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SUMMARY 

An analyt ic  solution f o r  the ign i t ion  k ine t ics  of the dry CO-O2 

react ion i s  obtained by assuming an i n i t i a t i o n  reaction followed by the  

chain-branching steps 
* co + o j c o 2  

60; + 02-+co2 + 20 

* together with chain termination by quenching of C02 and three-body recom- 

bination of CO and 0. It i s  concluded t h a t  shock-tube induction times on 

reportedly dry CO-O2 mixtures cannot be explained by t h i s  mechanism. 

shock-tube data can be explained by the following scheme, i f  a water vapor 

The 

content of 20 ppm or l e s s  i s  assumed: 

ki co + o2 73 eo2 + 0 

k5 
0 + H20 + 20H 

kg OH + CO +C02 + H 

The r a t e  constant for the i n i t i a t i o n  react ion w a s  found t o  be 

k i  = 2.5~10’ exp(-48,OOO/RT) l i t e r s  mole-’ see’’. The r a t e  constant f o r  

the  reaction between 0 and H20 a t  1600’ K was estimated by two d i f fe ren t  

methods t o  be 8x108 and 1 . 5 ~ 1 0 ~  l i t e r s  mole-‘ see’’- Induction periods 
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f o r  mixtures w i t h  deliberate additions of hydrogen can be f i t  by adding 

the  s teps  
k3' 

k l  ' 

O + H 2 j O H + H  

OH + H2 _3 HZO + H 

INTRODUCTION 

The explosive reaction of "dry" carbon monoxide and oxygen has been 

studied by a number of invest igators  s t a r t i ng  with Hadman, Thompson, and 

Hinshelwood i n  1932. A t  f i r s t  glance, one might assume that k ine t ics  1 

leading t o  ign i t ion  should be rather simple and eas i ly  elucidated. On the 

contrary, as recently as 1964, Dickens, Dove, and Linnett wrote t h a t  "there 

i s  s t i l l  not general agreement about the  react ion mechanism." 

2 

These pr ior  studies have been concerned w i t h  explosion l i m i t s  i n  s t a t i c  

systems, and i n  such systems two fac tors  tend t o  obscure the elementary kin- 

e t ics .  F i r s t ,  surfaces play a role, and the  observed l i m i t s  are affected by 

pr ior  surface his tory and treatment; there i s  a "memory" e f f e c t n 3  Second, the  

reaction i s  great ly  accelerated by water or hydrogen, and it i s  d i f f i c u l t  in -  

deed t o  be sure that a l l  t races  of hydrogenous substances have been excluded. 

Recently Sulzmann, Myers, and Bartle4, have studied the  induction period 

preceding rapid carbon dioxide formation i n  shock-heated carbon monoxide- 

oxygen-argon mixtures, The shock tube i s  i dea l  f o r  such studies since surface 

e f f ec t s  are avoided - there  i s  insuff ic ient  time f o r  diffusion of chain car- 

riers t o  and from the  w a l l s .  Furthermore, there  i s  a t  least  the hope t h a t  

the water-vapor concentration can be held low enough so t h a t  there  are insuf- 

f i c i e n t  co l l i s ions  involving water vapor t o  a f fec t  the  kinet ics .  

I n  th i s  paper, an analyt ic  solution i s  f i rs t  developed f o r  t he  igni t ion 
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kine t ics  of the dry carbon monoxide - oxygen system. It i s  found t h a t  the 

experimental data*, cannot be explained by the mechanism postulated. Next 

a solution i s  obtained f o r  the k ine t ics  i n  the  presence of t races  of water 

vapor and hydrogen. This scheme can be f i t  t o  the  experimental r e s u l t s  by 

assuming a water-vapor mole f r ac t ion  of about 20 ppm. This value i s  la rger  

than the reported contamination of 1 ppm; possible ra t iona l iza t ions  are  dis- 

cussed. Finally, the experimental data5 with added hydrogen are  adequately 

explained. 

These solutions are  developed by using mathematical techniques t h a t  

have been successfully applied t o  hydrogen-oxygen ignition. 6-8 The prin- 

c ipa l  assumptions are  (1) the induction period i s  isothermal, (2) the  reac- 

t a n t s  are  negligibly depleted during the induction period, and (3) reactions 

among chain ca r r i e r s  and between chain ca r r i e r s  and products a re  a lso negli- 

gible.  

XGPTITION KINETICS OF DRY CAJBON MONOXIDE - OXYGEN SYSTEM 

I n  t h i s  section, a solution i s  developed f o r  a k ine t i c  scheme comprised 

3 of the gas-phase reactions suggested by Gordon and Knipe 

kl co + 0, cog, 

cog + 02 +co2 k2 + 20, 

* kg 
C02 + M +C02 + M, 

CO + 0 + M - b C 0 2  k4 + M, 

together with an i n i t i a t i o n  step, 

co + o2 +CO2 ki + 0. 
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This react ion scheme involves two &hain c&rr ie rs  - oxygen atoms and an elec- 

t ron ica l ly  excited carbon dioxide molecule, C02. The d i f f e r e n t i a l  equations 

governing the growth of 0 and C02 concentrations during the  induction period 

* 
* 

Here we have defined i = ki[CO] [02] ( the i n i t i a t i o n  r a t e )  and a l so  

v1 z kl[CO], vml - = kml, v2 ki [O,], v 3  E k3[M], and v4 k4[CO] [MI. The 

v are  reaction frequencies and have the dimensions of reciprocal  time. 

Since we assume the  induction period i s  isothermal and neglect depletion of 

the reactants, we take both the i n i t i a t i o n  r a t e  and the react ion frequencies 

t o  be constant during the induction period. 

The i n i t i a t i o n  r a t e  can be eliminated from Eq, (1) by introducing new 

variables 

and 

(Co and Cco* d i f f e r  appreciably from the ac tua l  concentrations [O] and [COE] 

only a t  the very start of the reaction.)  Thus i i s  eliminated, Cco* re- 

places [CO;], and Co replaces [O]. 

equations i s  

2 

2 
A par t icu lar  solution t o  the  transformed 

co = exp(cpt), cco; = Ace; exp(cpt). ( 5 )  
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Subst i tut ing Eq. (5 )  i n t o  the d i f f e r e n t i a l  equations y ie lds  t h e  re la t ions  

- ( v 1 +  "4 + (PIA0 + ( L l +  2"2)+0; = 0 

VIA() - (Vm1 + v2 + v3 + 'p)Ac0* = 0. 

( 6 )  

and 

( 7 )  
2 

A nont r iv ia l  solution requires t h a t  the determinant of the coeff ic ients  of 

+, and AcOg be zero. T h i s  leads t o  the quadratic equation 

2 + ( v l  + "-1 + v2 + v 3  + v4)T  - [Viv2 - v1v3  - v 4 ( v - 1 +  "2 + v3i )  = 0. 

( 8 )  

One root of this  equation i s  always negative; the other may be posi t ive i f  

v v > v1v3 + v4( v - ~  + v2 + v3). Thus, there  i s  an explosion l i m i t  defined by 1 2  

A very s imilar  r e s u l t  has been obtained by Gordon and Knipe3 by equating the 

r a t e s  of formation and destruction of o and C O ~ .  

Let us c a l l  the root of Eq. (8 )  t h a t  may be posi t ive 'pl and the  root 

that i s  always negative 'p2. Next, define A 1  'p1 and A2 5 "p2. The gen- 

e r a l  solution i s  

co ZG Ao, 1 exp(A1t) + A0, 2 exP(-A2t) 

where 
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and 

b VI + V-1 + "2 + V3 + V 4  

= kl[CO] + k-1 + kz[Oz] + kg[M] + kg[CO][MI, 

The preexponential coeff ic ients  i n  Eq. (10) are obtained as follows: 

Thus, from Eqs. (3), I n i t i a l l y  the  concentra;tions of CO; and 0 are zero. 

and from Eq. (7), 

Equations (15) t o  (18) can now be solved t o  obtain 

hl ( vWl + v2 + v3 - A 2 ) i  
%,2 = A l +  A2 C > 

and 

Al vl i  
A *  = - 
co2,2 A I . +  A2 c 
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The growth of carbon dioxide concentration with time i s  governed by 

d[co,]/dt = ( v 2  + V~)[CO;]  + v4[0] + i. (23)  

Since we have the  preexponential coeff ic ients  of Eqs. (10) [Eqs. (19) t o  

(22)], Eq. (23 )  can be integrated t o  give 

A t  t h i s  point, it i s  worthwhile t o  consider the r e l a t ive  magnitudes of 

and A2. From Eqs. (13) and (14) it can be shown tha t  12 (4c/b2) 2 -1. 

Thus it follows t h a t  i n  the flammable region ( c  > 0), A1/A2 5 0.1715, and 

( Al/hz)‘ ,< 0.0294. Consequently, the terms involving 

quickly, and furthermore these terms have smaller preexponential factors.  

Hence, t o  a good approximation, 

hl 

exp( - A Z t )  d ie  out 

I n  attempting t o  analyze the experimental r e s u l t s  of Sulzmann, Myers, and 

13artle,4’5 we w i l l  assume t h a t  the temperature i s  high enough so t h a t  reac- 

t i o n  (111), the quenching step, can be neglected, and the pressure i s  low 

enough so  t h a t  chain termination by reaction ( I V )  i s  a l so  negligible. Tn 

t h i s  event the growth of C02 concentration with time i s  given by 
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Figure 1 shows experimental data on the growth of carbon dioxide mole 

f rac t ion  with time f o r  a mixture-of 20$ CO and 10% O2 i n  argon a t  1597' K 

and 1.145 atm (taken from Fig. 2 of Ref. 4).  I n  Fig. 1(a), a l i nea r  plot, 

the  carbon dioxide mole f rac t ion  grows i n  an accelerating fashion f o r  per- 

haps 400 ysec. Next, there  i s  a b r i e f  period of l i nea r  concentration growth 

followed by a point of i n f l ec t ion  and a subsequent decrease i n  reaction rate .  

Sulzmann, e t  al., define the induction period by extrapolating the l i nea r  

portion of the curve through the in f l ec t ion  point back t o  zero carbon dioxide 

concentration. Thus, t h e i r  induction time corresponds t o  a carbon dioxide 

mole f rac t ion  of about 5 ~ 1 0 ' ~ .  

I n  Fig. l (b ) ,  the same data a re  replot ted on semilogarithmic coordinates, 

and it i s  clear  t h a t  the  growth of carbon dioxide i s  exponential, o r  nearly 

so, f o r  the f i r s t  400 psec. (The subsequent f a l l o f f  must be a r e s u l t  e i t he r  

of react ions among chain ca r r i e r s  o r  depletion of the reactants . )  

Fig. l(b) and Eq. (26), it i s  found tha t  A1 = 1 . 5 4 ~ 1 0 ~  sec"'. 

see i f  t h i s  exponential growth constant i s  consistent w i t h  the  postulated 

From 

Let us now 

re  ac t  ion mechanism. 

Inasmuch a s  4c/b2 5 1, the  binomial expansion can be applied t o  Eq. (11) 

without undue violence ( e r ro r  l e s s  than 20$), with the r e s u l t  

If one assumes that the dissociat ion of Cog can be neglected, the rate con- 

s t an t s  kl and k2 can be chosen t o  give a reasonable (although not per- 

f e c t )  f i t  t o  the data of Sulzmann and co-workers.*,' 

Detailed balancing, however, suggests t h a t  k-l i s  by no means negli- 

gible.  We wish t o  estimate the magnitude of kml i n  comparison with kr 



9 

and k2, Thus, we are  in te res ted  i n  the equilibrium constant K f o r  the 

reaction 
k-1 

k l  
c o g s  co + 0 

The entropy change associated w i t h  such a process at 1 a t m  and 1000° t o  

3000' K can be estimated with some confidence by considering analogous dis- 

s o c i a t i o n ~ ~  (NO, 2 NO + 0, AS/R = 17.0; SO2 2 SO + 0, AS/R = 17.3; and 

C02 2 CO + 0, AS/R = 18.1). 

K = 7x104 exp(-AE/RT) moles liter-', where 

of Cog. 

This i s  the  range of s t a b i l i t y  f o r  excited carbon dioxide molecules suggested 

Thus, i f  ve assume that S / R  = 17, 

CtF: i s  the dissociat ion energy 

AE = 40 kcal, Kl5970 = 0.21. If CiF: = 20 kcal, K15970 = 130; i f  

by Clyne and Thrush.10 

Let us now solve Eq. (27) f o r  kl: 

The last  term on the r igh t  may be neglected because 

K > 0.21 > > [CO] = 1.75)<10-3 mole liter-'. 

clude that 

Since kl i s  positive, we con- 

6 >- -  - 8.8~10 , k2[021 A 
K [COI 

Next, express k2 i n  co l l i s ion  theory form, 

k2 = PZ exp(-E2/RT). 

Because the  dissociat ion energy of O2 i s  7 kcal  l e s s  than t h a t  of C02, we 

f ind  that E2 2 AI3 - 7 kcal. A t  1597' K, Z N 3.5x1011, so that the s t e r i c  

fac tor  P must be greater  than ZOO! This i s  c lear ly  ridiculous. 

Thus, we are  forced t o  the conclusion that the  experimental igni t ion-  
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delay data cannot be explained by reactions ( I )  t o  (IV). - 
I G I U T I O N  KINETICS OF CARBON MONOXIDE - OXYGEW SYSTEM 

I N  PRESENCE OF WATER OR HYDROGEN 

4 Since Sulzmann, Myers, and Bartle report  t h a t  their  nominally dry 

carbon monoxide - oxygen mixtures contained about 1 ppm of water vapor, 

we must next invest igate  the k ine t ics  i n  the presence of t r aces  of water, 

Furthermore, experiments were performed w i t h  small additions of hydrogen, 

so that we can prof i tably examine the  e f f ec t  of hydrogen as well. 

5 

Once again, we assume the  i n i t i a t i o n  s tep  

ki co + O2-)CO2 + 0. 

The product oxygen atoms reac t  with e i the r  water or hydrogen, 

kg 
0 + H20& 20H 

k31 
0 + H2+OH + H, 

t o  generate hydroxyl rad ica ls  tha t  oxidize both carbon monoxide and 

hydrogen: 
kg OH + C O - j C O 2  + H 

and 

kl ' OH + H2 + H20 + H. 

Finally, hydroxyl rad ica ls  a re  regenerated through the s tep 

k2 ' 
H + O2 -+ OH + 0. 

( V I  

(111') 

Reactions (I'), (II'), and (111') a re  famil iar  l inks  from the hydrogen - 
oxygen branched-chain scheme. 

The d i f f e r e n t i a l  equations governing the growth o f  0, OH, and H 
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Here we have once again introduced a shorthand notation so that 

vlf klt[H2], V 2 1  E k2t [Oz],  "3' k3'[HzI, V5 E k5CH201, and "6 E k6[CO]. 

A l s o ,  t he  i n i t i a t i o n  r a t e  has been eliminated from the  d i f f e r e n t i a l  equa- 

t ions  by introducing new concentration variables, 

CO [OI ,  

and 

CH E [HI + i / v 2 r .  (34) 

(Again COH and CH d i f f e r  from [OH] and [HI only ear ly  i n  the  indication 

period. A s  before, a par t icu lar  solution i s  of the form Ci = exp(cpt), 

which leads t o  a cubic equation f o r  (p, 

(p3 $. ( V l l  + v2'  f v ' $. v5 + v6)(p 2 
3 

+ F2 'v5  + ( v 3 '  + v s ) ( v l f  + v619  - 2vz1(v3 '  f v 5 ) ( v l '  + "6) = 0. (35) 

Equation (35) has two s m a l l  roots  - one posit ive and one negative - and 

one large negative root. I n  searching f o r  t he  s m a l l  roots, a l i t t l e  numer- 

i c a l  experimentation reveals t h a t  t he  f i rs t  term i n  Eq. (35) can be neg- 

lec ted  because these roots  are s m a l l ,  and the  t h i r d  t e r m  can be neglected 

because the  amounts of water and hydrogen are s m a l l  so that v3t and v5 

are a l so  s m a l l .  Consequently, 

- 
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[Equation ( 3 6 )  i s  i n  e r ro r  by at most 5% f o r  an added hydrogen concentration 

of 0.13%.] Since the  coeff ic ient  of cp' i n  Eq. (35) i s  the  negative of the  

sum of the  three roots ,  t he  large negative root  i s  

and A a re  found a f t e r  consider- OH, 3 
The coeff ic ients  A OH, 1' AOH, 2' 

able algebra (and neglecting v3t and v5 r e l a t ive  t o  cpl, cp2, and cp3): 

and 

N 1 2 / 2 1  + A i 
A ~ ~ , i  2 v2t  v r + v 9 

= -  
1 6 

%H,3 

so t h a t  

1 A 
v2 

- 1 + - sinh(At) a 

i 

The growth of C02 concentration w i t h  t i m e  i s  governed by 

which in tegra tes  t o  give 



13 

I n  the  absence of added hydrogen 

f ies  t o  

V l ' t  

VI' + V 6  (43) 
coSh(At) - 

'2 ' 

and at  large times, Eq. (43) simpli- 

which explains the  exponential growth of concentration with €?me shown i n  

Fig. l ( b ) .  Once again, A i s  determined by the  slope of the  l ine.  Further- 

more, t he  i n i t i a t i o n  r a t e  can be determined by extrapolating t o  an inter-  

cept, since 
-1 

reaction; i n  any event, v2r 

v2i = k2i[02] i s  known from studies of the  hydrogen-oxygen 

i s  s m a l l  compared with A - l .  

Equation (43) can be used t o  calculate induction times by assuming tha t  

the  end of the  induction period can be characterized by some c r i t i c a l  concen- 

t r a t i o n  of carbon d imide  - Fig. l ( a )  suggests a mole f rac t ion  of 

Thus, induction times T can be obtained by solution of the transcendental 

e quat i on 

= sinh(A.c) f - A [cosh(A.r) - (45)  
V r  2 

From Eq. ( 3 6 ) ,  w e  see th%t  A i s  proportional t o  the  pressure. Hence, the 

l e f t  side of Eq. (45) i s  pressure dependent as are the  coeff ic ients  

and V ~ I / V ~ ~  

can be solved t o  obtain a value of ( A T )  t h a t  i s  independent of pressure. 

Hence, the  induction times should be inversely proportional t o  the pressure, 

A/v2r 

Consequently, f o r  a given temper'ature and composition, Eq. (45) 
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as i s  observed experimentally. 495 

A t  high temperatures, the induction periods are short  so t h a t  

sinh(At) 3 A t ,  cosh(At) --+ 1, and Eq. (43) reduces t o  

[COz] ki[CO] [O,]t .  (46) 

Under these conditions the induction period i s  determined la rge ly  by the 

rate of t he  i n i t i a t i o n  reaction, and the growth of carbon dioxide concen- 

t r a t i o n  with t i m e  should be more nearly l inear.  Such behavior was, i n  

fact ,  observed (9. G. P. Sulzmann, private communication). 

I n  Fig. 2, the  experimental induction periods of Myers, Sulzmann, and 

Bartle5 a re  compared with values calculated from Eq, (45) by assuming t h a t  

x ~ ~ z ,  c r i t  = 5 ~ 1 0 - ~ . ,  The rate constant f o r  t he  i n i t i a t i o n  react ion has been 

taken as 

ki = 2 . 5 ~ 1 0 ~  exp( -48,00O/RT) l i t e r s  mole-' see''. (47) 

This r a t e  constant w a s  chosen t o  f i t  the delays a t  the highest temperatures 

and a l so  the  l i nea r  portion of the curve of concentration growth shown i n  

Fig. l ( b ) .  This r a t e  constant i s  i n  close agreement w i t h  the  value 

9 k. 1 = ( 3.5k1.6)xlO exp( -5l,OOOk70OO/RT) l i t e r s  mole-' sec-l, 

which Sulzmann, e t  al., obtained from measurements of i n i t i a l  slopes of 

[COz] - time h i s to r i e s  i n  the  temperature range 2400' t o  3oOOo K. 

s tan ts  f o r  reactions (I;), (I%'), and ( V I )  were taken as recommended by 

Fristrom and Westenberg. 

R a t e  con- 

11 

No fur ther  assumptions were needed t o  f i t  the  data with additions of 

0.011%, and 0.13% hydrogen. 

ment shown i n  Fig. 2 i s  grat i fying indeed and indicates that both the  assumed 

mechanism and values assigned t o  the  rate constants are substant ia l ly  correct. 

The- agreement between theory and experi- 
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The data without added hydrogen can be f i t t e d  by assuming a mole 

f rac t ion  of water vapor of 1. 5x10m4 and k5 as recommended i n  Ref. 11. 

This value i s  150 t i m e s  l a rger  than the reported water-vapor content of 

about 1 ppm. 

From Eq. (36), however, w e  see that the delay depends on the prod- 

uct of k5 and the water concentration. The value of k5 recommended 

12 by Fristrom and Westenberg'' i s  based on Kaufmann and Del Greco's meas- 

urement of the reverse react ion 20H 3 HZO + 0 

t i o n  energy assigned by Kaufmann and Del Greco. 

t he  reaction 

If a s t e r i c  fac tor  of unity i s  assumed, ( so  that  the fac tor  1/80 i s  

a t  310' K and an activa- 

They found the  rate of 

was about 1/80 of the co l l i s ion  frequency, 20H 3 H20 + 0 

ascribed en t i r e ly  t o  act ivat ion energy), and if the co l l i s ion  frequency 

i s  assumed t o  be proportional t o  TI/', one can esCimate that k5 a t  

1600' K might be roughly twentyfold la rger  than the  value calculated from 

Fristrom and Westenberg's recommendation. T h i s  value implies a water con- 

centration of 7 ppm. Or, t o  take another tack, w e  can t r y  t o  estimate 

k5 

times exp( -E5/RT) and take E5 as the reaction energy (15.9 kcal  a t  

1600' K ) .  

l a rger  than the Fristrom and Westenberg value. 

by assuming that the rate constant i s  simply the co l l i s ion  frequency 

9 I n  th i s  manner, w e  estimate a r a k e  constant some f i f t e e n  times 

There i s  a third, and perhaps even better way of estimating k5. I n  

Fig. l ( b ) ,  the carbon monoxide mole f rac t ion  computed from Eq. (43) is pfot- 

ted as a function of time. Up t o  about 400 psec, theory and experiment are 

i n  almost perfect  accord, but beyond that time the prediction i s  too high. 

A reasonable explanation i s  that  the water-vapor concentration i s  depleted - 
that  most of the water has been converted t o  H and OH. 

5 

Thus, we  can use 
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the slopes of a curve f a i r ed  through the experimental data i n  Fig. l ( b )  

as  an indicat ion of the square root of the water concentration 

[see Eq. (36)] .  Such eetimates, shown i n  the  in se t  i n  Fig. l ( b ) ,  must be 

high, since carbon dioxide i s  produced at  a steady r a t e  v i a  reactions ( V I )  

and (11') even a f t e r  a l l  the  water vapor has been converted t o  H and OH. 

The depletion of water vapor during the  induction period can be re- 

l a t ed  t o  the growth of carbon dioxide concentration as follows: 

of destruction of water i s  

The rate 

d [H20 1 
at - 

This expression can be 

constant, t o  give 

= k5[H20][0] = i - kg [H20]sinh(At). (48) A 

integrated, a t  l e a s t  over the region where A i s  

Equations (49) and (44) can be combined t o  eliminate the time and r e l a t e  

the water and carbon dioxide concentrations 

Computed values of the square root of water concentration are  also shown 

i n  the in se t  of Fig. l ( b ) ,  when k5 i s  assumed t o  be 8x108 moles l i t e r - '  

-1 sec . The upper curve was obtained from Eq. ( 5 0 )  by using the experimen- 

t a l  carbon dioxide concentrations. [This curve i s  c lear ly  an upper bound 

since C02 formation continues v ia  reactions (11') and ( V I )  even a f t e r  the 

water i s  consumed.] 

t i o n  according t o  Eq. (44) and i s  a lower bound. This value of k5 implies 

a water-vapor content of about 30 ppm. 

The lower curve i s  calculated from the  C02 concentra- 
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Finally,  a f t e r  a l l  the water has been converted i n t o  H and OH, the  

carbon dioxide concentration should grow i n  a l i n e a r  Tashion according t o  

where [H2Ol0 i s  the i n i t i a l  moisture content. 

times (@shed l i n e ) ,  w e  can estimate tha t  

sec-l, which i s  large compared w i t h  the  i n i t i a t i o n  rate .  

f o r  k2r and k6 are  available, the  i n i t i a l  water concentration can now 

be calculated from Eq, (48); it turns  out t o  be about 1 7  ppm, which leads 

t o  k5 = 1.5~10~ l i t e r s  mole-‘ sec’l, 

From Fig, l ( a ) ,  at  large 

d[C02]/dt N 0.16 mole liter’’ 

Since values 

The es-bimate of k5 = 8x10’ (from the dropoff i n  C02 growth r a t e )  can 

ned w i t h  Kaufmann and Del Greco’s value at 310° K t o  obtain 

k5 = 3 . 8 ~ 1 0 ~ ’  exp( -19,50O/RT) l i t e r s  mole-’ sec’’. (52) 

The induction periods without hydrogen addition i n  Fig. 2 have been com- 

puted by assuming a water vapor concentration of 20 pphand k5 

Eq. (52) .  

from 

The data can be f i t  equally well  by assuming lower water-vapor 

concentrations w i t h  correspondingly la rger  values of k5. The agreement 

between theory and experiment i s  good, and strongly supports the  k ine t i c  

scheme assumed provided t h a t  one accepts the idea t h a t  the water-vapor con- 

centrat ion may have been 7 t o  30 times the value reported by Sulzmann, 

Myers, and Bar t le ,4  This i s  perhaps a r e f l ec t ion  of the pyoblems t h a t  

of ten plague accurate measurement of small water-vapor concentrations. 
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CONCLUDING €?ENAFXS 

The arguments of the  preceding sections lead t o  the following con- 

clusions regarding the oxidation of carbon monoxide: 

1. The r a t e  of the  react ion CO + O2 3 C02 + 0 seems wel l  estab- 

lished, w i t h  the  r a t e  constant given by Eq. (47) .  

reaction kmi 

appropriate thermochemical data 

The r a t e  of the reverse 

can a l so  be obtained by invoking detai led balancing and 

9 

k-i = 2x10 9 exp(-53,000/RT) l i t e r s  mole-' sec''. 

2. The r a t e  of the  reaction 0 + H20 + 20H has been estimated by two 
4 

di f fe ren t  methods as  8x108 and 1 . 5 ~ 1 0 ~  l i t e r s  rno1e-l sec-l  near 1600' K. 

3. The extraordinary sens i t i v i ty  of the  carbon monoxide oxidation t o  

t races  of hydrogen and water vapor i s  revealed once again. 

vapor concentrations of about 20 ppm seem t o  dominate the k ine t ics  i n  ex- 

periments l a s t ing  a f e w  tenths  of a millisecond. 

Thus, water- 

4. If  par t s  per mill ion of water vapor dominate the k ine t ics  i n  the 

millisecond time scale, it seems reasonable t h a t  par t s  per b i l l i o n  of hy- 

drogenous material  may well  determine the k ine t i c s  i n  s t a t i c  experiments 

a t  lower temperatures where react ion times are  several  seconds or  minutes, 

5, The data  of Sulzmann, e t  a1.,495 cannot be explained by the chain- 

k2 
cip; + 02+c02 + 20. (11) 

This suggests ( together w i t h  item 4) t h a t  there i s  _I no experimental evidence 

t h a t  react ion (11) occurs. 
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6. Finally,  what can we postulate  as t o  t h e  explosion of absolutely 

hydrogen-free - mixtures of carbon monoxide and oxygen? A reasonable guess 

i s  t h a t  these should be thermal explosions, i n i t i a t e d  through t h e  near ly  

thermoneutral reac t ion  
ki co + 02 +co, I- 0 

with subsequent heat re lease  due t o  

O + O + M  j 0 2 + M .  
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Fig. 2.. - Comparison of computed and experimental induction times as function of reciprocal temperature. (Induction times have 

been normalized to 1 atm, Ref. 5. Curves labeled 0% H2 have been calculated by assuming 20 ppm water vapor. 1 


