) 59 1146 

4. Lambert 	Trans. Far. Soc. (36) 32 352 

5. Tsukhanova 	Chem. Lbs. (48) 42 3928g 

6. Wick° 	Z. Blect,-ochem (52) 56 414 

7. Uicke 	Z. aectrochem (53; 57 636 
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However Blyholder and Lyring attributed the difference 

to the very high purity of spectroscopic graphite and compared 

their activation energy to that obtained by Gulbransen and 

Andrew8  37 Kcal ) also working with spectroscopic graphite 

between 400 and 600°  0 but at 0.1 to 9.8 mm Hg gas pressure. 

Furthermore it was shown that the pressure dependence of Gulbransen 

and Andrew's results could be shown to be half order. 

In the published results of Wicke6 '
7 
 it was shown that 

if powdered rather than compacted graphite was oxidised at atmospheric 

pressure, the activation energy was increased from 29 to 58 Kcal. 

Therefore as Llyholder and -1]yring's value of 42.3 Kcal 
	

using 

very pure graphite ) was smaller than 58 Kcal, the effect of 

in-pore diffusion was investigated at their very much lower gas 

pressures. At 800°  0 graphite was rubbed onto an "inert" ceramic 

rod so that only a very thin smear was obtained. The activation 

energy for the oxidation of these smears was found to be 80 Kcal-

almost twice the value obtained with solid graphite ( 42.3 Kcal ), 

and moreover a Nero order reaction was observed. Blyholder and 

Eyring showed that both sets of results were consistant if explained 

by the Thiele - Wheeler theory, e,g. from equation 1.12 :- 

R ( 	• K • C m+1 

8. Gulbransen and Andrew 	Ind. 	. Chem. (52) '14  1034 
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Therefore although the true order (m) is zero, an 

apparent half order is obtaincd. ( In using the above equation at 

very low gas pressures the coesficient of diffusion (D) is for 

Knudsen diffusion and therefor( independent of pressure. Whether 

this is also true for the results of Gulbransen and Andrew at 1 cm 

Hg pressure is debatable ). Mcreover half the true activation 

energy is generally measured a.cording to Blyholder and Eyring, 

if samples thicker than 0.1 rims are used. 

4.2. 	The proposed  rate mechanism to include the carbon filament 

results. 

Blyholder and yring developed a theory to explain the 

filament results based upon two different reactive sites with 

different mechanisms. This is very similar to the theory presented 

in section 1.5. so is not re-presented in detail. Site 1 gave 

a first order reaction and will be called an A - site in the 

present discussion. Site 2, to be referred to as a B - site, 

gave a zero order reaction as observed by Blyholder and Eyring, 

with an activation energy of 80 Kcal. 

Commenting on the filament results Blyholder, Binford 

and Eyring proposed that as the temperatures reached in graphitisation 

were lower than 3000°  C the filament could consist partly of 

graphite crystals ( B - sites ), and partly of hydrocarbon material)  

( A - sites ). 
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1-1 possible reason for this is that impurity atoms prevent the 

formation of graphite from all the hydrocarbon material. However 

oxidation can remove the impurity so that the L. - sites can then 

form L - sites. 

L rate equation based on the above mechanism is able to 

predict the general shape of the filament rate - temperature curves 

and Blyholder and Lyring made the following deductions :- 

a) The true reaction between a graphite crystal and oxygen 

is zero order and has an activation energy of 80 Kcals. 

b) Carbon filaments are imperfectly graphitised and contain 

impurity atoms which disrupt the structure. The filaments are 

therefore more readily oxidised than pure graphite on account of 

the impurity atoms. 

c) The results reported in different experiments do not agree 

with each other because of the different quantities of impurities, 

different degrees of graphitisation, porosity and surface areas 

cf the filaments. 

4.5. 	Discussion of the above deductions in the light of the 

present results.  

a) Pyrolytic graphite is as pure if not purer than that used 

by :yring so it is unlikely that a mechanism based on catalysis 

will explain the observed reaction kinetics. Moreover below 1500°  C 

an activation energy of 44 Beals was measured which compares well 
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with the value obtained by 'yring on solid samples. However 

unlike spectrographite which is prepared from carbonised solids, 

pyrolytic graphite is slowly formed by the decomposition of a 

hydrocarbon gas onto a heated carbon former. The resulting 

material is virtually non-porous and it is unlikely that reaction 

rates need to be interpreted using the in-pore diffusion equation. 

Therefore it can be concluded that the reactivity of the graphite 

smears on the 'inert" ceramic gave abnormally high activation 

energies for oxidation. 

b) In the present work with pyrolytio graphite, the rate - 

temperature curve decreases at a diminishing rate above the maximum 

and this trend cannot be attributed solely to the A. - site reaction. 

Hence if the B - site reaction is observed at both low and high 

pressures the reaction could not be of zero order ( unless it is 

accepted that in-pore diffusion makes the B - site reaction 

pressure dependent ). 
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Appendix 5. 

1. ,experimental results given in fig. 4.1. ( EL. pyrolytic 

graphite using the microscope technique ). 

log 10  R R x 10 o C T 104  / To  K  

4.22 16.7 1570 5.45 

4.09 12.2 2155 4.12 

4.24 17.5 1525 5.57 

4.51 20.2 1650 5.26 

4.26 18.3 1815 4.85 

5.93 8.6 1635 5.24 

4.20 15.7 1770 4.90 

4.59 24.4 1785 4.86 

4. V1 10.3 2050 3.70 

5.85 6.7 2590 3.76 

4.50 20.1 2095 4.22 

5.85 7.2 2460 5.66 

.3.39 2.4 1260 6.52 

5.51 3.2 1480 , 5.70 

5.63 4.3 1520 5.56 

5.54 2.2 1210 6.74 

4.00 10.1 1480 5.70 

5.41 2.6 1475 5.72 

6.10 0.1 1050 7.56 

5.90 7.9 1460 5.84 

6.90 0.8 1160 	,. 6.98 

4.28 19.2 2045 4.52 
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2. =perimettal results given in fig. 4.2. 

[ a 	) 	G l',.C. pyrolytic graphite 	( preliminary work ) 

T° C
4 

log  10.R 
/  10 	T°  K 

1800 4.52 	to 	,1..30 4.82 

1600 4.52 	to 	4.27 5.54 

1400 5.61 	to 	5.52 5.98 

1927 4.36 	to 	4.51 4.55 

2270 4.29 	to 	4.21 3.95 
..v P 

b ) 	G.J.C. pyrolytic graphite in the absence of a jet. 

1420 5.378 	to 	lr5.558 5.91 

1600 5.061 	to 	6.929 5.54 

2010  - 	to 	7.955 4.58 

1255 .4.15 	to 	5.048 6.54 

3. 	:experimental results given in fig. 4.5. 

Pyrolytic 	graphite 	Reactor 	graphite 

R x 105 -1 v 	cm,sec. R x 105 	v 	cm.sec. 

25.2 9300 15.1 1100 

24.5 6900 29.0 2700 

24.2 5500 35.0 4300 

25.1 3300 42.2 5700 

24.9 2400 50.2 7000 

16.5 1400 58.7 8400 

1,v.8 600 66.4 9400 

79.8 11200 

77.5 12500 

75.5 14000 
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