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Carbon Adsorbents 1 

By William V. Loebenstein 2 and Neil L. Pennington 

The kineti cs for t he oxidation of the carbon in a cocon ut-shell charcoal, a new bone 

char, two service bon e chars, and a spent bODe char ,,'as found to be retarded firs t-order in 

character. The experimental data were obtain ed in a flow s." stem \y ith nitrogen-oxygen 

gas mixtures at t emperatures below 400 0 C, Us ing the ini tial frac tional rate of ox idation of 

t-he carbon as the cri terion of evaluation, a lineal' pl a t againsL oxygen concenLraLion was 

obtained for each temperature at w hich the combus tion was s tud ied. The influen ce of 

temperature was expressed as the sum of two expo nenLial Arrheni us-type terms. A single 

re lationship ,,'as deri\'ed by combining the effects of these two variab les. This re lationship 

proved equall y valid when applied to all carbon adsorbellts inv csLigaled. Some reaction 

mechanisms " 'ere proposed t hat \rere consistent wit.h thc experimental findings of the 

investigati on. 

1. Introduction 

The study of the kinetics of combustion of 
carbon was iniLialed about 85 y1' ago [1, 2],3 and 
it was caJ-ly appreciated that the subject was high 1y 
complex. Oxygen was found to rcacL with carbon 
at temperatures mu ch lowc]' than those associated 
with ordinary bUJ'lling, and the rcaction was 
explained by the postulation of the formation of 
stable surface complexcs. Rhead and Wheeler [3] 
in ] 9]2 to 1913 found that iL was noL possible Lo 
breal" down th ese complexes by evacuat ing at th e 
same temperaturcs at which they were form ed. 
McLean [4] confirmcd these findings years later 
and obsC'l'ved that above 200 0 C none of Lhe oxygen 
is recovcred in the uncombined state. Later, 
different forms of surface oxide complexes were 
suggested to explain the results of measuremen ts 
of b eats of adsorption of oxygen on a cha]'coal. 
Very high values were identified with t he in itial 
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uptake of oxygen, and Lhe e values dropped off 
rap idly with the addition of mo]'e oxygen [5, 6]. 

In 1932 Kolthoff [7] clemonstmted th e existence 
of di:ITerenL specific oxide complexes on charcoals 
by observing eith er predominantly acidi c or basic 
properties, depen ding upon Lhe conditions under 
which the sample had been h ealed. A few years 
later Klemenc, vVechsberg, and 'VIr agncr [8] pro
posed carbon Sll boxicle (C 30 2) as th e intennediate 
complex formed dur ing the combustion of carbon. 
They pointed ou t that the ratio of carbon dioxide 
to carbon monoxide, which could be predicted 
from the decomposition of carbon suboxide at 
400 0 C, was of the same magnit ude as that 
observed in the combustion of carbon at that 
tcmperature. Rhead and Wheeler [3] bel ieved the 
oxide complex to have a variable composit ion 
CxOy, with x and y having different values, 
depending upon the temperature so as to break 
down into carbon monoxide and carbon d ioxide in 
varying relative amounts . This view was shared 
by Haslam [9], Shah [10], and also Oshima [11]. 

Chukhanov and Karzhavina [12] believed that 
the intermediate complex exis ted in the form 
C30 4, which might decompose directly or combine 
with more carbon and oxygen so as to y ield 
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different relative amounts of carbon dioxide and 
carbon monoxide. Strickland-Constable [13] cited 
data supporting the simultan eous existence of 
two types of surface oxide , to which he assigned 
the names "Labile" and "Stable". 

The apparen t ord er of the oxidation reaction 
has also been subjected to considerable study. 
The results have varied, depending upon th e 
source and history of the type of carbon studied, 
the temperature, pressures, oxygen concentration, 
and in some cases upon the rate of flow of the 
reactant gases. A wide range of activation 
energies also have becn reported in the literature. 
Values as high as 100,000 [14] and as low as 20,000 
[15] calori es have been obtaincd in the sam e 
temperature range and for similar types of carbon. 
:Mayer [16] in a review article in 1934 concluded 
that no complete formulation of the rates or 
mechanism of the combustion of carbon was 
yet possible. 

In spi te of the varicty of experimental methods 
employed , most of the recorded investigations 
agree on one of several importan t factors: the 
r elative quantity of gaseous carbon dioxide com
pared to carbon monoxide increases with the time 
of con tact of the reactant gases with the carbon 
sample. This effect was noted by Meyer [17] in the 
oxidation of a carbon filament at high-flow veloc
ities; by Lambert [18] using a granular bed of 
charcoal ; and by T sukhanova [19] during the 
passage of air through a hollow carbon cylinder. 
R ecently, the effect was observed by Deitz [20] 
in a plant-scale oxidation of bone char by passage 
through a rotary decarbonizer. Samples of gas 
were collected from various posi tions within the 
decarbonizer for analysis. The ratio of carbon 
dioxide to carbon monoxide increased to as high 
as 40 : 1 as the gases moved from the hotter region 
toward th e cooler end from which they were with
drawn. These examples point to a possible second
ary oxidation of th e carbon monoxide that is 
formed as one of the primary products during 
the combustion . 

II. Status of Present Investigation 

In a previous article [22] the rate of combustion 
of bone char and other carbon adsorbents was 
followed with respect to carbon . The data for 
bone ch ar satisfied the requiremen ts of a r etarded 
first-order reaction. The eq uation, in its in tegrated 
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form, which lent itself most read ily to a direct 
evaluation of the reaction rate constant was 
stated as follows: 

where 
t= time (hours) measured from steady-state 

conditions; 
} = fraction of the original carbon present in 

the sample that had burned in t hours; 
k= reaction-rate constant (reciprocal hours) ; 
b= a constant whose numerical value IS 

related to the extent of retardation. 

The reaction-rate constant was determined for 
one bone char (char 2) at different oxygen concen
trations, but at the same temperature and flow 
rate. Under these conditions i t was found that a 
plot of k against percentage of oxygen gave a 
straight line. This line, when extrapolated to 
zero percent of oxygen, intercepted the k axis at a 
value greater than zero. The same situat ion was 
found to exist for an activated carbon (char 6) 
where the retardation was so sligh t that a simple 
(unretarded) first-order relationship fitted the 
data satisfactorily. "\iVhen In k was plotted 
against l i T for a new bone char, the resultant 
graph deviated markedly from linearity. 

In the present paper a more detailed study is 
presented of the effects of oxygen concen tration 
and temperature for a coconut- shell charcoal 
(char 1) and number of different bone chars. 
Plausible mechanisms are suggested for the com
bustion process that are consistent with the ob
served dependence of the initial reaction rate upon 
these variables. 

III. Procedure 

The apparatus and procedure have been de
scribed earlier [22]. Oxygen-nitrogen mixt ures of 
lmown composition were passed downward through 
a vertically supported reaction t ube containing 
the sample. The reaction products were then 
determined gravimetrically . The temperature, 
oxygen concentration, and rate of flow were held 
constant for a given combustion experiment ; and 
the resultant carbon dioxide and carbon monoxide 
were measured at known intervals of time. The 
amount of carbon burned during each time inter-
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val was computed from these quantit Ies and ex
pl'essC'd as a fraction of the t otal carbon originally 
present in the sample. In every case, m easure
ments were conccted to steady-state conditions. 
Equation 1 was employed for the evaluat ion of 
the rate constant k by plotting the function 

TIn [l-=-j} 
against 

and determining the intercept of the )'esultant 
straight line. 

IV. Independence of k and Dependence 
of CO2/CO Upon Sample Weight 

Several combustion experiments were conducted 
with ncw bone char (char 2) at 280 0 0, 4.8-percen t 
o~"Ygen in nit rogen fLnd three separate flow rates: 
270,330, and 465 ml/min. The sampl es varied in 
weight from about 0.5 to 6. 0 g . The results arc 
listed in table 1 in th e orclC'f of increas ing weight 
of sa.mple within a group of a given flowrate . A 
comparison of the second and fifth columns shows 
no dependence of rate constanL upon sa.mple weigh t 
at a flowrate of eitlw l' 270 or 465 ml /min. An 
examinat ion of th e fifth column disclosC's only a 
sligh t eifC'ct of flow-rate upon k . 

TABLE 1. Compm'ison of the rale constants and the ratios 
CO,/ CO with sample weights for char 2 (a new bone char) 
a I th1'ee di.ff erent rates of flow 

All m r8 surcmcnts were JnadcHt 2800 C And 4.8 percent oxygen in nitrogen 

Wri~ht of Flo\\' RBle con-
ExpC' rimen t samp le J'C1tc COz/CO stant. 

( 11 ') ( \ -) (1;) 

g 77l1lrnin 1/lt r 
15.. __________ 0.484 2iO 2. J 0. 126 
18 ____________ .601 2iO 2. i . 094 
li ____________ . 727 2iO 2. 5 . 101 
16.. __ __ ______ .9i2 2iO 4. 1 . 11 8 

21.. __________ . 98i 330 3.3 . 080 

13,. __________ .485 465 1.4 . 18 ('I) 
14 __ __________ . i30 465 1. 9 . 08i 
12 ____________ .986 465 2.6 . 084 
3 ____________ _ .988 465 2.6 . 090 
11 __ __________ l. 936 465 4.0 . 102 
L ____________ l. 996 465 3.3 . 063 (?) 
20 ____ __ ______ 3.392 465 5.5 . 09 1 
4 _____________ 4.824 465 6.5 . 091 
2 _____________ 4.983 465 6.2 .081 
19.. ________ __ 5.856 465 6.1 . 096 

Reaction of Oxygen with Carbon Adsorbents 

It may b e seen from th e fourth column of table 1 
that the ratio of carbon dioxide to carbon monoxide 
definitely increases with incr easing weigh t of 
sample within each group of flow rates. 4 Further
more, high er ratios are seen to be associated with 
lower flow rates. This is demonstrated by com
paring the ratio of carbon dioxide to carbon mon
oxide for experiments 16, 21, 12, and 3, all of 
which are based on sample weights close to 1 g. 
These ratios at 270, 330, and 465 ml/min are 
4.1, 3.3, and 2.6, respectively. .Moreover , when 
each of the ratios m entioned is multiplied by th e 
corresponding flow rate , the values 1,100, 1,]00, 
and 1,200, respectively, arc obtainecl. Since 
velocity of flow is inversely proportional to th e 
t im e of con tact, this demonstrates clearly Lhat for 
the sam e weigh t of sample th e 002/CO rati.o is 
directly proportional to Lhe Lime of conLact of the 
reaction mixture with the ch ar sample. 

V. Influence of O xygen Concentration 
and Temperature on the Reaction Rate 
Constant 

Equation 1 l S the integraLeci form of the 
equation : 

dl 1- ./ 
dt = lc l + Qi,' (2) 

wh ere boLh k and b may be consid ered to be 
fun cti.ons of oxygen concen Lration and tempera
LUl'e, and df/elt is Lh e fract ion al rate of combustion 
of Lhe carbon in Lhe sample . I t m ay b e seen 
from eq 2 that k is Lh e limiting valu e of elf/elt 
as t tend s toward zero. An al te rn ative definition 
of k is, therefore, th e in itial rate of combustion. 
A plot of k against mole fraction of oxygen is 
g iven in figure 1 for a coconu t-sh ell charcoal 
(char 1) a t a flow of 270 ml/min at th e indicated 
temperatures. The valu es of k were obtained 
from the experimental data by usc of eq 1. These 
val ues are given in columns 3 and 5 of table 2 . 

The results for fL new bonC' char, 2; service char, 
35; service ch ar , 3; and spent char, 27 also gave 
lineal' dependences of k upon oxygen concentra
t ion, as may be sC'en from the unbroken lines in 

• It is felt that the taperin g off of t h e last two figures in column 4 (i. e., 6.2 
and 6.1) is not a real effect . It is possible tbat t he capac ity of the carbon 
dioxide absorpti on tube in t he analys is t rain was sli ghtly exceeded when th e 
highest wc ight samples were used. This would h ave allowed a small amount 
of C02 to pass tbrou gh and be included lat;er \yith t h e CO. 

89 



L __ _ 

QOO r-----,------,------,------,-----,-----, 

CHARCOAL I 

0.07 

320· 

Q06 

0.05 

x 0.04 

003 

0.02 

0.01 

0.00 '--____ -'-____ ---' ______ "'-____ -'-____ ---' ____ ---' 

0.00 0.04 0.08 0 .12 0.16 0.20. 0.24 
MOLE FRACTIO N o.F o.XYGEN 

FIGU RE 1. Rate constant k as a function of oxygen concen
tration for char 1 (a coconut-shell chw·coal) at 260°, 280°, 
300°, and 320° C and a flow mte of 270 mt/min (see also 
table 2). 

T A BLE 2. Rate constants for the combustion of char 1 (a 
coconut-shell charcoal) at a flow mte of 270 ml/min for 
various percentages of oxygen in nitrogen and at the f011r 
temperatures indicated (see also fig. 1) 

:Experiment 'remper- Oxygen W cight of k (obsen·cd) ature sample 

• c. Percent g I/hr 
14L .•.•... 260 4.92 0.6477 0.0064 
139 . .. ...... 260 6.93 .836;; .0089 
140 .. . ....•. 260 13.29 .3915 .0158 
142 .......•. 260 19.71 .2939 .0176 

133 ......... 280 1. 83 .4742 . 0102 
134_ .......• 280 4.92 .5820 .0151 
13L .....•• 280 6.93 .5231 .019 
132 ......... 280 13.29 .3744 .0275 

128 ...•... • _ 300 1. 83 .5300 .0206 
130._ ....... 300 4.92 .4912 .029 
126 ....... _. 300 6.93 I. 2025 . 032 
129 ......... 300 13.29 .3779 .0475 

137 .... __ .. _ 320 1.83 .3204 .0337 
138_ ••. . . _ .. 320 4.92 .5293 .0474 
135 _________ 320 6.93 .4995 .062 
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figures 2, 3, 4, and 5. The values are given in 
columns 3 and 5 of tables 3, 4, 5, and 6, respec
tively. 

T ABLE 3. Rate constants for the combustion of char 2 
(a new bone char) at a flow rate of 270 ml/ min for various 
percentages of oxygen in nitrogen and at the four tempera
tures indicated 

The figures in the last column were calculated from equations of the broken 
lines shown in fi gure 2 

. I Tem- I Weight ofl k (ob- I k (cal-
Expenment perature Oxygen sample sen 'cd) cuIated) 

---1-----------
0 C Percent 

IlL ... _ ... 260 1.83 
112 ..... _ .. 260 4.92 
68 _ ........ 260 .11. 3 
73 ...... _ .. 260 11. 3 
110 _ .... __ • 260 20.56 

109 ....... _ 280 I. 83 
]5 ___ ______ 280 4.8 
18 .... _ . ... 280 4.8 
17 ________ _ 280 4.8 
16 ...... .. _ 280 4.8 
107._ . .. .. 280 6.93 
103. _. _ ... 280 6.93 
23 ...... _. _ 280 11. 3 
69 ........ _ 280 1 1..3 

70 . ........ 300 JI..3 
72 ____ _____ 300 1l.3 

65 ........ _ 320 1.9 

9 
1. 9686 
I. 9435 
1.1963 
1. 3264 
1. 9388 

1. 9527 
0.4835 
.6007 
.7268 
.9716 

1. 9487 
1. 9632 
0.7339 
I. 1996 

1. 0874 

1. 0961 

2.4335 

l /hr 
0.058 

.0698 

.086 

.089 

. II i 

.080 

. 101 

. 09-1 

. 101 

.104 

. 116 

. 112 

. 145 

. 115 

.27 

.25 

.203 

I/hr 

0.25 
.25 

. 16 

It is immediately evident from figure 1 that k 
exhibits a linear dependence upon the mole frac
tion of oxygen, regardless of the temperature at 
which the combustion was carried out. An extra
polation to zero mole fraction yields a positive 
intercept greater than zero on the k axis . Bo th 
the intercep t, I T, and the slope, ST, increase as 
the temperature increases. The initial rate of 
combustion may then be written in the form 

(3) 

where [02] is the mole fraction of oxygen, IT and 
ST being functions of the temperature and inde
pendent of one another. 

The numerical values of IT and ST may be com
puted graphieally from the data of table 2 and 
figure 1 corresponding to each of the four tem
peratures indicated. If, now, In I T and In ST are 
each plotted against the reciprocal of the absolute 
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T A BLE 4. Rate constants for the combustion of rhar 35 (a 
service bone char) at a flow ntie of 270 /Ill /min fOI' various 
percentages of oxygen in nit'rogen and at the six tempera
itlres indicated 

Tbe figures in tbe last column were ca lculated from equations of the broken 
IinC's shown in fi gure 3 

]!:xpcri-
1ll ('J1t 

\I' eight 
of 

sa rnplc 

k (ob· 
sen 'efl) 

k (cal· 
eulated) 

----1·--------------1----1 

°C 
92 _____ ___ 280 
GO _____ __ 280 
62 _______ 280 
89 _ ______ 280 
99 _______ 280 
91 __ ______ 280 
88 ________ 280 
87_ _______ 280 
9:L. ______ 280 
97 ________ 280 

96 ________ 280 
100 ________ 280 
98 ________ 280 
95 ________ 280 
94 ________ 280 

59 ________ 300 
6:3.. ______ 300 

54_ _______ 320 
117 _______ :320 
JI8_ ______ 320 

55 ________ 340 

~~::::::::l 
57 _ 

3GO 
:360 

~80 

Percent g 
l. 83 2. 4917 
I. 9 2.4807 
l. 9 2. 486 1 
4. 92 1. 9868 
4.92 
4.92 
6.93 
6.93 
6.93 

13.29 
13.29 
19.71 
19.7 1 
20.56 
20.56 

1.9 
1.9 

1.9 
4.92 
6.93 

1.9 

1.9 
1.9 

1.9 

2.0076 
2. 4996 
1. 9882 
2.4773 
2.5009 
2.0075 
2. 4752 
2. 0211 
2. 4875 
1.9885 
2.4978 

2.4876 
2.4888 

2.4896 
1.\J909 
2. 01 31 

2.4946 

1. ~50 1 

2. 48i8 

I. 1·1.\7 

I /hr 
0.0136 
. 0141 
.0142 
.0192 
. 0194 
. 0195 
.021 
.018 
. 022 
.027 
.027 
.031 
.0:1:3 
.0:36 
.0:12 

.027 

.029 

.0(;6 

.095 

.1:1'15 

. 16 

.46 

.42 

.88 

I /hr 

0.030 
.030 

. 16 

.3.5 

. 35 

.88 

T ABLE 5. Rate constants for the combustion of char 3 (a 
service bone char) at a flow rate of 270 rnl / min for various 
percentages of oxygen in nitl'ogen and at the fi ve tempera
tures indicated 

The ftglll'es in the last col umn were calculated from equations of the broken 
Jines shown in figure ·1 

Experi- I T em- . I " -eight 
m ent perature Oxygen of 

sample 
k (ob

sen 'ed) 
k (cal

culated) 

--------------1-----1----1 

°C P ercent g 
27 _____ __ 260 4.8 1. 4969 
26_ ____ __ 260 4.8 2.4873 

121.. __ __ 280 1. 83 2.0562 
24_______ 280 4.8 l. 9994 
25 _____ __ 280 4.8 2.9852 
11 9_ _____ 280 13. 29 1. 9878 

~ 1 __ ____ 300 4.8 . i 'l77 
:30 _______ 300 4.8 J. 4948 

124 ______ 320 1. 8-3 2.0174 
33___ ____ 320 4.8 I. 49JI 
:12_ ______ :320 4.8 2.4848 
12:3_ _____ 320 6.93 2. 0085 

:IL ______ 340 4.8 1. 0024 

11hr 
0.018 
.018 

. 023 

. 035 

. 036 

.058 

.085 

.069 

. 100 

. 193 

. 194 

.23 

. 44 

I /" r 
0.015 
. 015 

.081 

.081 

. 44 

Reaction of Oxygen with Carbon Adsorbents 

TABLE 6. Rate constants for the cornb11stion of char 27 (a 
spent bone char) at a flow m te of 270 rnl/min for val'ious 
percentages of oxygen in nitrogen and at the fi ve ternpera
/UTes indicated 

Th e figures in the last column w('r(' cfllculatcd from equations of the broken 
lines shown in fi (l"UJ"c 5 

Experi
ment 

47 
1 0~ 

105 
106 

48 

49 
44 

114 

108 
]](; 

] 13 

42 
43 

:38 
:39 

T emper· O . ' n Weight 
aiuro x"Jge . of sample 

" (ob· 
served) 

k (calcu· 
lated) 

----1--------

°C 
280 
280 
280 
280 

300 

320 
320 
320 
:320 
320 
320 

340 
340 

360 
360 

Percent g 
1. 9 2.4903 
6.93 1.99n 

13. 29 1.9984 
20.56 1. 99-11 

1.9 

1.9 
1.9 
6.93 

13.29 
19.71 
20.56 

1. 9 
1. 9 

1. 9 
1. 9 

2.2428 

0.9965 
2.49:34 
1. 9989 
I. 99(;5 
1. 9898 
2.0073 

0.9979 
I. 49·18 

I. 0575 
1. 4850 

11hr 
0.042 
.071 
.089 
. ]27 

.089 

. li3 

. 157 

.227 

.43 

.44 

.445 

.38 

.34 

.77 

.70 

I /hr 

0.086 

.31 

. 31 

.56 

.56 

iempel'aLure, a linear rclaLionship is obLained In 

both cases, as is bome out by figure 6. 

and 

F:t 

I 7'=Ae-RT (4) 

(5) 

where the constants A, E I , B , and E2 may be 
evaluated from th e lineal' ploLs of figure 6. Upon 
substitution of eq 4 and 5 in eq 3, the dependency 
of k upon temperature as ,,-ell as oxygen concen
tration is obtained as given in eq 6: 

E l E 'l 

k= Ae-R7'+ B[02je-BT, (6) 

A test of the experimental validity of eq 6 was 
next applied to the other carboJlaceous acl sorbents 
(i. c., bone chars) studied in this inves tigation . 
A similar treatment was made only for those data 
that show no entries in t be last column in tables 
3, 4, 5, and 6. This corresponds to the two un
broken lines in each of the figures 2,3,4, and 5. 5 

A numeri cal evaluation of the four parameters 
of eq 6 was thus obtained for each of the four bone 
chars, since only two lines are necessary for this 

Ii'rhcsc particular choices were made w hen three or more po in ts were 
ayailable for determin ation of t he unbroken lines. 
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/ 
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I 
/ 

0.05 
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Pl40LE FRACTIOr~ OF OXYGEN 

FIGU R E 2. Rate constant k as a f unction of oxygen con
centration f or char 2 (a new bone cha!) at 260°, 280°,300°, 
and 320° C and a flo w rate of 270 mllmin. 

T he broken lines were const ructed by using eq 6 with appropriate param
eters co mputed from equations of the continuous lines a t 260° and 280° C. 
(See also table 3.) The continuous lines are drawn through experimental 
points. 

type of determina tion. The broken lines in 
figures 2, 3, 4, and 5 were then constructed from 
eq 6 by using values of l' at which other measure
ments had been made. The closeness of fi t of 
th ese points with the predicted lines so constructed 
is evidenced from an examination of the figures . 
A numerical comparison of observed and calculated 
values of k is available between the last two 
columns of tables 3, 4, 5, and 6. The numerical 
yalues of the parameters A, B , E j , and E2 for each 
of the materials investigated in this paper are 
givcn in table 7. 
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1.0 

380 0 

I BONE CHAR 35 

I 
0 

I 360· 

I 0.8 I 
I I 

I I 
I / 

0.6 I I 
I I 3400 

/ I I .)It 

I-I / 
0.4 
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/ 

I I / 
/I / 
'/ / 320 0 

0.2 -/ / 
/ r 

300· 
/ --- 280 · 

0.0 
0.0 0 .1 0.2 0. 3 

MOLE FRACTION OF OXYGEN 

FIGU R E 3. Rate constant k as a f unction of oxygen con cen
tration f OI' char 35 (a service bone char) at 280°, 300° , 
320°, 340°, 360°, and 380° C and a flow rate of 270 
mll min. 

T he broken lines were constructed by nsing eq 6 with appropria,te paramo 
eters computed from equations of the continuous lines at 280° and 320° C. 
(See also table 4.) The con tinuous lines are drawn through experimental 
points. 

VI. Theoretical Considerations 

Any mechanism, in addition to predicting the 
observed r esults, must be consisten t with accepted 
thermodynamic concepts. To be of real value , 
th e mechanism should predict unknown facts 
concerning the reaction and thus point the way for 
fur ther investigations. 

One r eaction that is known to take place in 
connection with th e combustion of solid carbona
ceous adsorbents is th e catalytic oxidation of CO 
to form CO2• Evidence in support of this may be 
gained from the data contained in table 1 by 
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FIGU RE 4. Rate constant k as a function of oxygen concen
tmtion for char 3 (a service bone char) at 260°, 280°, 300° , 
320°, and 3400 C and a flow rate of 270 ml/min. 

The broken Jines were constructed by using eq 6 with appropriate pm·am· 
eters computed from equations of the continuous lines at 280° and 320° C. 
(See also table 5.) The continuous lines are drawn through experimental 
points. 
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F I GU RE 5. Rate constant Ie as a f unction oj oxygen con
centration for char 27 (a spent bone char) at 280°, 300°, 
320°, 340°, and 360° C and a flow rate of 270 ml/min. 

The broken Jines were constructed by using eq 6 with appropriate param
eters computed from eq uations of the continuou s lines at 280° and 320° C. 
(See also table 6.) The continuous li nes are drawn through experimental 
points. 
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FIGU RE 6. Logarithms of the slopes and intercepts , Tes pec
tively, of the lines in fig ure 1 for chaT 1 (a coconut-shell 
charcoal) exp1'essed as a function of the reciprocal absolute 
temperatures. 

TABLE 7. Calculated values for the parameters of the Tela
tionship (eq 6), which expresses the rale constant as a 
f1l1tction of oxygen concentration and temperature 

El E, .Ii I B 

Char 1 (coconut-shell cal cal l /kr 1/kr 
charcoal) ______ ________ 21,800 16, 900 2. 93XlO' 6. 09 X lO5 

Char 2 (new boneehar) __ 7, 000 23, 500 4. lO X JOl 1. 25XlO' 
Char 35 (seryice bono 

ch" r) __________________ 16, 200 43, 200 3.45XIO· 1. 09 X IO J6 
Char 3 (:-.cl'vice b one 

char) _______ . __________ 19,700 34,800 1. 16X IO' 1. 63X I013 
Char 27 (spent bone 

ch" r) _____________ . ____ 23,300 19,200 5.3iX107 1. 70X lO7 
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considering the change in the ratio of CO2 to CO 
with time of contact of the gases with the sample. 
The catalytic oxidation is no t concerned with the 
consumption of caTbon from the solid state; 
hence, the variation in the CO2 to CO ratio can 
not be expected to h ave any effect upon k. This 
point was also brough t out earlier in the paper. 
The catalytic reaction may thus be eliminated in 
connection with the initial steps involved in the 
combustion process. 

Of the many mechanisms that have been pro
posed in the past for the low temperature com
bustion of carbon, o])ly a few are consistent with 
the experimental findings of this paper. Equation 
6 contains two terms, both of which increas3 
exponentially with the reciprocal of the absolu te 
temperature; but only one depends upon oxygen 
concentration. This requires that two processes 
must be taking place independently. Further
more, some, if not all , of t he primary product must 
be CO, since CO is one of the products . A recent 
article by Strickland-Constable [25J reviewed the 
various mechanisms that have been proposed for 
the combustion of carbon at temperatures above 
and below 1,000° C . One mechanism contained 
in that paper applicable in the range of 400° C 
could easily be expanded to fit the experim ental 
findings of this preseDt investigation. It states: 
"Since the (surface oxygen) complex appears to 
be neither an intermedia te product, nor reversibly 
adsorbed product, a remaining possibility is to 
consider it to be a by-product of the main reaction, 
which is only formed at certain favourable points 
on the surface. vVhen once formed, the complex 
remains on the surface as a relatively stable body 
that is decomposed t o the product only on raising 
the temperature." Insofar as the rest of the sur
face is concem ed, th e reaction could be first order 
with respect to oxygen. The decomposition of 
the stable complex need not be caused solely by 
raising the temperat ure. It could depend upon 
the acquisition of sufficient energy to decompose 
it at the reaction temperature and , h ence, could 
very well be independent of oxygen concentration. 

Another possibility is that the entire surface is 
covered with a single type of complex. This could 
then decompose to products in two ways, both 
taking place simultaneously. In the fi.rst way, the 
decomposit ion would be spontaneous depending 
upon the absorption of sufficient energy to de
compose the complex at th e reaction temperature 
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and thus be independent of the oxygen concen
tration. In the second way, the complex would 
comb ine with additional oxygen before decompos
ing to produ ets such that thi s step would be 
proportional to the oxygen con centration. 

A third poss ibility is that two distinct surface 
complexes are formed independently of one 
another. In tIl(' one case, the rate of decomposi
t ion of the complex (assumed to be much slower 
t han its rate of formation) would be rate deter
mining and, thus, be independent of oxygen con
centration. In the other case, the rate of forma
tion of the complex would be th e slower and, h en ce, 
could vcry likely be proportional to oxygen 
concentration. 

In any of the above processes the total reaction 
rate would, of necessity, be g iven by the sum of th e 
t wo individual steps and lead to an express ion of 
the form of eq 6. 'Wheth er one , if any, of these 
mechanisms is to be preferred d epends upon 
additional experimental work beyond the scope 
of this paper. TIl e exisicn ce of one, or more tha1l 
one, species of complex taking part in the com
bustion process is a problem that might be an
swered from X - Ray diHraction measurem ents. 

Surface-area studies may not be expected to 
throw any ligllt on the extent of complex covering 
t h e sUlJace. On (h e other hand, il eats of ad
sorption of niLrogen for surfaces covered with 
complex as compared with surfaces partially 
denuded of complex migh t afford a means of 
estimat ing th e extent of complex coverage. 

A posiLive intercept on the k axis has been 
t reated as though a finite ini t ial reaction rate 
existed as the oxygen concentration approached 
zero . This mayor m ay noL be so. If, as shown 
in figures 1 through 5, thr extrapolation below 
the lowest m easured value of 0 .02 is valid, it would 
imply th e prior presence of ch emisorb cd o)..'Ygen. 
On the other hand, if the linear relat ionship breaks 
sharply as zero oxygen concent rat ion is approached 
such that th e r eaction rate also goes to zero, this 
would imply an initial induction period. Such an 
initial process could be interpreted as the rapid 
formation of a chemisorbed oxygen layer . Further 
experimental work at very low oxygen concentra
tion is req uiredunder condition s where the amount 
of chem isorbed oxygen were known and could be 
altered deliberatel:y. 

A possible r eaction that has not been considered 
elsewhere in th is paper is the r eduction of carbon 
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by CO2 and its converse, the autooxidation of CO. 
At 360 0 C th e equilibrium constant for the CO2 

redu ction of graphitic carbon is of the on1rr of 
m agnitude of 10- 6 [24] . No similar figure is avail
able for the carbonaceous residues such as exist 
in carbon adsorbents. One may assume that it is 
about the same magnitude, since no measurable 
loss of carbon in bone char by reacLion with pure 
CO2 was observed in independent experiments until 
temperatures in excess of around 600 0 C were used . 
The converse reaction would cause the forma
tion of carbon brought about by th e simultaneous 
oxidation and reduction of CO. No eviden ce 
exists as to whether this react i.on takes place to 
any measurable degree under th e condit ions of 
this investigation. Thi s point co uld be estab
lished , however , by treating carbon adsorbents 
with CO and trsting for the presence of CO2 in 
the products. Radioactive tracer techniqu e might 
also b e employed t o advantage in detennining 
whether carbon is deposi Led. 

VII . Summary 

1. A sLudy was made of the rate of combustion 
with r espect to carbon of carbon adsorbents below 
400 0 C as a function of oxygen concenLration and 
temperature. 

2. ExperimenLal rrsults confirm the beliefs of 
earlier investigators that some of the carbon mon
oxide form ed is oxidized catalytically to earbon 
dioxide as a secondary process. The ex:Lent of 
this seconc!fl.ry conversion is invcrsely proportional 
to the velociLy of flow, otll er factors remaining 
constant. 

3 . The initial combus tion raLe at constant tem
perature depended linearly upon oxygen con cen
tration. 

4. The temperature dependence of iniLial com
bustion rate at constant oxygen concentration was 
expressed as the sum of two Arrhenius-Lype terms. 

5. By combining th e influen ce of oxygen con
centration with that of temperature, a single rela
tionship was ob tained in terms of th e initial reac
t ion rate. 

6. Activation energies (or free energies) of the 
Arrhenius-type terms wer e evaluated for th e com~ 
bustion of each of the five carbon adsorbents 
investigated. 

7. Possible reaction mechanisms consistent with 
the experimental results ·were postulated. 
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