
THE KINETICS OF THE REACTION OF
CARBON WITH CARBON DIOXIDE

by

Pao-chen Wu

Submitted in Partial Fulfillment or the Requirements
for the Degree of
DOCTOR OF SCIENCE

from the
1~SSACHUSETTS INSTITUTE OF TECHNOLOGY

December 20, 1949

Signature of Author:
fao-chen7~iu

Signature of Thesis Supervisor:
HOT., C. Hottel

Signature of Head of Department:
Walter G~ Whitman



MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Cambridge 39, Massachusetts

December 209 1949

~~o Joseph Sft Newell
Secretary of the Faculty
l.iassachusatts Institute of Technology
Cambridge 39, Massachusetts
Dear Sir:

The thesis entitled II The Kinetics of the
Reaction of Carbon with Carbon Dioxide If is hereby
submitted in parti.al fulfillment of the requirements
for the degree of Doctor of Science in Chemical
Engineering,.

Respectfully,

Pao-chen Hu



ACKNOWLEDffi·~NTS

The author is greatly indebted to Prof. H. C. Hottel,
under whose direction th1s investigation was carried out,
for his kind advice and many valuable suggestions which
made the completion of this ~rork pos8ible~

He wishes to express his appreciation to
Prof. GoC. Williams for his inspiring criticism, constant
interest and encouragement, Which helped greatly 1n the
course of this investigation.

"He wishes to thank Mr. W. E. Lower, who helped enor-
mously in the construction of the equipment, gave unstint-
ingly his time in the s.olution of day-to-day problems, and
performed part of the experimental work~

Acknowledgments are also due to Mr. L. F. Blanc, who
helped to build. the eqUipment, and Mr. R. W. Shade, who
assisted in the experimental work.

The author is very grateful to the Bituminous Coal
Research} Inc., which financed the coal comhustion research
project at M.I.T., of which this present work forms a part.



I~
IIll

IIIe

V~

TABLE OF CONTENTS

SUI:ufiARY- .....- - - - -
nJTRODUCTION
Ao
Bft
C.

Objeot - - - - - - - - - - - - -Review of Previous Work - - - - - - - -
Scope of the Present Work - - - - - - -

CONSTRUCTION OF E~UIPftmNT
PROCEDURE

- - - - ~ - - - ~ - ~

... Ie .... _ - -

RESULTS

Page
1

8

8
9
18
19
40

Presentation of Data
- - - - - - ·43

.., - ., - - 43

l~ Experiments using New England ooke
particles of 50-60 mesh - - - - - - - ~ 43

2e Experiments using New England coke
partioles of different sizes, reacting
with different times of reaotion - - 48

3~ Experiments using National electrode
carbon particles of 50-60 mesh - - - 53

Disoussion of Validity of Data and of
Correotions Applied thereto - - - - - - - - 63
le Experiments using New England coke

particles o£ 50-60 mesh - - - - - - - - 63
20 Experiments using New England coke

particles of different sizes, reaoting
with different times of reaotion - - 67

30 Experiments using National electrode
carbon particles or 50-60 mesh - - - - - 68

DISCUSSION AND INTERPRETATION OF RESULTS 72

A't Experiments Using National Electrode Carbon
Particles of 50-60 Mesh - - - - - - - - - - 73B. Experiments Using New England Coke Particles
of Different Sizes, Reacting with Different
Timmor Reaotion - - - - - - - - - - - - - 100C. Experiments Using New England Coke Particles
of 50-60 Mesh - - - - - - - - - - - - - 110

Do Comparison of the Results of the Present
Work on Coke with those Obtained in a
Fluidized Bed by McBride - - - - - - - - - - 120



VII~
VIIlo

Comparison of the Reactivity of Coke
with that of Electrode Carbon - 130

134
137

CONCLUSIONS - - - - - - - - - -

APPENDIX - - ... en .". - - - - .. - - - - - - - - - 139

Ao Details on Construction or Equipment 140
1. Furnaoe - - - - - - - - - - - 140
20 ·Nlchrome screen. pan and sample pan

supporter - - - - - - - - - - 145
30 Flexure tube and yoke arrangement - .... - - 145
40 Cylindrical furnace oontainer - - - 0., 147
5C1 Calcium chloride drying tower - - - - - .... 151
6e Oxygen removal apparatus - .- - - - - 151
70 Temperature controller - - - 152
8" Cooling coil - - -. .,. - - 152
9. Cenco Megavao vacuum pump - - - - 153

Be Description and Calibration of lIeasuring
Devioes - - - - - - - - - - .- - - - - - - 154
10 Rotameter - - - - - - - - - - 154
20 MoLeod gauge - - - - - - - - - - - - 154
3e Potentiometer .... - - - - - - - aD - 154
4. Wet test gas meter - - - - - - - 154·
5. Anuneters - - - - - - - - - - 156
60 Micro oxygen analyzer - - - - 156
7. 'I'herrnocoup'Lea - - - - - - - - 156 .
8. Balanoe - - - - - - .. - - - - - 158

C. Dstails on Materials Used - - - - - - - - 159
1., Carbon - - - ., - - - - - - - 159
20 Carbon dioxide - - - - - - - - - 160
30 Carbon monoxide 160
4. Nitrogen - - - - - - - - - - - - 160
50 Cupric oxide - - - - - - - - - - 161
6. Calcium ohloride 161
7. Drierite - - - - - - - - - - - - 161
8. Bricks and cement - - - ... - - - 16J.
9. Chrome1-A ribbon - - - - - - - - - 161
100 Nichrome screen and niokel screen - - - 162
11. Alundum rods - - - - - - - - - - 162
12. Heating Y/ires - - - - - - - - - - - 162
13. Thermocouple wires - ... - - - - - - - - - 162
140 Insulation for oxygen removal appar-atUB 162
15. Cenco-Sealstix vacuum cement - - - - - ... 163



Data Sheets - - - - - - - - - - - - - - - -
PaS!.
164

Caloulations for Experiments Using Eleotrode
Carbon Partioles of 50-60 :rJesh ...- - - - ...180
10 Sample calculations - - - 18020 Integration of instantaneous specifio

reaotion rate equation - - - - - - - - 182
3ft Caloulation of (m/R ) values - - - - - 184
4. Effeotive surfaoe a~ea ratio calculations

- - - - - - ~ - - - - ~ - ~ - - - - 1865. Testing the validity of equation (ll) - 187
Eo Caloulations for Experiments Using Coke

P~rtioles or Different Sizes - - - 188
la' Sample calcula~ons - - - - - - - - - - 188
2. Calculation of Ri values - - - - - 1893Q List of values of Ro. Rl{maxo} and

Rav. at F = 0.1 - - - - - - - - - - - 1914. Calculation of the density and the
speoific reaotion rate based on
superficial surfaoe area at F=O - - - - 192

Calculation for ~er1nwnts Using Coke
Particles of 50-60 Mesh - - - - - - - -

G.
194

1. Sample calculations - - - - - - - - 19420 Correction of gas composition of
C02-CO runs for CO generated - - - - - 1953. Correotion of Ravo for C02-N2 runs
due to CO generation - - - - - - - - - 198

4e Integration of the Langmuir equation 199
50 Calculation of the fraotion of C02

decomposed in a fluidized bed - - - - - 201
H. Equilibrium of the Carbon-Carbon Dioxide

Reaction - - - - - - - - - - - - - - - - - - 206
I. Discussion or Errors - - - - - - - - 208

10 Oxygen effect - - - - - - - - - - - - - 2082. Reaotion between gases or carbon and
nichrome soreen - - - - - - - - - - - - 2083. The effect ot volatile combustible
matter present in carbon - - - - - - 209

4. The effect of gas oomposition - - - - - 210
5. The effeot of oxygen and moisture

adsorbed on the surfaoe of oarbon - - - 2116. The effect of change in particle size
of the oarbon due to reaotion - - - - - 211

7. The temperat~ control of the furnaoe - 212
8. The weighing - - - - - - - - - - - - - - 21290 Sample losses due to jerking of the pan 212



10. Particles blown off the sample
supporter - - - ~- - - - - - - - - ~ - 213ll~ Particles fallen thr9ugh the soreen - - 214

120 Brick particles falling on the sample
supporter - - - -'- - - - - - - - - - - 214130 Preparation and analysts of gas mixtures 215

Derivation of Rate Equation for Reaction
of Carbon with,Carbon DioXide - ~ - 216
1e Langmuir-Hinshelwood derivation - ~ - - 216
2$ Derivation of Semechkova and Frank-

Kamenetzky - - Iiiiit - -:- - - - - - - - - - 2193~ LIodified Semechkova and Frank-
Kamenetzky Derivation - ~ - - - - ~ - - 222

Nomenclature - - .. - - - c:» 223
L. Literature Cited - - - 225
M. Bi~graphical Note - - - - ~ - - - - - - - - 229



TABLE OF GRAPHS: ILLUSTRATIONS AND PHOTOGRAPHS

Figura 1.
Fieure 231-

Firsure 3.
Figura 4.

Figure 5.

Figure 6e

Figure 7e

Figure 8e

Figura 9.

Figure 10"
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20~

Figure 218

Front View of Equipment
Back View of Equipment
Sketch of Equipment
Nichrome Sample Pan Supporter and
Double Pans - - - - - - -
Nichrome Sample Pan Supporter for
the Double Pans - - - - -
Nichrome Sample Pan Supporter and
Sample Pan (1) - - - - -
Nichrome Sample Pan Supporter and
Sample Pan (2) - - - - -

Nichrome Sample Pan Supporter for
the Single Sample Pans - - - - - - - - -
Coke Particles before and after
the Reaction - - - - - - - - - - -
FN2 VBft Q - Pure N2 Runs ( Coke)
Rave VS. PC02 for C02-N2 Runs ( Coke)
Rav ~ vs , PCO for C02-CO Runs ("Coke )
Rave VS. l/V - Pure C02 Runs ( Coke)
F·vs. D ( Coke) - - - - - - - - - - - - -
(I-F) VS. Q -(~Coke 1

Rave vs. Q ( Coke) - - -
Rav:~D ( Coke ) - - - -
~e1ght per Particle vs. D3 ( Coke)
Photographs of Coke Particles
Photomicrograph of 50-60 mesh Coke
Particles - - - - - - - - -
Rav vs. PC_0_2f_or_C02-N2 Runs ( Electrode
Caroon ) - - - - - - - - - - - -

Page
20
21
23

28

29

31

32

33

45

46
47
49
51
52
54

55
56

57

58

60



Figure 22.

Figure 23e

Figure 24.
Figure 25.
Figure 26.
Figure 27.

Figure 28.
Figure 29.
Figure 30.
Figure 31..

Figure 32.
Figure 33.
Figure 34.

Figure 35.

Figure 36.
Figure 37.

Figure 38.

Figura 39.
Figure 40.

Figure 41.
Figure 42.
Figure 43.

Figure 44.

Rav~ vs. PCO for C02-CO Runs ( Eleotrode
Carbon ) - - - - - - - - - - - - - - - 61
Rave VS. l/V - Pure C02 Runs ( Electrode
Carcon ) - - - - - - - - - - - - - 62
F vs. g ~ Electrode Carbon) - - - - - - 64
(1+14F)/(1-F) va. Q ( Electrode Carbon) -
A/Ao vs. F ( Electrode Carbon) - - -

80
81
86
87
88
89
91
92
93
94

T = 1600° F - -( Test o£ Results 1
~ by Langmuir Equation ~

t C02-N2 Runs T =
l(Electrode Oarbon ) J

T = 1700° F

T = 1900° F
( Test of Results ~
J by Langmuir Equation ~

~
~ 0°2-00 Runs i

l(Electrode Oarbon ) ,

T = 1600° F - -
T = 1700° F
T = 1800° F
T = 1900° F - -

Langmuir Equation Constants ( Electrode
Carbon ) - - - - - - - - - - - - - - - 96
Test of Correlation ( Electrode Carbon ) - 99

Ri vs. F ( Coke) - - - - - - - - - - 101
Hi va. D ( Coke) - - - - - - - - 103
Density of Coke Particles - - - - 104
Reaction Rate based on Superficial. Surface
Area at F=O va. the Diameter of Particle
( Coke ) - - - - - - - - - - - - - - - 106
Actual Hi and Ash-free Hi vs. F - - - lOB

Ash Retardation Factor vs. F - - - - - - - 108
111Test of Results by Langmuir Equation -

( Coke )
Rave va. PC02 for C02-N2 Runs ( Coke ),- - 114



Figure 45.
Figure 46.

Figure 47"

Figure 48.
Figure 49.
Figure 50.

Figure 51.

Figure 52.

Figure 53-G

Figure 54.

Page
Rave vs. Fca for C02-CO Runs ( Coke) - - - 115
Test of Eesults by Langmuir Equation
( Final Plot for Coke ) - - - - - - - - 11S
Langmuir Equation Constanta ( Coke ) - 117
Test of Correlation ( Coke) - - - - - - - 119
McBride's Langmuir Equation Constants
Plot of fe~pfto va. fca1c. ( McBride's
Constants ) - - - - - - - - - - - -

- 122

123
Plot of fe~'t. vs. fcalce ( Wu's
Constants ) - - - - - - - - - - - - 124
Fraction C02 Decomposed VSe Amount of
Carbon in a Fluidized Bed - - - - - - - - - 128
Comparison of Specifio Reaotion Rates
Calculated by means of Rate Constants
Evaluated by Mc~ride and by \"iu - - - - - - 129
Comparison of Specific Reaction Rates
Calculated for Coke and for Electrode
Carbon - - - - - - - - - - - - - - - - - - -131

Figure Al. Cross Section of Furnace - - - - - - - 141
Figure A2. Photographs of Steel Box 142
Figure A3e Flowrator Calibration - ... - - - - 155
Figure A4. Photograph of Oxygen Analyzer - - 157
Figure A5. Equilibrium Constant - - - - - - - - - - - 207



Table la

Table 2 ..
Table 30

Table 4.
Table 5.
Table 6.
Table 7.

Table AI.
Table A2.
Table A3.
Table A4.

TABLES

Page
Langmuir Equation Constants
( Electrode Carbon ) - - - - - - - - - - - - 95
Values of E and Ko ( Eleotrode Carbon ) 97
Approximate Langmuir Equation Constants
( Coke ) - - - - - - - - - - - - - - - - - -112
Langmuir Equation Constants (Coke) - - - -113
Values of'E and Ko ( Coke) - - - - - - - -118
Smoothed Langmuir Equation Constants - -132
Langmuir Equation Constants from
Different Authors - - - - - - - - - - - - - 133

List of Gas Mixtures - - -165
- - -166

-167
- -168

N2 Blank Runs ( Coke )
C02-N2 Runs ( Coke )
C02-CO Runs ( Coke ) - - - - - - ~ - - -

Table A5. Influence or Gas Flow Rate on Reaotion
Rate ( Coke ) - - - - - - - - - - - - - 169

Table A6. N2 Blank Runs ( Coke ) - - - - - - - - - - 170
Table A7. Influenoe or D on R ( Coke) - - - 171
Table A8. Weight per Coke Particle - - -.- - 174
Table A9. Coking Run and N2 Blank Runs - - - - - - - 175
Table Ala. C02-N2 Runs ~ Ele.ctrode Carbon ) - - - - - 176
Table All. C02-CO Runs ( Electrode Carbon) - - - 177
Table A12. Influence of Gas Flow Rate on Reaction Rate 178
Table A13. Inf'luenoe or Reaotion Time on Reaction Rate 179
Table A14. Calculation or (miRa) - ~ - - - - - - - - - 185



Table Al5.

Table A16.
Table A17.
Table AlB.

Table A19.

Table A20.

Table A21.

Effeotive Surface Area Ratios ( Electrode
Carbon ) - - - - - - - - - - - - - - - - 186
Calculation of F and Q ( Electrode Carbon)- 187
Values of Ri ( Coke ) - - - - - - - - - - 190
Values of Ro_ Ri(max.) and Rav• at F = 0.1
( Coke ) - - - - - - - - - - - - - - - - - - 191
The density of Coke.and the Reaction Rate
based on $uperficia1 Surface Area - - - 193
Fraction of Carbon Dioxide Decomposed in
a Fluidized Bed - - - - - - - - - - - - 202
Equilibrium M~xture Composition of C02,
CO and Carbon System - - - - - - - - - - 206
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The object of this ~urk was to study the kinetics
of the reaction of carbon with carbon dioxide. Two types
of carbon were used, electrode carbon and coke. Among
the reaction variables, the effects of temperature, pres-
sur e, gas compos! tion and veloci ty and particle size were

investigatedo The reacting system consisted of a sinele
layer of particles, evenly distributed on an inert metal
'screen, with the reacting gas passing through the bed
under well controlled conditions of temperature, gas vel-
ocity and gas composition. The reaction rates were ob-
tained from the fractionRl decrease in weight of carbon
during "reaction and the time of reaction.

An electrode carbon Was used as one reabtlng car-
bon because its negligible content of ash and V~C.M. made
a clear Vlsue.lization of the reaction picture pas sible.
The temperatures investigated ranged from 1600 to 1900oF.i

the particle size of the electrode cRrbon was 50-60 mesh.
Both COa-Na and COa-CO gas mixtures were used as the
reacting gases. The reaction pressure was kept substantial-
ly at one atmospheree

From the results obtained, it was possible to express
~~e instantaneous specific reaction rete Ri (mass rate of
carbon reaction per unit mass of carbo~ sample) as a linear



function of the mass fraction of oarbon reacted F:
Ri = mF + Ro = Ro (~o F + 1)

in which m and Ro are oonstants, the rate of ohange of Rl
with respect to F, and the instantaneous specific reaction
rate at F = 0, respectively. It was found that the dimen-

maionlese ratio Ro , called the surface activation factor,
was independent of temperature and gae composition, and
could be represented by a constant of magnitude 14.

The initial specific reaction rate Ro could be correl-
ated"by a Langmuir type reaction-rate equation including sur-
face adsorption, of the form:

Ro = 1 + KaPaa + KsPCOa
1n which the Kls are the rate oonstants, and piS are the
partial pressures of the respective gases.

The constanta were evaluated for each temperature in-
vestigated, and fell on straight lines when plotted on semi-
logarithmic ooordinates vs. the reciprocal of the absolute
temperature.

This investigation brings out the interesting point
that the effective surface area increases in the course of
reaction and that the carbon surface is,characteristic ot the
fraction of carbon reacted. Because of the faot that ash is
practically absent, n~ ash retarding effect exists.

Experiments were also performed using New England coke
particles from the same lot used by Graham and McBride, who
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studied the reaction kinetics in a fluidized system. It was
the object, when planning the experiments, to compare the
results using the single layer bed technique with those ob-
tained in a fluidized system. The coke contained 9.5% ash
and about 2% V.O.M. The reaction rates are expressed on
ash- and V.e.M.-free bases.

Two groups of experiments using coke were performed:
(1) Experiments using coke particles of dif-

ferent sizes, reacting With pure carbon dioxide at
1800oF. with different times of reaction.

(2) Experiments using coke particles of 50-60
mesh reacting at different temperatures with differ-
ent gas compositions.
Results obtained using different si~es of coke part1cles

at l800oF. and 1 atm. showed that the reaction rate is in-
fluenced by both particle size and time of reaction.

The specific reaction rate based on unit weight of
carbon was shown to be lower for larger particles. However,
when the specific reaction rate 1s based on unit superficial
surface area, the effect of particle size is not as pronounced.
These results indicate that the reaction rat~ is somewhat
proportional to the superficial surface area of the particles.

The instantaneous specific reaction rates evaluated
from the corrected data show that, during the course of the
reaction, the rate increases steadily, reaches a maximum, and
then declines. There is a pronounced trend for the maximum to



occur at larger values of the fractional decrease in weight
of carbon as smaller particles ar-e usea, This can be ex-

plained as being due to the presence 1n the ooke of ash,
which amounts to 9.5%. With large particles, only a small
fraction of carbon reacted is required to form a substantial
layer of ash on the surface, while for small particles, a
large fractional reaction 1s required. This layer of ash
makes the carbon less accessible to the reacting gas.

The steady increase in the instantaneous specific
reaction rate 1n the early stage of reaction indicates that
more effective surface area was created. If there were
no ash present, this increase would presumably continue
during the whole course of reaotion, as shown 1n the case
of electrode car-bon, Hovrever-, the resis tan t ]P~yer of ash
formed during.the reaction tends to retard the reaction, so
that only a fraction of the ash-free rate can be achieved.
The maximum oocurs as a net result of these competing fao-
tors. An empirical equation, Which represents this scheme
of mechanism, is shown below:

_5.5DFl•85
(1 + 10 (2 + loglO D)

R1 = Ro ---R:--o-~~- F) e

in whioh D 1s the initial diameter of the particle in mm.
The experiments using coke particles of 50-60 mesh

were performed according to the same scheme as the experi-
ments using electrode carbon, except that no study was made
of the effect of fractional completion of reaction on rate.



5

In most of the runs (made before those on electrode carbon)
F lay in the range 0~05 to 0.1. In the correlation using
a Langmuir type reaction-rate equation which includes effects
of adsorption, the average specific reaction rates Rav• cal-
culated from the corrected data were considered to be equal
to Ro• This assumption was permissible in view of the
results of the investigation of coke with different times
of reaction at I80QoFo, which showed that the variation 1n
reaction rate for variation in F over the above range was·
not sufficient to negate the Langmuir equation.

The experiments using coke particles of 50-60 mesh
were performed at temperatures ranging from 1500 to 1900oF.
Both COa-Na and CO,a-CO gas mixtures were used as the react-
ing gases. The reaction pressure Was kept substantially at
one atmosphere. The results were also correlated by the
Langmu i.r- equation. The constants "lere eva'Luat ed for each
temperpture investigated, and for each constant,· could be
shown to fallon a straight line when plotted on semi-
logarithmic coordinates vs. the reciprocal of the absolute
temperatureo

The rate constants for coke have been compared with
those evaluated by McBride who he-d used the fluidized bed
technique on the same coke. McBride correlated his re-
sults by means of the same Langmuir equation in its integra-
ted form assuming the'gas flow in the bed to be p1ston-11k~.
The constants from these two sources differ to a great extent,
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especially the values of Kae The great retarding effect of
CO found in the present work Wes underestimated by
McBride. This was due to the nature of the fluidized bed
process, from which only the overall effects, and not the
path of the reaction could be obtained.

The rate constants evaluated from the present work
were used to correlate the experimental results of McBride.
Fair approximations wer~ obtained at low temperatures,
while at high temperatures the calculated fractional decompo-
sition of CO2 was always higher than the experimental values,
indicating low effectiveness of the fluidized bed under
conditions when the conversion of COa is high, and conse-
quently the gas flow pattern cannot be treated as piston-like.

Furthermore, it was shown that the point reaction rates
calculated from these two sets of constants also differ
greatlyo This indicates strongly that although McBride's
constants may be used l.;ithfair success to interpret the
overall results in a fluidized bed, yet they fair to repre-
sent the point data. Consequently, these shortcomings ex-
clude the fluidized bed technique &s a laboratory tool for
elucidation of the reaction mechanism.

This investigation was carried out under atmospheric
pressure. In order to extend the scope of the experiments,
it is recommended that for the continuation of this work,
pressure equipment be designed, 1n which sample weighing CRn

be performed continuously so that the change 1n react10n rate



in the course of reaction ce~ be accurately recorded.
Photomicrographs and surface area measurements of the
carbon particle s used ar-e sugg ested as helpful techniques
in further Lnvestdga'ti ons ,

.~
{,



8

11. INTRODUCTION

f;. Object
Since the end of last century, the reactions of

carbon with oxygen, steam and carbon dioxide have been
studied extensively. The impetus came in part from
the interest in gas producerso During recent yearsl
the expansion of the fuel gas industry and the develop-
ment of the Fischer-Tropsch process have produced new
efforts in the search for more reliable data on the
reaction rates of oxidation of carbon in various forms
under different conditions in oxidizing gas streams.
At M.I.T. a project was recently initiated to study the
reaction mechanism using the fluidized bed technique.
The work done so far comprises the following:

(1) Gasification of coke and anthracite by
carbon dioxide and steam, by Graham (~).

(2) A study of the retarding effect of carbon
monoxide on the carbon-carbon dioxide reaction, by
NcB ride (g).

(3) Gasification of coke by carbon dioxide
at high pressures, by Goring (~).

(4) A study of carbon-oxygen reactions at low
temperatures, by Paxton (!).



The fluidized-bed technique p~ovides a uniform
bed temperature and large exposed reaction surface.
However, ·due to the nature of the process it is possible
only to compare the overall results of experiments ~uth
an integrated form of the reaction process postulated.

As a general principle, such a procedure is open
to the objection that the process of integration can
often hide the true mechanism, particularly where the
mechanism postulated involves a considerable number of
constants. To overcome this shortcoming, the present
work was initiated to study what goes on i~ a reaction
bed oonsisting of a single layer of carbon particles.
This method makes it possible to approach point reaction
conditions and thereby obtain true local reaction rates.

In view of its significance and relative simplicity
in comparison with the rest of the carbon gasification
reactions, the carbon-carbon dioxide reaction was chosen
as the reaction to be investigated in the present work,
parallel to the study made by McBride in a fluidized bed.
It was further decided for purposes of comparison, to
start with coke of the same lot used by McBride, despite
the obvious complications introduced by ash and V.C.M. in
any fundamental study of mechanism.

~. Review of Previous Work
Three e~er1mental methods, the fixed bed, the single

.particle, and the fluidized bed have been used up to the



present to obtain an insight1nto the kinetics and

mechanism of the rea ctlon be tween car-bon and car-bon dioxide,
and heterogeneous reactions in general~

Of these methods, the fixed bed Was used almost ex-

clusively until quite recently qy most investigators,
Credit for the application of the fluidized-bed technique
is due mainly to the development of all crecking processes.
Oper2tions in.a fluidized bed are characterized by easily
controllable isother~ql conditionso

An extensive literature survey on the results obtained
in fixed-bed experiments was given by Guerin (~). A survey
by Wu (6) gave the results of e~~erlments a~p1ylng to

fixed-bed as ~·Jellas fluiclized-bed t ecnni.quee,
As early as 1861, Henri Sainte-Claire Deville (1)per-

f'o rried experiment s on the r-educ t ron of carbon dioxide to
carbon monoxide by means of solid carbon. However, the
first quantitative studies, on t~e equilibrium of the above-
mentioned r-eactaon, ver-e made by Boudouard (g) in 1898, who

investigated the reduction of carbon dioxide by carbon in
the forms of Hood ohor-coa.L, coke, etc,, in the presence of
metal oxides acting as c2talysts. Even though the purpose
of his investigation Was mainly the equilibrium conditions
of the r-esctt on, he also rnade the statemen t r

liThe reaction rate is the grea.ter, the hieher the
temperature, and depends on the type and particle size
of the car-bon usedll•



Following Boudouard, numerou~ workers have used
different fixed-bed techniques. These investigations can
be classified and presented as follows:

(1). EvaluRtion of the Reaction Rate from the Change
in Volume of the Reacting Gas

It

Kassler (9), Fire (10), Muller and "Jandl e.g),
Hoehn (12) and Hollings and Slderfln (13) are among the
investigators who used the volume measuring technique to

determine the amount of COa reacted. !n all these experi-
ments, the object 'tfTB.S to determine the reactivity of dif-
ferent kinds of car-bon in order to get Lnror-mation on their
behavior in a blast furnace. Because of the continuous
change in gas composition 1n passing through the bed and a
lack of knowledge of the flow pattern, from the point of
view of studying the reaction mechanism, these results are
of little value.

(2). Evaluation of the Reaction RRte from the Change
in Pressure in the System
Rhead and Wheeler (14) and Wheeler and Stopes (15)

used a circulation system, and from the increase in pressure
the amount of CO formed was calculated. The authors, in
interpreting their results assumed that the reaction was of
first order With respect to CO2 and neglected the reverse
reaction. This enabled them to obtain an expression by
means of which the results of their experiments could be
calculatedc It is clear today that the complex reaction



mechanism of carbon with carbon dioxide cannot be
represented by a simple relation which does not even
take cognizance of the retarding effect of CO, later
proved to be very significant.

(£). Evaluation of the Reaction Rate from the
Change in Weight of the Sample
Oshima and Fukuda (16) designed a contlnu-

ous~weighing equipment which consisted essentially of a
spring balance to which the sample being held in the re-
action zone was attached. In this way, the weight of the
sample could be recorded continuously 1n the course of
reaction. Different kinds of coke powders and charcoals
were used as samples. The object of this work was pri-
marily to investigate the effect of ash on the reactivity
of carbon.

There are two reasons why the results
reported cannot be considered as representing the true
reaction rate. In the first place, the V.O.M. liberated
during the reaction Was included in the measured weight
loss, and therefore the results obtained are not dependable.
In the second place, the perfusion effect must have played
an important role in the reaction, as the sample ~~s piled
up in the sample supporter, resulting in non-uniform reac-
tion conditions.

More definite information was obtained by
Tu, Davis and Hottel (11), and Parker and Hottel (1&). They



held a simply shaped carbon sample in the reaction stream
end obtained the reaction rate from the loss in weieht
of the sampl,ein the course of reaction. Host of their
Hork, hoi.ever-, \"I8-S limi ted to the study of carbon-oxygen
reactions. The relative importance of diffusional and
che~ic91 processes at various temperAtures WAS quantltative-
ly studied. For the c~rbon-ca.rbon dioxide reaction
Dubin, using the apparatus of Tu and spherical electrode
carbon and brush-carbon s&~ples, found that between' 110CoO.
and l350oC. the chemical reaction r-ate is the more im-
portant factor.

(~)c Evaluation of the Reaction RRte from the
C::.~n,'"e in Compo 81tion of the Reacting Gas

Clement, Adams 8nd Haskins (19) used a
reaction tube filled vii th gr-anuLar- cho.r-coa L or coke samples,
~nd passed CO2 through the tube under controlled reaction
concn t rona, The product gas was analyzed, and rate equa-
tions were derived on the b~sis of the assumptions that the
for~1ard reaction 1'1aS of the first order and the reverse
reaction was of the second order which would be true for
homogeneous reactions of this typeo For a heterogeneous
reaction, such aSGumptions are usually unsound. In this
particular case, the l~ter-found retarding effect of CO
should be considered in correlating the results~ However,
as no Lnrorm» tion '''8.S available for the flo'" pa ttern of
gas in such a fixed-bed system, the results as such could



hardly tell anything about the reaction mechanism.
Cobb et a10 (gQ), (21), ·(22), (23) used

a similar reaction system and studied many special cokes
with different ash constituentso The object of these
studies was to devise a method by means of which the
reactivity of coke to carbon dioxide could be determined.
A great deal of experimental work Was done in this
direction, which may be of value in appropriate practical
applications. The correlations developed were also based
on the general concept used in dealing with homogeneous
reactions. For the same reasons mentioned above, these
results nelp very little in the elucidation of the reac-
tion mechanism.

Drakeley (24) used a similar technique to
investigate the reactiVity of various carbonized coals and
correlated the results qy means of the expression used by
Clement, Adams and Haskins. The reactiVity of coke was
found to be influenced by the t?~perature of carbonization.

Mayers (25) found that when the reacting
gas was passed over a constant exposed area of carbon
sample, the ree.ction rate depended on the thickness of the
samp.Le, He called this the "perfusion effect"'tvhlch
existed not only in the case of granular carbon samples but
also in the case of monolithic carbon samples. Due to
the intrinsic complexities of this effect, a successful
theoretical approach is still lacking.
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~wmyother investigators performed ex-
periments using beds or columns of carbon and obtaining
the reaction rates by analysis of the product gas. Among
them are Perrott and Fieldner (26~}Fischer, Breuer and
Broche (27}, Arend and Wagner (28), Bodmer (29), Rieffel- --
(30), Gevers-Orban (31), and Cassan (~). But the most
important contributions are those of Semechkova and Frank-
Kamenetzky (33) and Hinshelwood et ale (~)J (35), (36).

In contrast to the common fixed-bed methods,
Semechkova and Frank-Kamenetzky performed their experiments
using a statio system, which eliminated many unknown vari-
ables inherent to a flow system. They postulated a gen-
eral reaction mechanism whiCh involved the surface adsorption
of gases whioh, in principle, is in accordance with Langmuir's
adsorption theory.

Following this work, Hinahelwood studied
the reaction using both flow and static methods. In the
flow equipment, the reacting gases were passed through a
long vertical silica tube filled with coconut charcoal
particles. The fraction of C02 reacting rarely exceeded
0.1 so that the volume of the ~acting gas could be assumed
to be constant. Also in this work a Langmuir fo~ or ad-
sorption equation was used to oorrelate the results. Each
of the constants ocourring in this equation was found to vary
exponentially wi th temperature. The static experiments were
performed to investigate the adsorption or gases on the
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carbon surface 1n the course of the reaction, and thus
to illustrate 1n a very direct way the general nature
of the mechanism. From these experiments the retarding
effect of CO was clearly shown to be due to the ad-
sorption of the gas on the reaction sites.

11hereas all the above-ment :toned experiments
were performed at substantially atmospheric presst~eJ
Langmuir (~) J Meyer (..2§) I (39) J Sihvonen(..iQ) and Eucken
(41) investigated the reaction of a glowing carbon filament
with COa at extremely low pressures under which conditions
the carbon dioxide molecules could strike the filament of
carbon only once in the course of the reactione Langmuir·
suspected already as early as .1915 that when CO2 struck the
carbon surface, one molecule of CO would be formed and one
atom of oxygen \-loula.be attached to the carbon surface, ""!hich
could be desorbed only very SlO'~'lly to form another CO
molecule. l'leyer concluded that at low pressures the reac-
tion 'vas of zero order belovl 2600oK.bu:t stated that the
presence of minute amounts of impurities on the carbon sur~
face might c~~nge the reaction order to anything between
zero and first order, as had been repeatedly reported.
HO ....lever, the results obtained in the·se low-pressure experi-
ments are of very little value in clarifylngthe reaction
mec~~nlsm under atmospheric conditions, which are of utmost
prcc tI ca),value, simply becau se in the.present state of

knowledge about the reaction direct extrapolation from low
pressure regions to atmospheric conditions 1s imposslbleu
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(~). Evaluation of the Reaction Rate from the
Change in Dimensions of the Sample
Mungen (±g), Mullery (43), and Smith (i!)

.used successively the seme technique in studying the re-
action rates of small carbon rods with a stream of CO2 at
high velocities. The carbon rods were heated by means of
an electric current passed through the rod. The reaction
rate lias obtained by measuring the decrease in diameter of
the rod during reaction. Although this technique
possessed the advantage of identifying reaction rate with
a well-defined superficial surfac~, an offsetting disad-
vantage was the lack of knowledge of the extent to which
the interior of the specimen contributed to the reaction.

Investigations using the fluidized
technique were recently performed by Graham, McBride and
••Goring. ·They too used LangmUir-type adsorption aqua.tiona
in correla ting their data. Although the appllcat 10n of
the fluidized-bed technique may result in information which
can sometimes be applied directly to industrial plants,
and also can clarify some fundam~ntally important points,
the method suffers from the inability to obtain more than
an average rate in a system in ~mlCh the gas composition
varies conslde~ably and 1n an unknown manner from inlet to
outlet.

In conclusion, the previous investigations,
numerous as they are, offer rather limited fnforma ta on on
the mechanism of the carbon-carbon dioxide reaction. The
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techniques which have been app1ied are not adequate to
evaluate the specific effect of any single variable which
influences the point reaction rate.

Q. Scope of the Present" Work
It was the original object to investigate the re-

action rates under various specific reaction conditions
using coke particles from the same lot used. by McBride, and
by comparing the results obtained, determine the performance
of the fluidized bed.

Because of the presence of ash and V.C.M. in the coke,
it was later realized that, in order to get a more clear
visualization of the reaction mechanism, some other kind of
carbon should also be investigated. The National electrode
carbon used by Mungen, Mullery and Smith was employed. This
carbon contains 0.4% ash and negligible V.C.M., and is
suitable for the study of reaction kinetics. However, the
results using coke Were considered of more ln~ediate prac-
tical importance.

The experiments were carried out at one atmosphere
us ing temperatures ranging from l5000F. to 1900oF. Both
COa-Na and CO2-CO gae mixtures were employed. The effects
of gas veloei ty" particle size and rea.ctivity of carbon as
influenced by the time of reaction were studied unde~ well-
controlled point-reaction conditions.



III. COnSTRUCTION OF EQUIPHSNT

To obtalnthe data required for the evaluation
of specific point r-eac ta on rates of carbon particles l.'i th

carbon dioxide, the design of the equipment had to embody
the f'oLl.owIng fee.tures:

(1) The equipment should be so constructed
that a single carbon particle could react with the react-
ing gas without the interference of other particles or
foreign materials.

(2) It should be possible to determine accurate-
ly the weieht of the sample before and after reaction.

(3) In the reaction zone, it should be possible
to control the temperature, pressure and gas flow rate
accurately.

(4) The gas composition should be known and
completely free from oxygen.

(5) It should be possible to control the time
of reHction~

It wa s 1:!lththese points in mind the.t the equipment
~RS designee 2nd constructedo Photographs of the complete
equipment ar-e shown in Figures 1 end 2 ...

Essentially, the equipment consisted of "a magnetic
moving device by means of llhich a screen pan , on wh Lch a
single layer of ce.rbon particles is evenly distributed, could
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Figure 1

Front View of Equipment



Figure 2

Back View o~ Equipment
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be moved into and out of the t'urnace from out side the
systemo To eliminate traces of oxygen present 1n the
system, both ev~cu8tlon end flushing procedures were used.

The following descriytion refers to Figure .0

uhich is a complete dra~lng of the eqUipment:
The furnace (1) 'Has cons t ruct ed by fi ttins together

eipht blocks of K16 B & W insuJ£~tlng firebrick (2). These
bricks were carved out to form a combustion ch~ober (3),
~n entrance (4) for the samnle pan supporter (5), entrance
ports for t~o theroocQuples (6), positions for ~10 heating
coils (7) end entrance (8) Gnd exit ports (9) for the enter-
ing nnd leaving gas stre2ms. After the bricks were cut to
fit together snugly, they were completely coated with a
high-temperature brick coating mortar and af't1=?rdrying in
c.ir I baked for two hours e. t 1800°.2. This trea tment pro-
duce d e. smooth and hard sur-race ov et: the bricks, and ·re-
cluced the t eridency fOJ' particle s to Clislo,c1ge from the
surfa.ce..

The brick furnace rTas fitted into a steel box (10)
constructed of sheet steel welded at the seams. The front
cover (11) of this steel box was bolted to the rest of the
_unit end wasprovlded with an opening of the proper size to
admit the sample pan 8upportero The steel box could be
elevated or lmrered into proper position by three adjustable
legs (12). The gas entrance connection (13) was located
at the bottom, and the outlet (14) at the top.
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In order to eliminate the effect of reaction \dth
oxygen the apparatus had to be construoted airtight so
that it could be freed from air Qy evacuation and then
filled and flushed with the gas mixture used for reaction.
This was achieved by use of a cylindrical steel shell (15)
~~th butt-welded seems and a removable top cover (16)~
which could be bolted to the top flange with a rubber gas-
ket (17) forming an airtight junction. A connecting side
arm (18) with a machined horizontal flange surface (19)
was welded onto the cylindrical wall. Upon this surface
a 7 inch diameter x 1/2 inch thick Lucite plastic disc (20)
could be clamped down, with a rubber gasket in bet~reen.
This Lucite diec served as an observation area to view the
nichrome screen pan and its contents when· moving it in and
out of the combustion chambe~, to be sure that the moving
procedures were performed smoothly and that the carbon
particles were not subjected to any jerking motion. This
flange opening was also used for putting· the nichrome
screen pan on and removing it from the alundum rods.

To prevent any air leekage through· stUffing boxes
on moving rods, a long brass flexure tube (21) closed at
one end was constructed, enclosing the pan moving mechanism.
Inside this tube a cylindrical steel block (22) rolled
easily on two small wheels (23), and was kept in a vertical
position by a slot and key arrangement (24). To this cylindri-
cal stee~ block was attached a long steel rod (25), at the



end of which ~i~S a yoke (26) into which the two alundum
supporting rods (27) were cemented. To reduce the heat
loss through the entrance of the p2n in the furnace bricks,
a piece of brick (28) was made to fit between the alundum
rods and attached to the yoke, thus filling the slot open-
lng once the nichrome pan was in the furnace. The motion
of the cylindrical steel blocic and hence of the nichrome
pan y~8 controlled externe.lly by means of a powerful horse-
shoe magnet (29) which made inserting the p8.n into and with-
drawing it from the reaction area possible without impart-
ing any jerkipg motion to the pan. The angle of attachment
of the flexure tUbe to the reaction chamber side-arm could
be modified slightly by moving tile closed end of the tube.
This tilting procedure was used as a fina.l adjustment to
obtain an absolutely unhampered motion of the nichrome pan,
and was we_depossible by a thin brass diaphragm (30) soldered
to the flexure tube and the end of the side arm.

In the combustion ~~~ber two chromel-alumel thermo-
couples were located, one above and one below the nichrome
screen pan. The tem,Perature was determined by readings
from a Brown semi-precision potentiometer accurate to 0.02
millivolt.

The furnace was heated using electric heatiLng colls
made from K~nthal ribbon. The ribbon was formed into fla t
grids by bending .1t around steel pegs set in s..wooden frame.
To remove its elastic ity aftier bending, the unit '1!EtS then
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transferred to a muffle furnace, heat treated at 180QoF.,
and cooled slowly to room temperatureo This treatment
made the ribbon very brittle and necessitated extreme care
in fitting it into place. The current of 9-15 amperes re-
quired for the heating coils was obtained from the 115-volt
A.C. power lIne by means of a Variac, type 100-Q.

In the runs using coke particles of 50-60 mesh, the'
difference between the temperature above aridbelow the
nichrome screen pan amounted to about 40°F. In all the
later runs using coke particles of different sizes and
electrode carbon particles of 50-60 mesh, alundum rods were
placed between the ribbons of the heating coll8~ The more
homogeneous hegting surface so created resulted in tempera-
tures above and below the"pan which differed at most by 10°F.
The rea.ction temperature was taken as the average of these
two readings. Another advantage of ins~rting the alundum
rods was that the tendency of the Kanthal ribbon to stretch
and buckle after many heating periods was somevmat con-
trolled by the rods, ~nich prevented the ribbons from touch-
ing each other, hence eliminating possible short circuits.

The desired reaction temperature was ~aintained con-
stant within 1°F., by a temperature regula.tor designed and
described by Port (45) and Egbert (46). The general prin-
ciple of the temperature regulator is outlined here: The
movement of the pointer of a galvanometer, connected to
the Lower rurnace thermoco uple exposes or covers a slot in
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the scale under the pointer. Beneath this slot is an
R.C.A. Radiotron 922, which is excited qy abeam of light
from a projector bulb. Exposing or covering the slot thus
affects the Radiotron which operates a relay which. opens
or closes a shunt on a resistance in the furnace' heat1ng-
colI circuit, resulting in an increase or decrease of
1ampere of current through the heating coil. The variac
is so adjusted the.t \ihen the shunt 1s opened the tempera-
ture attained in the reaction zone is slightly below the
required reaction temperature, and when the shunt is
cloeed it .is slightly above the required reaction tempera-
ture.

After the temperature regulator was properly adjusted.
for each run, it needed very little further attention. It
operated smoothly and dependably throughout the course of
the experiments.

In the progress of the experiments, three different
modifications of the sample screen. pan were used. For all
the runs using coke particles of 50-60 mesh reacting With
different gas mixtures at the standard gas flow rate, the
double-pan setup shown in Figure t4) was employed.T\vo
semi-circular pans , each carrying .about 0.15 gms , of samples,
wer-e fitted into the sample pan supporter shown in Figure 5.
Pan No. 1 (as indicated in Figure(4~' ), .which 'Was located
farther from the slotopen1ng, indicated a temperature very
close to the average of .the temperatures indicated by the
~10 thermocouples~ Pan No.2, which was located near the
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Figult

Nic1lrome S8Jllple P Support

and Double ~AIl8
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Figure 5

Nichrome Sample Fan Suppo~ter
for the Double Pans



entranoe opening of the furnace, was found to be 10°F.
lower 1n temperature than the average of the two thermo-
couple readings. Usually the data trom Pan No. 2 served

'f

as a cheek on the data from Pan No.1, generally giving
a lower reaction rate oonsistGnt with the temperature
decrement.

This consistency caused abandonment of the double
pan in the later runs; single pans as shown "in Figures
:6: and (?~were used. The runs using coke of 50-60 mesh
particle size reacting at different gas flow rates were
made using the setup shown in Figure 6" the sample pan
supporter being shown 1n Figure 8. In this setup, a
circular piece of screen was bent all around the circum-
ferenoe perpendioular to the plane of the screen, thus
forming a pan of approximately 0.5 cm. 1n depth and 5 cm.
in diameter. A hole was cut 1n the sample pan supporter,
about 0.5 em. smaller 1n diameter than the pan. This
arrangement had the advantage of having only one layer of
screen, which caused less by-passing of gases than when
using two layers of screen. The holes in the screen served
as reference points. Pictures, as shown 1n Figure:9~, were
taken before and atter reaction to find out whether any-
particles were lost or displaced in the handling or the
sample pan or in the course of the reaction when the gas
velocities were relatively high.

In all later runs using coke particles of different
sizes and electrode carbon particles of 50-60 mesh, a
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Figure 6

Nichrome Sample Pan Supporter
and Sample Pan (1)
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Figure 7

Nichrome Sample Pan Supporter
and Sample Pan (2)
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Figure 8

Nichrome Sample Pan Supporter
for the Single Sample Pans
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Figure 9

~oke Particles before and
after the Reaction
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one-pan setup as shown in "Figure "_7>was used. The pan,
like the former one, carrying about 0.1 grams of coke,
was situated off-center in relation to the entrance open-
ing of the furnace, so that the temperatupe of the sample
was close to the average of the two thermocouple readings.

In most of the runs, 100 mesh nichrome screen was
chosen as the supporting screen for the carbon particles.
Preliminary tests had shown that nichrome "screen was inert
with respect to reaction With carbon, carbon monoxide or
carbon dioxide, between temperatures of 1500 to 2000oF.,
once a protective layer had been formed on the screen. This
protective layer, giving a dull green color to the original-
ly bright and shiny screen, was formed during the first two
or three runs, and added about 0.2% to the weight of the
screena After this protective coating was established,
the weight remained practically constant 1n further exposure
to the reaction atmosphere. It was found to be advisable
to replace the pans with new ones after about 30 runs, as
the screen then showed some sagging and buckling.

The sample pan supporter shown 1n Figure: 8,~I cons truc-
ted of 100 mesh nichrome screen, was circular in shape with a
diameter of 7.8 em. Around the periph~ry it was braced With
two chromel-A rings to keep it rigid. Welded on the outer
r-Lng. were two IIslip-ontt fixtures, into which the ends of
two alundum rods were inserted. These alundum rods were
used to hold the sample pan supporter in a horizontal posi-
tion while it was being moved into the combustion chamber,
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while the reaotion proceeded, and while it was being
withdrawn after reaction.

This system, as desoribed here, made. it possible to
hold a single layer of coke particles in the reaction
chamber, and to allow the reacting gas to pass up through
the horizontal screen. In this way the particles were
oompletely bathed in fresh reacting gas at all times.

The system was eqUipped with a Cenco Megavac vaouum
pump, which made it possible to remove practically all the
oxygen in the system. The vacuum was measured by means of
a McLeod gage (39).

The gas mixtures used were made up prior to starting
a run. The gas components required for a partioular mix-
ture were taken from the conventional compressed gas
oylinders, and were mixed 1n a pressure cylinder (3i) re-
served for this purpose. The cylinder was then put into a
hot water bath and heated overnight ~ insure complete mix-
ing. The composition of the gas mixture was determined a
few times during a series of runs by means of an Orsat
gas analysis apparatus. The gas,whether a mixture or a
pure gas, flowed through a standard diaphragm pressure
regulator (32), thence through a rotameter (33) prOVided
with a bypass, in a stream regulated by means of a 1/8 ineh
needle valve (34). The pressure between diaphragm regula-
tor and rotameter was measured by means of aU-shaped,
mercury-filled pressure gage (35). From the rotameter the



gas flowed to a 4.5 em. diameter x 30 ern. high glass
drying tower (36) filled with calcium chloride, on top
of which some Drierlte had been put to act .as an indica-
tor. From the drying tower the gas flowed to the oxygen
removal apparatus (37) constructed of en 80 em. length
of 5 C~. diameter heavy-walled Pyrex tube provided with
1.5 em. diameter x 9 em. long Pyrex connections at each
end for slipping on rubber tubing. The Pyrex tube was
filled with 0.5 mm. diameter x 5 rom. long activated
copper rods. The oxygen removal apparatus was heated to
a temperature of a bout 450°0. by means of two electric
heating colls wound around its outside. At this
temperature the trace of oxygen present in the gas stream
was rapidly removed by reaction ,nth the copper. To
check the temperature of the oxygen removal apparatus,
two thermometers (38) were plaoed on the outside of the
tube, respectively 1/4 and 3/4 of the height of the tube
from the gas inlet. The outside of the tube and thermome-
ters were insulated by means of 1" magnesia pipe insulation.
The electric current required for the heating colls of
the oxygen removal apparatus ~'HlS obtained from the llB-volt
A.O. power line by me~ns of ~vo varlacs, type 200-0.

The gas entered the furnace through a 1/4" steel pipe
brazed into the bottom of the steel shell and protruding 311

on both sides of the shell. A piece of rubber tubing



connected the pipe extending inside the shell with the
entrance port in the bottom of the steel box. From this
entrance port the gas flowed through tl-Ten ty-f1 ve 3/16"

holes in the bottom layer of the bricks, past the lOvTer

heating unit, and into the combustion chamber. The
product gases resulting from the reaction passed through
the upper heating unit and left the furnace through
another set of 3/16" holes in the uppermost layer of bricks.
The exit gases passed out of the unit through a sem1-
flexible spiral steel tube, designed to allow alight varia-
tions in the height of the steel- box caused by adjusting
the three legso

All connections outside the furnace were made by
means of heavy-walled rubber tUbing. Rubber-glass joints
were tightened by means of steel wire and sealed with
Glyptal. The pressure 1n the eqUipment, lmich Was main-
tained at 780 mm. Hg. during all runs, was regulated by
means of a valve in the gas outlet pipe from the furnace.
Generally the gas was led from this outlet directly into
the hood. For the velocity runs a wet test gas meter was
installed at the outlet of the equipment because of the.
limited capacity of the rotameter, and the latter was by-
passed. The pressure in the eqUipment was then controlled
by means of a valve at the outlet of the wet test gas meter.

The oxygen content of the gases used was periodically
checked by means of a mioro oxygen analyzer oonstructed by



Ro J. Kallal (47), according to methods described by
Uhrig, Robe~ts Bnd Levin (~) and Powell and Joy (~).
The oxygen oontent Was always fotind to be below 50 parts
per million, so that it can be assumed that the effect
of oxygen was nearly completely eliminated.



IV • PROCEDURE

To obtain experimental data under controlled re-
action conditions for the evaluation of specific point
reaction rates, the procedure followed in this investiga-
tion consisted in passing the reacting gas consisting of
either pure carbon dioxide, carbon dioxide with nitrogen,
or carbon dioxide with carbon monoxide through a single-
layer fixed bed of carbon particles, at a specified
temperature for a fixed length of time.

To start a run, the furnace was brought up to the
required reaction temperature, and the oxygen removal
apparatus filled ~nth activated copper rods was heated
to 450°0. The sample pan was weighed before and after a
uniform layer of carbon had been scattered on the screen.
The pan lias next put on the sample pan supporter, l'lhich
in turn was placed on the alundum rods through the
charging opening of the eqUipment. The charging opening
was then closed with a plastic cover, which when tightened
was vacuum proof. The complete system was thereupon
evacuated by menas of a Cenco-Megavac vacuum pump for 12
to 20 minutes, after which period the pressure in the
system, measured by means of a McLeod gauge, was 1.2 to
0.9 rom. Hg. The system was then filled With the reacting
gas in approximately four minutes. The time of this fiIl-
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1ng operation lms kept at a minimum in order to reduce
the amount of oxygen leaking into the system to a
minimum. The furnace temperature and the flow rate of
the gae stream were then adjusted to proper values;
the time required was usually 10-15 minutes. When the
proper reaction conditions were obtained, the pan
containing the carbon layer Was inserted into the combus-
tion chamber, using the magnetio moving device. The
sample was allowed to react ~nth the reacting gas for a
fixed length of time.

During the reaction period, the furnace tempera-
ture was automatically maintained at the required re-
action temperature by means of a temperature regulator.
The flow rate we,a kept at the required val.ue by means
of a. 1/8 'inch needle valve after the diaphragm-pressure
regulator on the compressed gas cylinder. At the end
of the reaction period the nichrome pan With its oontents
was withdrawn from the combustion chamber; the reacting'
gas stream was discontinued, and the pan allowed to cool
to slightly above room temperature. After the pan had
cooled, the plastic cover was removed from the charging
opening, and the pan was taken off the alundum supporting
rods. The pan with the sample and the empty pan were
weighed again to determine the change 1n weight during the
reaction period.



From the deorease in weight of the carbon and the
time of reaction, the specifio reaction rate for each
run was determined.

The evacuation time applied in the runs using
coke was 12 minutes, resulting in a pressure in the system
of 1.2 mm. Hg. In the later runs While electrode carbon
was used, the evacuation time was 20 minutes, resulting
in a pressure in the system of 0.9 rom. Hg.

The coke was initially heated in an oven at 110°C.
for 24 hours to remove the moisture. To correct for the
weight loss due to volatile matter, blank runs were made
in pure nitrogen with dried coke for the same time and
at the same temperature as the reaction runs.

Two methods were used to prepare coke particles
of different sizes. For the small particles (8 - 100
mesh), crushing and sieving procedures were used, result-
ing in particles of rather irregular shapes. The eleven
large particles (2.5 to 9.2 mm. 1n diameter), however,
were shaped by hand, resulting in particles of more or
less spherical form.

The electrode carbon particles or 50-60 mesh were
also made by orushing and sieving prooedures. The particles
appeared to be denser and less porous than the coke parti-
cles.

During the experiments, the oxygen removal apparatus
and the calcium ohloride tube were always kept active by re-
aotivation and refilling procedures.



v. RESULTS

A. Presentation of Data
For the symbols used in this section, see Appendix.

In the de~criptlons, the following terms are generally
applied:

Na bla.nk runs -- Runs made with pure nitrogen.
-- Runs made with CO2 and

COa-Na mixtures.
-- Runs made with COa and

COa-CO mixtures.
Velocity runs -- Runs made at various gas flow

rates, using pure COa as the
reacting gas.

COa-Na runs

eoa-eo runs

Time runs -- Runs made with different times
of reaction for a oertain gas
composition.

A list of the gas mixtures used and their composi-
tions 1s given in Table Al.

An explanation of the run numbers, assigned to the
runs listed 1n the data sheets, is given at the top of
each Table. A consistent system to number all the runs
was adopted.

The experimental results obtained can be classified
into the following three groups, according to the order in
which they were performed:

1. Experiments using New England coke particles of
50-60 mesh.
In all the experiments the total pressure was

kept at 780 mm. Hg. The gas flow rate, except 1n the



velocity runs, was meintained at 15 CCe per seoond
(measured at 85°F. and 1 atm.). The initial particle size
of coke was 50-60 mesh.

(a) Na blank runs: The results are
listed in Table A2, and fractional decrease
1n weight of the sample, FNa, calculated from
the data on an ash-free basis, is plotted
versus g at different temperatures 1n Figure 10
which serves as a correction chart for V.C.M.
liberated during the reaction runs.

(b) COa-Na runs: Five temperatures
(1500, 1600, 1700, 1800 and 190QoF.) were in-
vestigated. The time of reaction was assigned
to each run so as to give apprOXimately
Faoa= 0.1. The results are shown in Table A3.
In Figure 11 the values of the average specifio
reaction rate RaVe are plotted vs. thepartlal
pressure of COa on semi-logarithmio coordinates.
For each pair of curves at a oertain temperature,
the upper one shows Rav• oalculated on an ash-
free basis, and the lower one shows that oal-
culated on an ash-free basis, after being
corrected for VoC.M. based on the Na blank runs.

(c) COa-CO runs: The temperatures in-
vestigated were the same as in the COa-Na runs.
The results are shown 1n Table A4. In Figure 12,
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the values of R v are plotted versus thea •
partial pressure of CO on semi-logarithmic
ooordinates. For eaoh pair of ourves at a
certain temperature, the upper one shows Rav•
caloulated on an ash-free baais, and the lower
one shows that calculated on an ash-free basis,
atter being corrected for V.C.M. based on the
Na blank runs.

(d) Velocity runs: The temperatures.
investigated were the same as in the COa~Na
runs. The results are shown in Table A5. The
values of Rav• calculated on an ash-free basis
after being corrected for V.e.M., are plotted
versus the reciprocal of the gas flow rate l/V
on linear coordinates 1n Figure 13.

2. Experiments using New England coke particles of
different aizeS6 reaoting with pure carbon
dioxide at 1800 F. with different times of re-
action.
In all the experiments the total pressure was

kept at 780 mm. Hg. The temperature used was 180QoF. The
gas flow rate Was maintained at 15 cc. per second (measured
at 85°F. and 1 atm.).

(a) Na bl~nk runs: The results are listed
1n Table A6. The values of FNa, oalculated from
the data, are plotted versus the time Q. A cross
plot of FNa VB. the initial diameter of the
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particle D 1s shown 1n Figure 14, which serves
as a correction Chart for V.O.M. liberated
during the reaction runs.

(b) Time runs: Reaction runs were made
ldth samples or partiale sizes between 8-100
mesh •. Six different particle sizes were used,
·namely, 8-12, 16-20, 30-40, 50-60, 70-80, and
80-100 mesh. Each sample weighed about 0.1 grams.
Generally, five runs were made with each size,
at different reaction times· of 10, 20, 30, 50
and 90 minutes. In a separate teet run, 50-60
mesh particles were subjeoted to three oon-
secutive reaction periods of 30 minutes each. The
results were oonsistent with those mentioned above
and the data henoe are not presented.

Reaction runs were also made with
samples of particle sizes between 2.5 and 9.2 mm.
in diameter. E~even separate particles were used.
EaCh particle was subjected to three consecutive
reaction ~riod8 of 30 ~inutes each. Two series
of runs of this kind were made, one inclUding
seven particles (DI-D7), and the other four parti-
cles (D8-Dll).

The data of all runs and correction
faotors for V.O.M. are listed in Table A7. The
values of (l-F) are plotted versus G in Figure 15,
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�hereln F 1s the fractional decrease in weight
of the carbon sample on an ash-free basis,
after being corrected for V.C.M. based on the Na
blank runs. The values of Rav• calculated from
the corrected data are plotted VS. Q in Figure 16
with constant F lines drawn on the same grapho

The values of R at F = 0.1 areav.
plotted vs. D, the initial particle di8meter, in
Figure l? For comparison, the data of Blanc (50),
who performed preliminary runs USing this eqUip-
ment, are plotted in the same figure.

(c) The average weight of a single particle
of different sizes was determined and the results
are shown in Table A8. The average weight per
particle is plotted vs. D3 on logarithmic co-
ordinates, in Figure 18.

Photographs of the particles DI-D7
before and after reaction of 90 minutes are shown
in Figure 19. Figure 20 shows a photograph of
coke particles of 50-60 mesh scattered orr the
100 mesh screen, magnified 12.5 times in diameter.

3. Experiments using National electrode carbon
particles of 50-60 mesh.
In all the experiments, the total pressure was

kept at ?80 mm. Hg. The gas flow rate was maintained at
15 cc. per second (measured at 85°F. and 1 atm.). The initial
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Figure 19

Photographs or Coke Particles

LARGE COKE PARTICLES AFTER REACTION
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Figure 20

Photomicrograph of 50-60 mesh
Coke Particles
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partiole size ot the electrode carbon was 50-60 mesh.
(a) Na blank runs: The results of Na blank

runs as well as coking runs are listed in Table A9.
(b) COa-Na runs: Four temperatures (1600,

1700, 1800 and 190QoF.) were investigated. The time
of reaction was so chosen for eaoh temperature as
to give approximately F = 0.1 in pure COa• The
results are shown in Table AlD. The values of Rav•
calculated from the results are plotted vs. PCOa on
semi-logarithmic coordinates in Flgur.e 21.

(c) COa-CO runs: The temperatures investigated
and the time of reaction for each temperature were
the .aame as in the COa-Na runs. The results are
shown in Table All. The values of Rav• oaloulated
from the results are plotted vs. Pcc on eemi-
logarithmic coordinates in Figure 22.

(d) Velocity runs: The temperatures investi-
gated and the time of reaction for each temperature
were the seme as in COa-N2 runs. The results are
shown in Table A12. The values of Rave oalculated
from the result Bare plotted VB. the reciprocal of the
gas rlel" rate l/V on linear coordinates in Figure 23.

(e) Time runs: Several gas compositions were
used, C021 COa-N2 as well as COa-CO mixtures. The
temperatures investigated were the same as tor the
COa-Na runs. The results are listed in. Table Al3,
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and a plot was made showing the values of F VB. 9, as

in Figure 24.

lie Discussion of Validity of Data and of Corrections Applied
·Thereto

1. Experiments using New England coke particles of
50-60 mesh
For all the data obtained using coke, two correc-

tions were applied to the raw data before correlations were
made. These corrections were necessary because or the presence
of ash and V.O.M0 1n the ccke ,

To correct the data recorded during the runs to
an ash~free basis, the weight of the original coke sample was
multiplied by a factor 0.905.

The weight decrease during the reaction period waS
due to the combined effect of the carbon-carbon dioxide re-
action and to the liberation or some of the V.C.M. in the coke.
Therefore, to find the weight change oaused by the reaction
alone, the weight or the V.O.M. liberated was subtracted trom
the total weight loss. The amount or V.C.M. that came out
during the reaction period was calculated based on the amount
of V.C.M. removed 1n an atmosphere of pure nitrogen. It was
assumed that the same amount was liberated 1n both carbon
dioxide (or any gas mixtures used) and nitrogen at the same
temperature and pressure in an equal time interval.

Even though this method of correcting for,V.C.M.
1a not completely satisfactory, it seems a rather reasonable
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one, because of the following:
(a) It is not.possible to remove all V.O.M.

by heating the coke for a short time in either
nitrogen or in vacuum, whereas heating the coke
too long mB.y result in a radical change in structure.

(b) The adsorption of oxygen on the coke
surface is important. The weighing and handling of
the coke must take place 1n atr. Hence, even with
coke which contains no V.C.M. at all, reaction of
adsorbed oxygen with the coke during the reaction
period cannot be avoided.
This correction is small for high reaction rates,

corresponding to high temperatures, but is relatively
large at low temperatures, especially when the reacting gas

contains a high percentage of CO. Accordingly, the accuraoy
of the data becomes poorer for reaction rates obtained under
these conditione.

From Figures 11 and 12, it can be seen that CO has a
great retarding effect on the reaction rate while Na has
little effect.

When the sample pan supporter 1s 1n position for a
run, it does not-completely block the gas passageway from
lower to upper plenum chamber. In consequence, part of
the gas flows through the screen, and part around it. The
effective concentration of CO in the reaction atmosphere
is thus certainly higher than its concentration in the
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entering stream, and also probably higher than the average
CO ooncentration or the inlet and exit gases. The increase
from inlet .to exit was calculated to be from 0 to ~.

From the etfect of temperature on the reaotion rate,
it 1s clear that the carbon-oarbon dioxide reaction 1s
controlled by Chemioal and not by diffusional prooesses.
If the effeotive CO concentration is kept constant, the
reaction rate should be independent of the gas velocity.
However, an increase in gas velocity will minimize the dif-
ference between the effective 'CO conoentration in the
combustion area and its ooncentration in the reaoting gas.
Figure 13 shows the reaction rates obtained wi th pure CO2

entering the system, plotted VB. the reciprocal ot the
entering gas velocity. Upon· extrapolation to infinite gas
velocity, the reaction rates should approach those corres-
ponding to the reaction with pure COa• All these runs
were made wi th the pan as shown in Figure 6.

Figure 13 shows 1n addition the results (solid black
points) obtained with the pan arrangement of Figure 4, 1n
which two layers of screen were used. Since that arrange-
ment increased the resistance to flow through the sample,
more ot the gas was by-passed around the edge of the screen,
w1th a resulting lower reaction rate due to higher CO con-
centration around the partioles. In all later runs (inclu-
ding the runs using coke particles of different sizes at
1800oF. and runs us1ng electrode carbon particles of 50-60
mesh), the result"s were obtained with the pan arrangement or
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Figure 7, in which one layer or screen was used. This
arrangement caused less by-passing of gas, and consequent-
ly the lowering in reaction rate due to higher CO concen-
tration around the particles 1s not as pronounced.

The accuracy of the ~·,eighlngprocedure is about
0.0001 gm , Hhen considering the runs made at 10\01 tempera-
tures with a high percentage of CO in the gas, 0.0001 gm.
may represent considerable error. This causes the results
calculated from the data of these runs to be inaocurate.
"lhen plotting the calcula.ted results of these runs, the
possible spread in these values due to a change in the
determined amount reacted of Z 0.0001 gm. was indicated
by a vertical line in the appropriate plots.

~. Experiments using New England coke particles of
different slzes~ reactlne with pure carbon
dioxide at 1800 F. with different times of re-
action
Corrections for ash and V.C.~I. in the coke were

applied to the raw data before any plots were made.
In extreme cases, the weight loss due to V.C.M.

fu~ounted to as much as 35% of the total weight loss, but
usually the value was below 5%.

The (l-F) versus 9 curves (Figure 15) show that
for the range in \.Jh.ichF is small, the curves ere concave
downward, representing an increasing reaction rete with
progressing reaction, while for the range in Which F 1s
large, the curves are concave upward, representing a de-
creasing reaction rate with further reaction. A plot of



average specific reaction rate, Rav.' VB. 9 with constant
F lines, aa shown in Figure-16, indicates that the re-
action rate increases, reaches a maximum and then decreases.
However, the percentage variations are small.

The curve of Rav• va. D (Figure 17) can be
divided into three distinct parts. The first part, for
a particle diameter larger than 1 mID., has a slope of minus
one. The second part, the section including intermediate
size particles, 1s a transitional zone, with slopes varying
between zero and minus one. The third part, for
particle diameter less than 0.3 mm., again reverts to a
slope of minus one.

The original particle diameter was used in plot-
ting, because it was found that the diameter decrease was
very small. Therefore, errors introduced by a change 1n
diameter are negligible.

3In the plot of weight per particle va. D
(Figure 18) the slope is less than one, which means that the
small particles have greater bulk densities than the large
ones.

3. Experiments using National electrode carbon
particles of 50-60 mesh
The electrode carbon particles were coked at

l800oF. in vacuum for 2 hours before being used. When
examining the results of the nitrogen blank runs, listed
in Table A9, it can be concluded that the elimination of
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V.O.M. from the carbon particles in the coking prooedure
was very effective. When it 1s assumed that 1n the
nitrogen blank runs the same amount of V.e.M. was removed
as 1n the normal reaction runs, applying the same time
of reaction and reaction temperature, then no correotion
for V.O.M. liberated during these normal rune seems to be
justified. The reason for this decision is that the dif-
ference in weight before and after reaction is of the
se~e magnitUde as the aocuracy of the weighing procedure,
namely 0.0001 gm, It should be point.ed out' that a dif-
ference 1n weight or 0.0001 gm., whether 1t be due to the
weighing procedure .or V.O.Mo, causes an error of 1% in
those cases ~mere the amount ot carbon reacted is about 0.01
gm , (F = 0.1). However, ~lhen considering the runs made
at 1600 and l700oF., with a high percentage of CO, then
0.0001 gm , may represent an error of 10-25%, Wriich 1s
relatively high •. When plotting the calculated results of
these last runs, the possible ~read in these values due
to a change in the determined amount reacted of ~ 0.0001 gm.,
was indioated by a vertical l1ne in the 'appropriate plots.

The results of the veloc1ty runs Justify rather
definite conclusions. As Figure 23 shows" at r-eactncn
temperatures of 1600 and l?OOoF., variation in gas velooity
has no deteotable effect on the reaction rate. At react10n
temperatures of 1800 and 1900oF., the reaction rate stays
nearly oonstant until a veloc1ty of about 35 cc./seo. is
reached. At higher velocities, a.sudden increase in reaction
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rate appar-ent Ly occurs. However-, the definite -lack of

influence of velocity on the reaction rate shown at lower
velocities and temperatures, combined with the absence of.
II jumps II in the results on coke (see Figure 13) performed
under very slmlh~r conditions, seem to Justify the con-
clusion that at 1800 and 1900oF., the reaction rate can
also be considered to be constant over the whole r~ngeo The
fact that the 108S in weight during reaction sUddenly
increases as higher velocities and temneratures are used- .
must very probably be attributed to sloughing off of minute
carbon particles at those velocities, and not to an 1n-
creased reaction rate.

A justification for this assumption 1s found
when examination of the carbon particles reacted at lower
temperatures only shoved an IIeaten-up" surface, whereas
the carbon reacted at 1800 and especially at 1900oF. showed
many loosely held minute particles. These were apparently
formed during the faster and more intensive reaction and
could rather easily be detached from the surtace by high
gas velocities. That these particles indeed were rather
loosely attached to the surface was found When transfer-
ing the reacted particles to sample bottles. The paper
funnel used for this transportation procedure was covered
vdth a fine graphite-like dust when handling particles re-
acted at low temperatures. Even though these qualitative
proofs may not be completely convincing, still they may be



coneid.ered to supply enough evidence that the II Jumpsll in

1088 of weight must be· a ttributed to "slough ing offu I and
not to an increased reaction rate. It was upon these con-
sidera.tions that it wa.s decided not to apply any correction
for the apparent influence of gas velocity upon the re-
action rate.



DISCUSSION AND INTERPRETATION
, OF RESULTS

(For Nomenolature used, see Appendix)

The various reaotion rate terms used in this
investigation are defined as follows:

(1) The instantaneous speoifio reaction rate
Ri 1s defined as the rate-of decrease in weight of oarbon
based on unit weight of oarbon at F = F:

- dW -d in WR1 = :;\
~ W de ..- dQ r ....

-d 1n (l-F)
d9

(1)

(2) The initial specifio reaot1on rate Ro is
defined aa the rate or decreas~ 1n weight or oarbon based
on unit weight of oarbon at F = 0:

Ro iii. _(dW '5. - (d ln (1-F») _
Wd.97 . dQ J

F=O F=O
(:: )

F=O

(3) The average specifio reaotion rate R_ av.
is defined as the time mean of the instantaneous specifio
reaotion rate Ri from F = 0 to F = F:

Q fO -d\i[ fW dWJ R1dQ \'1 dQ dQ - - - ln (l-F)
R = 0 = 0 :s. Wo VI =av.- 9 - Q Q --~Q~--

\'1henF is small, Roan be approximated by usingaVe
the ari tbmetl0 mean or the initial and final we1ghts or the
oarbon sample, wh10h oan be written as:



(4)

In the correlation of results, it is desirable
first to consider the experimental results using electrode
carbon particles of 50-60 mesh, in view of the fact that
they contained negligible amounts of ash and V.O.M. and,
consequently, complications due to their presenoe are not
eXisting. The results using coke particles will be pre-
sented subsequently.

A. Experiments using National electrode carbon particles
of 50-60 mesh

In view of equations (1) and (3), if Hi is a con-
stant independent of F and 01 then Rav• = Ri = constant.
However, from Figure 24 for the series of runs made with
varying reaction time, the F va. Q curves indicate that
Ri and, consequently, R vary. Both increase with 1n-avo
oreasing F and G1 and much faster than would be due solely
to the increase in superficial surfaoe area. Therefore,
in addition to the variables temperature, pressure and gas
composition, there is another independent variable, F,
whioh influenoes the reaction rate. As the regular runs
With COa-Na and COa-CO mixtures were made at a specified
time of reaction for each tempera.ture, the average reaot1on
rates thus calculated over that reaction time would mean
very little if the F and Q relation under each set of
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specific conditions were not known.

Microscopic observations of the oarbon particles
before reaction showed that they were solid and dense,
with a more or leas even surface of a dark gray color.
However, after reaction, the particles looked porous and
"eaten Upll, many smail capillaries having formed; and

the color had turned black. The partiole size, however,
had not been reduced appreciably, even when a fraotion
as high as 0.3 or 0.4 had reaoted. In view ot these
observations, the physical picture of the reaction prooess
visualized was that 1n the course of the reaotion the
structure of the carbon was so changed that more reactive
surface Was oreated, and hence more aotive centers were
available throughout the particles to be attacked by the
gas. It is this oontinuously increasing surfaoe that is
responsible tor the increase in instantaneous speoifio
reaction rate.

Granting this to be the right picture, then the
simplest relation to exist between F and R1 would be a
linear one, which oan be expressed as:

= - d 1n (l-F)· = m F + R
o- d 9

(5)

in which Ro is the instantaneous speoific reaction rate
at F = q, and m is the rate or increase of Ri with respeot
to F.
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Dlvid1ng both sides by Ral

(5a)

Before testing the validity of this equation, it is
minteresting to investigate the meaning of the ratio a- .
o

The reaction rate per oarbon particle, theoretioally speak-
ing, should be proportional to its effective surface area
at any moment. The initial reaction rate will be,

-(:) = Co Ao
F=O

(6)

whereas the rate at any-time ~ will be,

(d'V) = C A
- d9 F=F

The terms A and A are called the effective surface areas,
o

the effectiveness of any element of area depending on its
position in the particle. Even 1f the surface area could
be measured properly (different surface measurement methods
usually give different areas, the magnitUde of thbsevalues
being doubtful) and be used to correlate the reaction rates,
then the areas of the oapillaries, due to the perfusion
efrect, would be less effective than areas on the exposed
surfaoe. The effeotive surfaoe area is thus a fiotitious
value. We oould assume the proportionality oonstants Co
and C to be equal, and make all adjustments by means of A.

From equations (6) and (7) we can derive:



Ro = ( ~: ). ( ~ :)

F=O·

(8)

( -1 ) (d \'I}Ri = -'--
\{ d e.

F=F

=(.~ ) C A (9)

Division of (9) by (8) and acceptance of (5a) results 1n

(10 )

or

~ = (1 - F).(l +(Rm) F)o 0
(lOa)

This means that if under different oonditionsl the effective
Aarea ratio (A) is the same for a certain F 1 then not the
o

reaction conditione but the fraction of carbon reacted 1s
the factor Whioh characterizes the oarbon struoture, and
consequently (R:) will be a universal constant independent

of the reaction oonditions. It should be pointed out that
this concluoion depends, inter ··alial on the assumption the. t

Ri is a linear function of F as expressed by equation (5).
The results ~ill now be examined to see Whether they

support the above picture.
lihen equation (5) is integratedl(aee Appendix)., the

following expression 1s obtained:
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g =-~----

R (.!!L+1)o \ Ro
In 1 + (~). F

1 - F (11)

1 +(i:o)·F\Then
l-F

coordinatesl a straight line through Q = 0 at

is plotted vs. g on semi-logarithmic
1 +(~.F = 1
1°- F

should be obtained if proper values of (m/Ro) are ueedo
(!L) was evaluated by substituting two sets of experimental
Ro
values for F and ~ of the same series into eauation (11) and
taking the ratio of the two expressions so obtained. The
results look as follows:

m
ln ( 1 + ~ F1) - In (1 - F1)

-= In (1 + ~ Fa) - In (1 - Fa)
o

By applying this pro cedure and solving for( ~ )by trial and
o

error, (see Appendix), values for ( ~o) were ca.lculated for

(lla)

each series of time runs.
A.s the re sul.t s in Table (A14) ShO~lf in the same

mserie 8 of runs varying values of (R) were obtained. However,
o

the results of the procedure described are very sensitive- to
lrregulerities in the ordinates of the data points used to
determine these (miRe) values. There is an obvious spread
in the points used for calculating (miRe', ( se e Figure 24)",and
consequently Borne variation in (m/Ro) may be expected. '-l1th

the exception of the CO.H time runs made at l700oF.1 the
values of (mlRo) found for all rune are aeen to fall between
11 and 18.5. An explanation for the fact that the (miRa)

values calculated for the CO.M-17.50 time rune (made at
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17000F., gas oomposition 91.34% 002-8.2% CO - 0.46% Na),
fall far outside the range of 11 to 18.5 1s that the
accuraoy obtained in these runs 1s very low, due to the
small percentage of carbon reacted. It can be seen from
Table A13 that at 90 min. reaction time, Which is three
times the normal reaction time at 170QoF., only 5.27%
reaction was obtained. At the normal reaction time of
30 min., only 1.07% or the carbon had reacted. If it be
assumed that due to some 1rregu:Ja.rity 1n the handling or
weighing procedure; the decrease 1n weight of the sample
should have been ID2 mg. instead of 1.1 mg. as now round,
then a value for (miRa) of 32 would have been found, instead
of 56 as now calculated. This shows olearly the sensitivity
of the procedure 1n this range. It was for this reason
that the result of the CO.M-17.50 runs was not included in
the following correls.tion.

Considering that the influence of the (m/Ro) ratio
is very much reduced qy multiplication with F, (Which is
generally between 0.1 and 0.15, often even far less and
only occasionally higher), a simplification can be obtained
by representing all (miRa) values by one average value of
14. To check whether this would be allowable, (m/Ro> = 14

1+14 Fwas substituted in equat10n (11), and a plot of I-F vs.
Q was made on semi-logarithmic coordinates, for eaoh series
of runs. Satisfactory straight lines were obtained as shown
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in Figure 25. Representation of (mlRO) by its average
value of 14 results in the following expression:

Hi m- = 1 + ( -) F = 1 + 14FRo Ho
(5b)

This equation indicates that the instantaneous
specific reaction rate at the instant when the oarbon
particle is oompletely burnt is fifteen times higher than
the initial specific reaction rate. Vlhether this Ls

true or not can never be tested experimentally because this
particle would d1sintegrate and fall through the pan before
a fairly high va.lue of F is reached in the course of reaction,

A plot to show how (A/Ao) varies with F ~ putting
(miRe) = 14 in equation (lOa) 1s given in Figure 26. For
numerical vs.Lues of (A/Ao) ca.lculated as a function of F,
see Table A15. The effective area for one particle 1s seen
to reach a maximum at F = 0.465, and then drops off to 0 at
F = 10

For each run made, the value of R was calculatedo
from equation (11), after substituting (miRa) = 14, and
using F and G of that specific run. Equation (11) was hence
modified to:

Ro ~(1~~) x (In (1 + 14F) - 1n (1 - F)J (11b)

Values thus calculated for.Ho were tabulated in Tables A10,
All and A13.

It is obvious that the calculated values of Ro for
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time runs of the same series should be the same. The
results obtained indicate that this 1s the case ~nthin
reasonable limits. For each. series an average Ho was
evaluated, which average values were used to check the ex-
perimental F vs. Q results given in Figure 24. In this
plot, the curves drawn were calculated from equation (llb),
(see also Table A16), the points shown being data points
obtained in the time runs. -The fi t of the curves to the
data is satisfactory.

The next step in the correlation was to obtain an
expression for Ro in terms of the reaction variables,
temperature, pressure and gas composition. In this connec-
tion the Langmuir adsorption equation, used by Hinshelwood
et al~ and by McBride in the correlation of their experi-
mental results was adopted. This equation appears in the
follow lng form:

Rate = (12)
1 ~ KaPaa + KsPCOa

Although the LangmUir adsorption relation has been
used extensively in the study of the kinetics of heterogeneous
reactions, the validi~ of the assumptions made in deriving
the relation has not been established. The basis of the
Langmuir adsorption relation is that if in a heterogeneous
reaction any of the products of the reaction are adsorbed
strongly enough to occupy an appreciable fraction of the
surface, then less surface is left to enter into reaction,



and the reaction rate is consequently decreased. A
similar influence may result from the adsorption of the
reacting gaso The adsorption of the reacting and product
gases are in the Langmuir equation expressed in terms of
the partial pressures of those gases, with the aid of
~onstants depending upon temperature, type of reacting
surface, etc. The instantaneous specific reaction rate
is proportional to the reactant present on the surface,
and is in its oomplete and more detailed form expressed as:

-dll A (~ p \-- = Kr{ 7i). eOa 7 (13)
\'1 d g. \ 1+ K a PCO + Ka PCO:a

The initial specific reaction rate Ro can then be ex-
pressed as:

(
-d~[ )

Ro = -\>1-o-dG-
F=O

= K (~) I (K3 Peoa )
r Wo 1 + Ka Peo + K~ Peos

= (14)

1n which:
Kr is the rate of decrease in weight of the carbon per un1t

A Aoeffective surface area covered by oarbon dioxide, - and --
\'1 \'/0

are the effeotive surfaoe area per unit weight of carbon
at F = F and F = 0, respectively, K3 PCOa

1 + Ka Pec + K3 Paota
1s the fractional effective surface ares. covered by carbon
dioxide, and Ka and K3 are adsorption constants, Kl being
equal to Kr ( ~O) K3.. Referring to equation (10), it can be

\'0



seen that Ri oan be expressed as:

R1 = (1 + 14F) K1 PCOa (15)
1 + Ka Pea + Ka PCOa

The same expression as given in equat10n (14) oan be
arrived at by a different reaotion mechanism as proposed
by Semeohkova and Frank-Kame net zky • According to this
meohanism the 00. 1s not adsorbed on the surfaoe, but two
consecutive reactions take place on the surfaoe, the ad-
sorbed CO always being in equilibrium with the CO in the
gas phase. It is pointed out that even though the final
expression arrived at by either mechanism is the same, it
must be realized that the meaning of the constants in this
equation is different in the two oases.

The dev~lopment of the meohanisms referred to is
given in the Appendix.

The oonstants K1J Ka and Ka oan be sholm to obey an
Arrhenius type equation, i.e.,

-E/RT
K = Ko e (16)

1n whioh Ko 1s a basic oonstant, E an energy value the
interpretation of whiCh depends upon the mechanism being
adopted, R is the gas-law oonstant, and T 1s the reaotion
temperature in absolute units.

The validity of the proposed Langmuir type equation
in this case can be investigated, and the oonstants involved
evaluated by application to the Ro values obtained 1n both
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COa-Na and COa-CO runs. It is evident that where the
surface is completely che.racterlzed by F, as shown before,
the instantaneous specific reaction rate at any F could be
used for this evaluation. However , Ro was chosen as a

reference value for testing the validity of the proposed
Langmuir equation. The procedure used was as follows:
In the oaee of the COa-Na runs, the term Ka PCO is 0, if
the effect of the CO generated during the reaction can be
neglected. The equation can hence be reduced and rearranged
to:

Pc02 + (17)

If the proposed equation fits the data, then for a
Peaspecific reaction temperature \lhen ~ is plotted vs.
o K

PCO on linear coordinates a straight line ,nth slope ~1
2 1

and intercept Kl should result, from which values of K1
and K3 can be evaluated. The results obtained are shown in
Figures 27, 28, 29, 30.

\'lhenthe equa ti.on is applied to the COa-CO runs, re-
arrangement of the equation to a more convenient form is
possible by substituting PCOa + PCO = TT,where 11 is the
total pressure on the reaction system, corrected for a
minute amount of nitrogen present. The rearranged equation
then becomes

PCO + (18)



/.5

/.0

(AIm. )
M.J. c./j.c. min.

0.5

,0

FIGURE (27)

TEST 0':- R£S(/LTS t3Y LANGMU/J:? EQUATION

C02-N2 RUNS T== 1600°/=

(PCD~ = ( :: ) PcOi! ~ ( ~/ ) /Ro

K, = 3·.13 ~.~.Cm;".IZ'm. K,3 =J.20 til';;
/

V
I~

0/V

~/V

/
V

~
'"

0/
,

/~
I~

V
~.

o QZ 0.4 0.6 0.8

P COz ,J Aim.

1.0



0.4-

0.3

(. Ai",. )
ft4J.c /.1. c. N,·n.

o.z

0./

0.6

o·s

o

FIGURE (28)

TeST OFriESlIL:rs BY LANGMU/,q E()VA"T/OIV

CO~-N2 RUNS T=17oo"F

( Pco~=(-&) P; + (k,)Ro «, cO2

1<, = fl·S / ;"J.0·c.mIn. Q I",. ~.,/(r:2/S-a m.

./~-
/ ~

V
/

~

~
"

~

/
k(

./V
:/1'

I
I

I

o 0.2 a4 0.6 0.8



0./0

0.05

Q/5

,cIGURE (29 )

TEST OP RESVLTS BY i.ANGA4t./IR EQUATION

o

7
C02. Nz RlINS T= 1800°F 1/0( Pcoj = ( Ks) ~ + ( 1<,) Vflo )(, cOz

1<, :::.2- 5.0 "'J.cd-C."ti".aim.
-I16 = 2.45 aIm.

/
~

/
v

0//0

/
V

0//

/
V

VA~
V

I
o 0.2 0.4 0.6· 0.8

P cOZ ~ Ai",_

/.0



o./s

a/o

( Aim. )
/7J CI.J.C .hlin.

o.as

o

8~J

P/GURE (30 )

TEST OF RESULTS BY LANGMU/R EGl/AT/ON

COl-CO RUNS 7 -= /900op:

(Pcoz) = ( K~ -1(')A of (/ r /(J77) ~
Ro K, co 1(, V

/ "'"(k2;,KJ.) = 0.695 J<z == I -I V
v: V

3q.8 a m

./V
/

v:

~ V
/!J

V

~ V
/ /"0

~lP"'''
~.?, ~

tr

o 0.OS 0./0
Pea.tl A/m.

0.IS



9{)

p
For a·speoif10 reaction temperature when COa 1s plotted

R 'o
straight line with slopeva. Pec

Ka - K3
Kl

the aid

on linear coordinates, a
1 + K3TTand intercept Kl

of the values for K1 and
should be obtained. '1ith
Ks oaloulated from the

results of the COa-Na runs at the same temperature, Ka can
then be evaluated from the slope of this 11ne. Figures
31, 32, 33 and 34 show the results of this prooedure.

In draWing the best straight l1ne through the available
points, more weight was given to the points caloulated from
data obta1ned at low percentages of CO than at high per-
centages. This was more specifically the case at reaction
temperatures of 1600 and 1700oF, (see Figures 31 and 32).
The reason for this unequal weighting was that the deorease
in weight for h1gh in1tial CO contents was so small as to
cast doubt on the accuraoy or the rate determinations. The
spread possible in the oalculated values due to a change in
the observed decrease 1n weight of the sample of ~ 0.0001 gm.
is indicated in Figur~s 31 and 32 by a vertical l1ne through
a datum point. The results of this procedure show, however,
that much greater "weighing errors" would have to be assumed
in order to make the po1nts fit the curve. Errors of this
magnitUde are out of the question.

When examining Figures 33 and 34, however, we see that
also the points calculated from data obtained at reaction
temperatares of 1800 and 190QoF. with a high percentage of
CO, show the tendency (though far less than at 1600 and 1700oF.)
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to be IIon the low side II of the straight line drawn. The
correct explanation for this behavior seems to be that the
Langmuir type equation developed, holds with fair accuracy
between 0 and approximately 7% CO~ but gives results which
may be off by 30% when used between 7 and 14% CO, Which was
the upper limit of the investigation.

It can hence be said that over the range of temperatures
investigated, up to a oarbon monoxide partial pressure of
about O.O? atm., Ro oan be represented by a LangmUir type
equation of the following form:

(14)
1 + KaP + KaPaoCO a

The values of K11 Ka and K3 were calculated at the reaction
temperatures investigated, and are listed in Table 1.

TABLE 1

Langmuir Equation Constants
(Electrode Carbon)

Constants Reaction Temperature, OF.
1600 1700 1800 1900

K1 (mg.C./gm.C.min.atm.) 3.33 9.51 23.0 54.0
-1

Ka (a tIn. ) 1141 367 113 39.8
-1Ka (atm. ) 3.20 2.95 2.45 2.25

\'lhen plotting these values ve. the reciprocal of the
absolute temperature on semi-logarithmic coordinates, straight
lines were obtained, as reqUired by Equation (16), and shown
in Figure 35. The values of Ko and E were caloulated for each



/ODD

4DD

200

/00

K

j:1 G f./RE (35 ) !~()

LANGJV1l./IR EQUA 710N CONSTANTS

40

I I I I V1900tlF /8PO°F rroo:« IbOo.·~.
A,

/
/
/
If'

/x/(A.j.,"~/)

~
V

IIll.. -, ;I
" ~

'" ,
"- /

"lII", /
1'=1.1
...1\

~
~ <,

1/ ,~ K ( mg.C: .)/ "~, ~'!J. c.m~n. a tm;

V " .
l·J

'""-
""""~~ h -K~ ... - ~

'"
~

&
.£a

( Ai",:')-
r- "-~ -,

20

10

4

2

I
4.0 4.2 4.4 "-.6

-L X /04
T ,

4.8

T in R
5.0



9'7

oonetant from the corresponding straight 11ne, and are
listed 1n Table 2:

TABLE 2
-E/RT

Values of E and K 1n K = Koe
0

(Electrode Carbon)
E1 90,100 (Etu/lb.mole) KIO 1.22 x 10

10 (mg.C/gm.C.mln.atm.)
n 10-9 -1

Ea -109,000 Kao 3.30 x (am. )
" 1.77 x 10-1 -1)

Ea - 11,920 Kao (atm.

It is to be noted that, if the equation desoribes
a rate affected by surface adsorption of CO and COa, 1.e., if
the Langmuir-Hlnshelwood derivation, (see Appendix), is sub-
stantially correct, then the signs of the three E'e are as
expected. Ea and E3 are associated with adsorption phenomena
which should become less important as the temperature rises,
whereas El (= Er + E3) is the primary measure of effect of
teQperature on reaction rate.

Substitution of the values calculated for KlO' K20 and
K30 and El, Ea and Ea into equation (15) results 1n:

R = -d In (1-F) = (l4F+l) x 1.22 x 1010 x e-90,100/RT
1 d Q 1+3.3xlO-9x e+109,OOO/RT+O.177xe+ll,920/RT

(15a)
This equation makes it possible, within the range

of the investigation, to calculate Ri for 50-60 mesh National
electrode carbon particles, knoWing the fraction of carbon
reacted, F, and the reaction conditions (temperature, presalre
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and gas composition).
Combination of equations (3) and (llb) the follow-

1ng expression for Rave is obtained:

In (l-F) (19)

which, when substituting the expression developed for
ROI can be modified to:

R =av.

10 -90,lOO/RT
15 In (l-F) 1.22 x 10 x e

(
I-F ..\ x -1-+-3-.-3-X-l-O--"='9-x-e+~1~09~,O~O~o~7'TR~m~.L.+-O-.1-7-7-x-e-+':""IlIi""1","'9-2-0~/ftR-T-

1n l+14F) (19a)
It was by means of this equation that the validity

of the correlation developed was tested. Values calculated
for R from this equation were plotted vs. the values

aVe
determined from the eA~er1menta1 data, the result of Which
is shown 1n Figure 36. \-lith the exoeption of a fe\i time
runs, using a gas mixture containing a high percentage or co,
the correlation obtained can be said to be satisfactory over
the 2000-fo1d range of variation 1n rate.
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Experiments using New England coke particles of dif-
ferent 8i zes, reacting with pure carbon dioxide at
1800oF. ~~th different times of reaction

From Figure 16 it is clear that the reaction rate
is influenced not only by the fractional decrease in
weight ot carbon, F, but also by the diameter of the coke
particle, D. In order to obtain a clear pioture of the
reaction mechanism, it would be more enlightening to oom-
pare the instantaneous specifio reaction rates, R11 than
the average speoific reaction rates, Rav•1 shown in
Figures 16 and 17.

The method used to evaluate R1 1s different from that
used 1n the case of electrode oarbon. For the coke data,
Ri was determined directly as the slope of the F - 9 curve
at a particular point, divided by (1 - F). These values
of Ri are plotted va. F 1n Figure 37. The curves are ex-
trapolated to F = 0 to obtain ~e initial value of 1n-
stantaneous specific reaction rate, Ro•

For all sizes investigated, R1 1nitially increases,
reaches a ma.x1mum, and then declines with further reaction.
There is a pronounced trend for the maximum to occur at
larger F values vmen smaller particles are used. A 11ne
showing the vDlues of R1(max.) is drawn on the same plot.

The shift of R1(max.) to larger values of F when
using smaller particles, as sho~m in Figure 37 can be ex-
plained as being due to the presence in the coke of ash,
which amounts to 9.5%. In the case of the large particles,
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only a relatively small fraction of the weight of the
particle has to be reacted to form a substantial layer
of ash on the surfaoe. The ash coating then makes the
carbon less accessible to the reacting 'gas, and the
reaction rate falls off. However, in the caee of the
small par-ti cLee, a la.rge fraction of the weight of the
particle must be burned away to produce the substantial
ash layer thnt retards further reaction.

The R1(max.) and Ro values taken from each curve
are plotted vs. D in Figure 38. These two curves form
the limits of the reaction rates investigated. For ex-
8~ple, the plot of Ravpl at F = 0.1, va. D, as given 1n
Figure 17 can be shown to lie between these two curves.

All the R-D curves are of the same shape as the
curve of Blanc (the lower curve in Figure 17). The reac-
tion rates reported by Blanc are about 100% higher than
they should be because of the interfering effect of minute
amounts of oxygen.

To explain the effect of the particle size on the
reaction ratieI the weight per particle '·lS.S determined as a
function of the particle diameter, as shown 1n Figure 18.
The particle densities were then determined by assuming
spheres of diameter equal to the mesh opening; these are
shown 1n Figure 39 as a function of particle diameter.
The partiole density 1s seen to increase with decreasing
particle diameter. This fact 1s easily understandable it a
large particle is VisUB.lized as one that is very porous,
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he.ving thin tentacle-like sections projecting from the
body of the particle. A particle of this description
would have a low density. However, crushing such a
partiole \-touldresult in breaking off the pr-ojecttons ,
and forming small particles that would be more oompact.
Therefore, the small particles would have a higher density.

To show the effect of porosity on the reaction rate,
the reaction rates based on unit superficial area are
calculated from Ho and the density 'data. The reaction
rate based on unit superficial area is equal to:

Ro x (weight per particle)
11 x D2

(20)

These results are shown in Figure 40. The reaction
rate based on the superficial area give less variation
with D than those on a weight basis. In spite of the Wave
shaped curve, for particle diameters larger then 1 mm.,
the rate can be treated qualitatively as a constant, and
for particle diameters less than 0.3 rom., the rate i8 again
a oonstant, lower in value than the former one. The shift
from a higher oonstant value for the larger particles to
a lower constant value for the smaller particles seems to
indioate a change in the structure of carbon, from a poroua
me.terial having a high ratio of effective area to super-
ficial' area, to a more dense material in which the super-
ficial area oomes nearer measuring the true surfaoe that
enters into the reaction.

To .explain the shape of the curves shown in Figure 37,
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it is interesting to refer to the correlation for the·
results with electrode oarbono As shown by equation (5),
the reaction rate 1s expressible as a linear function of
F. The increasing reaotion rate was ascribed to an increase
in the effective surface area, or the creation of active
centers, in the course of the reaction. In view of the
fact that one of the important differences bet'Heen elec-
trode carbon and coke is the ash content (electrode carbon
004% and coke 9.5%) it 1s t~ought that the reaction at the
early stage for coke resembles that of electrode carbon,
i.e., a straigpt 11ne relation would hold for Ri and F.
But, for ooke, as the carbon is burned away, the retarda-
tion effect of ash would increase, thus tending to reduce
the reaction ra.te. A maximum is reached as a net result of
these two competing factorso If there were no ash present
1n the coke, the llne2r relation might hold for the whole
course of the reaction, but due to the retardation effect
of ash only a frection of the nsh-free reaction rate can be
achievedo In Figure 41 a fictitious R1 of the type expected
in an ash-free syetem like electrode carbon is compared With
the rate obtained. experimentally, as a rune tion of F. In
Figure 42 the corresponding ash retardation factor, defined
8.8 the ratio of the actual R1 to the ash-free Ri, is shown
graphically also as a function of F.
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In order to obtain a relation to represent the
above-mentloned mechanism, various empirical formulations
Were tried. It was first assumed the.t the effect of
surface activation can be expressed by a function similar
to that given for electrode carbon, ns~ely:

R1(ash-free) = Ro + mF = Ro (1 + ~o F) (21)
in which m is the initial rate ot change of R1 with re-
spect to F.

For electrode carbon particles of 50-60 mesh, the
msurfaoe activation factor ~ had been found to be a con-
a

stant of magnitude 14. In these experiments using coke of
mdifferent particle sizes, Bt may be expected to vary With D.o

Empirically it was found that the expression

(~)= 10 (2 +R~OgtoD) (22)

satisfactorily represents the data. (D is in mm.).
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Using (22), equation (21) beoomes:

10 (2 + loglO D) F )R~ (ash·free) = Ro (1 + Ro (21a)

The ash retardation factor was found empirically to
be express~ble in the torm: .

_5.5DF1•S5
e

Combining these two expressions:

_5.5DF1•S5
( 10 (2 + loglO D) F ) e

Ri = Ro 1 +
Ro

Although this' equation gives values for Ri that are
generally within 5% of the R1 oalculated from the data, no
claim 1s made that equation (24) is well established or of

(24)

the right .general form, except within the range over
whioh data are available.

The results or Goring, Oshima and Fukuda, and Duffy
an~ Leinroth (51) in most cases showed an increase in rates
during the earlier stage of reaction, and a decrease follow-
ing the maxamum point. A point to be noted is tha t in all
these inv~stigations high ash-content cokes were used. The
mechanism as outlined above can well be applied to explain
their similar results.



Q. Experiments using New E~~land coke particles of
50-60 mesh

The values of Ravo'· calculated from the data
corrected for ash and V.e.M., were correlated by the afo"re-
mentioned Langmuir equation of the following form:

Ho = KlPCOa
1 + KaPCO+ KsPCOa

(12)

Theoretically, the values of Ho should be used in
determining the rate constants in this equation. However,
in view of.the results obt~ined at 1800oF. using different
times of reaction, it ce~ be seen that the values of Ho
and Rav• parallel one another, and are close together, es-
pecially when F is small. For moat of the runG, the values
of F lie between 0.05 ~nd 0.1. The use of Rav• for Ro in
the determination of rate oonstants will certainly not
negate the LangmUir equation correlation.

Before the true rate constants could be evaluated,
approximate values of the constants Were first obtained by
assuming that the partial pressures of CO end CO2 in the
entering gas were the same as those effective for reaction.
Using the technique mentioned in the section on electrode
oarbon, these approximate constants were evaluated for each
of the temperatures investigated. The correlation plots
sho~nng PCOa/Rav. as a function of PCOa and Peo for COa-Na
and COa-CO runs, respectively, are shown in Figure 43. The
approximate rate constents evaluated are listed in Table 3.
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TABLE 3 - Ap'Oroximate Langmuir
Equation Constants (Coke)

Constants Reaction Temperature, of.
1500 1600 1700 1800 1900

~l (mg.C./~.C.minoatm.) 0.298 0.862 2.50 8.2'3 23.1
Ka (atm.-l) 565 168 59.8 28.7 14.7
K3 (atm.-l) 1.01 0.648 0.393 0.589 0.684

A correction for gas· composition, due to the formation
of CO 1n the reaction area was next attempted. In order to
do this, series of runs were made at different gas flow rates
using pure COa as inlet gas, and the average specific reac-
tion rates oalculated were plotted ys. the reciprocal of the
gas flow rate l/v 1n Figure 13.

The specific reaction rate ~, obtained by extrapo-
lating the straight lines to l/V =" 0, was considered as the
rate corresponding to 100% COa at the particular temperature.
The differences between the values of Ry so obtained and the
rates R measured for regular pure COa runs are attributed. avo
to the retardation by CO generated during react10n when pure
COa was used as inlet gas at a finite gas flow rate.

As shown in Figure 13, these differences are fairly
large, primarily due to the use of different sample pan
setups. In the velocity runs, the single-pan setup as shown
in Figure 6 was used, whereas in the regular COa-Na and
002-00 runs, the double-pan setup as shown in Figure 4 was
used. It is now believed that the double pan produced so
large a pressure drop as to cause a major short-circuiting



of gas flow around the edges.
Using the approximate rate conste.nts and RV1 the

effect! ve CO concentra.tions in the pure COa runs wer-e oal-

culated •. Moreover, since the generation of CO from reac-
tion is proportional to the rate of carbon reacted, the
effective CO concentration for each of the COa-CO runs was
calculated, using the effective CO concentr~tions calculated
for the pure COa runs, bRsed on the approximate rate con-
stants. The spme principles were used to correct the rates.
of COa-Na runs to those corresponding to 0%· CO. The
corrected rates for the COa-Na runs are presented in Figure
44, the corrected rates for COa-CO runs in Fieure 45. (For
the methods of calculation, see AppendiX G2 8.ndG3).

The final rate constants were evaluated from the data
points in Figures 44 and 45. The correlation plots are
shown in Figure 46. The constants are listed in Table 4,
and plotted vs. liT in Fi~ure 47.

TABLE 4 - LanRmu!r Equation Constants ( Coke )(Final ) -
Constants Reaction .Temperature, of.

1500 1600 1700 1800 1900

K1 (mg.C./gm.C.min.atm.) 0.313 0.917 3016 9.44 29.0
-1) 594 178.2Ka {atm. . 77.8 33.9 19.7

K3 (atm.-1) 0.972 0.449 0.256 0.302 0.545
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Repetition of the above calculation could be carried
out if further refinement of constants is required. For
the present purpose, these rate·constanta were considered
sufficiently accurate.

Inspeotion of Figure 4? shows that Kl and Ka are
simple functions of temperature, which can be expressed by
the following Arrhenius-type equation:

-E/RT
K = Ko e (16)

The values of Ks are not precise enough to draw any

definite conclusion, but do nQt show contradiction to
equation (16).

The constants Ko and E were calculated for each of
the constants Kl1 Ka ahd K3_ Their values are listed in
Table 5.

-E/RT
TABLE 5 - Values of E ~nd Ko in K = Ko e (~ )

(Btu!lb.mo1e) 11 (mgoC./gm.C.mln.E1 + 111,000 K10 5.25 x 10
atm. )

E2 72,500 K20 3.63 x 10~6 (atm. -1)
10-2 -1

Ea' 11,000 K30 3.02 x (atm. )

In Figure 48 the rates calculated from the Langmuir
equation using the rate constants eval~~ted were plotted va.
the rates obtained experimentally. The average deviation is
about 10%. The accuracies for high reaction rates e.re higher
than for low ones.
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Compari8on of the reeults of the present ~~rk on coke
,·;1th those obtained in a fluidized bed by ~!cBrlde

It 1-18S the origine.l obj ect of this wo r-kto find.
specific point reaction rate data under controlled reac-
tion conditions, and by comparing the results obtained,
determine the performa.nce of a fluid1 zed bed.

The fluidized bed technique" was used by McBride to
study the kinetics of the carbon-carbon dioxide reaction.
In eSBence, his data were t2ken by passing metered inlet
gas streams of v~rious compositions through a batch bed of
fluidized coal (20-200 mesh) in a vertical 1.7811 I.Do x

7' 0" high tube maintained a t the reaction t emper-atur-eby
extern~l electric hent, the sum of the instrument readings,
solid a.nalyses, and the ana.lysis of the corresponding exi t
gas cansti tuting a data point. The data were co r-reLated
by Mc3ride using the afore-mentioned L~ngmulr equation,
Which, when integrated across the bed assuming piston flow
of the gae, glves this form:

whf.Le f = fractional deconposition of COa in the bed
-3

lilO = floy! rate of CO entering the bed, Ib.moloxlO Imin.

flo·",rate of COa entering the bed, -31no = Ib.mol.x10 min.
-3No = flov! rate of Na entering the bod, lb.mol.xlO Imin.

• f tielght of carbon in bed, Ib.atom.i'l -
7T = total pressure, atm.
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McBride determined the rate constants Kl' Ka and Ka
using these data points:

(e) 10 or 20% COa in COa-Na mixture. This
point has the greatest effect on the value of Kl•

(b) 100% COa• Tnis point has the greatest
effect on the value of K3•

(c) 40 or 60% COa in COa-CO mixture. This
point determines the value of K2-
The oonstants determined by McBride are plotted vee

liT 1n Figure 49.
It can be seen that values of these constants differ

greatly from those of the present work, shown in Figure 47.
~lcBride tested his correLation by'plotting the frac-

tion of COa 1n the inlet gas decomposed at the eXit, from
experimentpl results, fexptt. vs. that calculated from the
correlation, foalc•• This plot is sho'm in Figure 50.

It is interesting to investigate the reasons why the
two sets of.constants obtained using coke from the same lot
are different. If the assumption of piston flow is permissi-
ble in a fluidized bed, then it seems worthwhile to calculate
f for McBride's experimental conditions using the Langmuir
equa.tion constants evaluated from the present work. The
calculations were carried out and the results are shown in
Figure 51.

Comparing Figures 50 end 51, it 1s apparent that
slightly better correlation of McBride's data is obtained
by using his own constants than the constanta from the present



K

122

20

F/Gi/RE ( 49 )

McBRIDES L"ANGMu/R EalJATION

CONSTANTS' ( CORRELATION VALVE S )

( New Eng/and Coke J 20-200 mesh)
( DolllPtI /~nes .show pre.s4;in-/ re.lu'~s "I' ~Dke .,t:Dr ~O""'P4"';.S't:N"J )

I I I I .
1900",c; 1800 0t:: /700° P. '600" J:: 150o"~.., ,,'~ ( all1l: J.,, ,/,-, ,~. /\ .-, ,,' ,,,' . ,.

------
, -,

~>(
, ~,...- """""'",,
,,

" ~ , .-- ,- K2 (a/m.-I)
" " ",

-------, ~\ ~
~ .... ..-~

'---""",...,,- '\
",...-~, ,
" -

~
~ I" ,,

K3 (Ofm-"),-, ,
"- ,

'" "
~
,,

<, ,
~\ ~,

'-~ , "'1/. C.' -
" K, (jm.c. min.alm.) -, ",
" ,"

.., .... -----
;{3 ( '!..,-ni;' " --~ l- _-1100--

~ ,
------- <, ,---_. ~...---- ,

.- ..------ \.
- ----

~"
~~ "

"

/0

4-

2

I

0.4

. 0.2

0-/
, 4:0 4.4 4.6

I 4T X 10 "

4.8
Tin )?

42 S.O



fexP'i.

123

I

0,8

F/GlIF/£ ( "SO )

PL"OT. OF TeKp'r. (FROA4 McS,qIDE:S OATA)

rs, Tea/c. (BY MEANS OF RAfE CONSTANTS
EVALUA7EO BY McS,q/OEJ

I· I- Ll
I lJ.t ~

/475° ,:: e l/ "If

/~ootJF. A ~
,..

~ J. :,

/715°F; V ~
'0

/!J000;: EJ
~ ~

200o°F, f

V (;J \?

4V V

V IV
~V

~ Vi~ ~
I~
VI\ V

A 'A V
IA VIA

J ~ I~

~~ ~ 4 4

.[Y'IA
Q

o V rb
4

V 4

V1
li'0~-...

0.4

D,2

0./

0,06

0.04

(),o2

o.ot
0.01 0,02 0./ D·l 0.4 0.6 /

7ca/c.



..1..24'

O.G

FIGUI?£ ( ~/ J

PL. 0 T OF :rexp'/-o(FROM McBR/OES OATAl

I/S. fceflc.[SY MEANS 01=",RATE CONSTANTS
,e,&?O/t/l TH£' PRESENT WOAH)

v::
/' IE.!

1475°F. 0 V V'-
/€,oo°F. 6 £ ~
ITT5°~. ~

v IEJ tv
V

Igooo~.
D T' iJj~B

2ooo°F. o / e ~

V ~ Vt
\:I V V~f1V

A v{ v
A:

V V

.a. ... V"'"
A /

l:i ~ /-
A ~ ~t:\Sr 'I;)

£.

V ~
~O

A V o

y
tV0· .

«:>/~~

0.8

0.4

..l 0.2
Jexpt.

0./

()~()8

0.04

0.01
0.0/ 0.02 0./ o.~ tJ.4- ~6 I



125

work. Nevertheless, the oorrelations using the constants
from the present work can be said to be fair in view of the
fact that the 'present work used an entirely different ex-
perimental technique.

The particle size used 1n McBride's work -is 20-200
mesh, with an average value of 90 mesh, compared with
50-60 mesh in -the present work. The particle size study
at 1800oF. showed that a ,90-meeh particle has' a reactivity
1.5 times h~gher than one of 50-60 mesh. Granting this to
be true for all cas~a, then in Figure 51, for most of the
runs, the f 1 from the constants of the present work, ca c.
should shift to values 20% ~lgher. By 'so doing, the points
at 1??5~Fo or lower will be closer to the 450 line. A
qualitative co?clusion can be drawn that at temperatures up
to 1775° F., the constants of the present work can be used
to correlate the data from a fluidized bed, but at higher
temperatures, the values of fca1c• are always higher than
the experimental values. This 1s possibly due to the
assumption of "piston flol-t"being incorrect under these
cond Ltiona.

It was observed by GOring under similar experimental
conditions that the batch fluidized bed Was oharacterized
by'bubblers of gas rising through the solid. The data of
Mason (~) indicate tha.t the mixing in a fluidized bed, due
to the bUbbling effect, is inSUfficient to eliminate partial
pressure gradients at any given bed height. 'Goring obtained
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a Langmuir eque.tlpn correlation at l600oF., but could not
obtain a correlation at 1700° and 1800oF., when studying
this reaction at high pressures. He stated that the
Langmuir equation may be satisfactory, but the assumption
of IIpiston flo,,:""is vitiated at high conversions en-
countered at high temperatures.

Gooring's explana ti.onmay 1'1"ellbe e.pplied 1n this
connection indicating that the low fexp't at high tempera-
tures as may be a consequence of low effectiveness of the
fluidized bed at high-temperatures where the conversions
are high.

The results of Hlnshel~~od et al., using coconut
charcoal, showed that the values of Ka are high, indicat-
ing the severe retarding effect of CO. High values of K2
wer-e also obtained in the present work I but not by McBride.
The reason for this is that 1n the fluidized system, a oon-
siderable amount of CO is alw~ys procuced in the bed,. ~mich
makes dra~dng exact conclusions from the overall results as
to the true reaction mechanism very dubious.

An illustration of this point is given, using the
data of McBride on his run U31 at 1600oF. The inlet gas
being pure COa, it was found that after passing through a
bed with coke particles containing 0.206 lb. atom carbon, the
CO2 had reacted to the extent of 3.9%. Despite all the dif-
ferences in the two experimental techniques arid the assump-
tions made in evaluating the constants, the calculeted
fractional decomposition of CO2 using the integrated Langmuir
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equation and rate constants given first by MoBride and
then by ,the present work agree in.both cases with the ex-
perimental results. But, if the progress of COa decompo-
s1tion 1s calcula.ted as a function of' the amount of car-ben
traversed by the gas, then the path of reaction is quite
different, depending on whether McBride's or the present
workS constants are used. This is de~onstrated in Figure 52,
which shows that the great retarding effect of CO shown
clearly in this-work may have been hidden in the study of
the fluidized system.

It is interesting to show the differences of the
point reaction r~tes calculated using McBride's constants
and the rates from the present ~~rk. To show this, Figure
53 was prepared 1n which two eets of curves are given. The
curves for different 00%,. calculated from the Langmuir
equation using McBride's constants, are closer to one
another than the corresponding curves calculated using con-
stants from the present vrork. This suggests that although
McBride's oonstants may be used with fair Auccess to inter-
pret the overall results 1n a fluidized bed, yet they may fail
to represent the point data and may be misleading 1n ex-
trapolation to conditions not oovered by experiment. The
author believes the single-layer fixed bed to be a superior
laboratory tool for elucidation of the reaction mechanism.
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E. Comparison of the reactiVity of coke with that of
electrode oarbon

The rate oonstants evaluated from the smoothed
curves in Figures 35 and 47 for electrode carbon and for
coke, respectively, are listed in Table 6. In Figure 54
two sets of curves for different CO% were calculated from
the Langmuir equation using these smoothed rate constants
for electrode carbon and for coke. It can be seen that in
pure COa the reactivity of electrode carbon at F = ° 1s
about the same as that of coke, but in COa-CO mixtures the
reverse 1s generally trueJ due to the greater retarding
effect of CO found in the case of electrode carbon.

Table 7 lists the energy values and basic constants
required by equation (16), as evaluated by different authors.
Except that obtained by McBride, the values of El-Ea evalu-
ated by Hinshelwood et ale for coconut charcoal and obtalne~
in this present work for coke and for ~lectrode carbon are
seen to be a constant of about 185,000 Btu./lb.mol. Al-
though this cannot be explained on a theoretical b~sis,
yet this may show eventually to be a basic property of car-
bon.

It is interesting to compare the v~lue of the fic-
titious Ri using coke particle s of 50-60 me sh at 1800oF.,
with the value of Hi found in the experiments using elec-
trode carbon particles of the same size at the same tempera-
ture:
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Coke:
R -R (1+10(2+l0gl0D)F, - 5.1(1+3.05F)l(fictltious,)- 0 Ro "J.-

or ash-free (21b)

Electrode oarbon:
(5e)

It 1s seen that the surface activation f?.ctor, m/Ro'
1s about five times greater in the 'case of electrode carbon
8.8 in the case of coke. This diff erence may probably be
attributed to the nature of the oarbon structure, or its
capacity to form active centers in the course of reaction.

TABLE 6 - Smoothed Langmuir Equation Constants

Constants Reaction Temperature J of.
1500 1600 1700 1800 1900

K1(mg.C/gm.C.mln.atm.)
Electrode carbon: 1.1 3.3 9a2 23 -53
Coke: 0.234 0.90 3.18 10.2 29.0
-1K2 (a tm , )

Electrode carbon: 4800 1200 370 113 40
Coke: 423 178.2 ~7? 5 35.8 18.2

K3 (a tm , -1) -l"

Electrode oarbon: 3.8 "!\ 3.2 . 2.9 2.5 2.25
Coke: 0.505 O~449 0.388 0.35 0.32
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VII. CONCLUSIONS

From a study of the reaction of coke and electrode
carbon particles in fixed-bed single layers with COa-Na
and aOa-CO mixtures at 1500 to 190QoF. and atmospheric
pressure, the following conclusions oan be drawn:

(1) Over the range of temperatures and gas
compositions investigated, the carbon-carbon dioxide re-
~ction is controlled by chemical reaction, and not Qy a
diffusional process.

(2) The reaction order with respect to the
partial pressure of carbon dioxide approaches first order
at low and zero order at high pressures of oarbon dioxide.

(3) The retarding effect of carbon monoxide
on the reaction is in general great. It is, however, muoh
greater at low than at high temperatures.

(4) A Langmuir-type adsorption equation oan be

used to correlate the reaction rates with suffioient aocuracy.
(5) The reactiVity of eleotrode oarbon 1n pure

carbon dioxide is in general somewhat greater than that of
coke, but the retarding·effect of carbon monoxide is greater
1n the oase or electrode carbone

(6) Defining "effectivett surface as a quantity
to wh1ch the reaction rate is proportional in a heterogeneous

system, the "effective" surface of electrode oarbon per unit

of mass·is a unique and l1near function of the fraction or
carbon consumed, and 1s independent of temperature and gas
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oomposition. The relation applies over the range of
fraction carbon'oonsumption of 0 to 0.3, over which range
there is a five-fold increase 1n rate per unit mass of
residual carbon. Whether the increase in "effective"
surface 1s due to activation of existing surface or pro-
duction of inoreased surfaoe by burning in pores 1s not
known,

(7) In the experiments using coke, the in-
stantaneous reaction rate increases steadily during the
course of the reaction, reaches a maximum and ·then declines.
The maximum oocurs at larger fractional oonsumption for
smaller particles. These phenomena are consistentwith the
as sumption of increase in IIeffecti ve" sur-race (as in the
case of electrode carbon) on which 1s superimposed an
accumulation of ash which builds up a resistant layer tend-
ing to retard further reaction.

(8) The reaction rate of coke per unit mass
decreases with increase in particle Size, but the rate per
unit superficial surface area (area of a sphere having mesh
size of the partiale) is not greatly influenced by particle
size. However, the rate per unit of surface is slightly
higher for large particles, indioating that in addition to
the superficial area, .the surface area of the large pores
oontributes to the reaction.

(9) The numerical constants of the Langmu1~
form of rate equation applicable to the present data are



qUite different from those obtained by McBride on the same
ooke using a method of comparing the integrated rate
equation with the overall performance of a fluidized bed.
When the rate equation is integrated over the carbon bed
to predict ohange in gas oomposition in McBride1s experi-
ments, predictions based on the two sets of oonstants are
found to be in fair agreement; but the paths predioted are
markedly different. This suggests that the constants ob-
tained from experiments on one fluidized bed may be unsafe
for use in predicting performance of another.
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VIII. RECOMMENDATIONS

The reaction rate determined in the present work
represents that of a s110e of oarbon in a fixed or a
fluidized bed. Fair agreement was obtained using the
numerical oonstants of the Langmuir-form of rate equation
applicable to the present data to predict the change 1n
gas composition in MoBride's experiments using a fluidized
bed on the same ooke. This suggests that results of the
type obtained 1n the present work are of fundamental sig-
nificance for-the rigorous design of fluidized beds. For
th~s purpose it is recommended that the following work be
carried out:

(1) Experiments using fluidized beds of dif-
ferent Sizes, operating under various entering gas oomposi-
tions and various amounts of carbon 1n the bed;

(2) Experiments to study the gas flow pattern
1n flUidized beds, in order to obtain information on the
assumptions being made in the integration of the LangmUir
form of rate equation.

It is also recommended that in addition to the coke
and electrode oarbon used, various types of carbons be
tested under similar reaction- oonditions, in order to compare
the behavior ot different types of carbons.

The change in reaotivity of oarbon aocompanying
progress of reaction is of so muoh greater significance than
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anticipated as to make desirable a modification of appara-
tus which will make it possible to follow this change more
effectively than the present ap9aratus permits. In addit1on,
the equipment should be designed for use at high pressures.
It 1s recommended that a continuous weighing equipment,
either of the ~pe developed by Oshima and FukUda; or a
setup using electric resistanoe strain gauges, be considered.
An alternative is the use of a high precision-gas analyzer.
In this respect, the reaslb1l1ty of using radioactive C14
or mass spectrometer might be investigatedo

Also, photomicrographs and surfaoe area measurements
of the carbon partioles used might be helpful means in
further investigations.



APPENDIX



A. Details on Construction of Equipment
This equipment was used soon after it had been

constructed by Blanc in his study of the effect of particle
size on the 0°2-0 reaction. After Blanc's work, a number of
modifications was made on the equipment. For those parts of
the equipment Which were still as originally constructed,
the description as given by Blanc was used.

1.. Furnace
The furnace used consisted of eight fire bricks

put together and shaped so as to 1'o~ a combustion area or
the required ·1'0~. Figura Al is a sketch showing the cross
section or theturnaoe.

To keep the bricks in the right position. a steel
box was made into which· the bricks fitted properly ( see
Figure A2 i.

The inside dimensions of the steel box were
8-7/SII x 8-7/S" x 12-1/4".· It was constructed or l/Su
steel plate arc welded at all the seams With the exception
of the front face which was supplied With a 111 flange around
the four edges. This flange was drilled with equally spaced
1/4 n holes to aoconnnodate the bolts which were used to
fasten the l/Sn steel cover in plaoe after the bricks had
been. fitted into the furnace box. In the center of this
front cover had been cut· a horizontal slot 3-3/4" wide and
1/2tf high, through which the nicbromepan with sample pan
supportert~ supper-bed on the alundum rods could be moved in.
VJhen the nichrome· pan was in the required position in the
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FIGURE ( A / )

CROSS SECTION OF FURNACE

-'.
~,

, \



(b) Steel Box with
Front Cover
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Figure A2

Photographs of Steel Box
(a) Steel Box without

Front Cover



combustion chamber, the slot was tightly sealed by the fiat
surfaoe of a p1eoe of insulation brick which was attached
to the meta~ yoke into whioh the ends of the alundum rods
were cemented.

The 8tee~ furnace box was equipped with three 4"
legs the height of each or whioh was adjustable by means
of bolts 'to maintain the box in a horizontal position ai'ter
it had been placed inside of the cylindrical furnace con-
tainer, and to insure that the slot in the .front .cover was
at the proper height to allow the nichrome pan to be inserted
into the cQmbust10n chamber.

The gas mixture entered the steel box through a
3/Sft pipe fitted into the center'ot the base of the box.
and after passing through the combuat Lon ohamber, lett the
top of the box through a 5-1/4" diameter ooil of 3/e" steel
tubing consisting of tihree turns whioh was connected to the
box by means of a 3/8" 90° elbow. that was welded in the
.center of the top of the stee1 box. The purpose of this
coil of steel tubing was to provide some degree of flexi-
bility, so that after the stee1 box had been placed inside
of the cylindrical furnace container, the cover of the con-
tainer coul.d be turned into the threaded pipe that Was con-
nected to the end of the coiled steel tubing by a 3/811 90°
elbow, without moving the furnace box out of position.
V1hen the top of the eyJ.indrioaJ. container was turned on
tightly; the steel.coil was compressed slightly so that
the furnace box was held rigidly in place inside of the
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container.
There were six holes in the rear race of the fur-

nace box." Two of these holes were for the lead wires to the
two thermocouples, one of which was directly above, and the
other directly below the nichrome pan in the combustion area.
The other four holes were for the ends of the two heating
elements.

On opposite sides of the floor of the stee~ box
were placed two U-shaped steel braces 1" high. On top of
these supports rested a 8-7/8rr x 8-7/811 plate of l/lSu steel.
This plate was drilled with twenty-five 3/1611 holes in a sym-
metrical pattern. On top of this steel plate were placed
two 8-3/411 x 4-l/41f x 2-1/2" brioks side by side that ware
also drilled Viith twenty-.f!ve 3/1611 holes that coinoided
With those in the bottom steel plate. On top of these two
bricks were placed two more that had been carved out to
aocommodate the lower heating unit, and a slideway for the
nichrome pan supporter.

On top of this layer of two bricks were two more
carved exactly as were the two described above.

The top layer of two brioks was drilled with
twenty-five 3/16" holes just as was the bottom layer to
provide an exit for the product gases.

On top of thes~ two bricks is a 8-7/811 x 8-7/au

x l/lSu steel plate exaotly the same as the bottom plate
described above.

Into the lff space which is left between this steel
plate and the top of the ste'el box were fitted tVlO 1 II u-
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Shaped sheet stee1 braces that held all the bricks firmly
in place.

,g. Niohrome screen pan and sample pan support"er
The nichrome soreen pan and sample pan supporter

used td hold the carbon particles were made of 100 mesh
nichrome screen ( see F1gu.res.4 to"8 ).

The screen of the pan supporter was tightly pressed
between two concentrio I'ings made of 3/16'1" x 0.06411 Chrome~-A
ribbon. The outside diameter of the larger ring was 3-3/1611,

the inside diwmeter of the smaller one, 2-15/1Sff •.

The outer ring was provided with two diametrieally
opposed supports which were turned in a tube form !'rom
ChrOmel-A ribbon so as to fit snugly around the two a1undum
rods upon which the pan was moved into and out of the furnace.

There were three different types of screen pans
.used in the experiments, as shown in Figures 4, .6 and 7_

All the screen pans had an upturned edge to make handling

the screen with carbon particles somewhat more convenient •
.2- Flexure tube and yoke arrangement

The flexure tube and yoke arrangement was designed
~ the following manne~ in order to provide a simple_
smooth1y operating mechanism for inserting the niohrome
screen pan and sample pan supporter with their carbon con-
tents into the combustion area ()t=..~the~1furnaoe,and for
Withdrawing it after the reaotion between the oarbon di-
oxide and"the oarbon particles has taken plaoe.

The necessity or having a completely airtight
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unit diotated this particular type or construotion after it
was damonstrated that the forward and baokward motion ot ~

"smooth steel. rod 3/8 rr in diameter through. an airtight

stuffing box Viasrendered so jerkj" that the oarbon. 1'-~-

tioles on the soreen was oaused to be moved or even lost.
To the steel faoe plate, of the side arm of the

oylindrioal furnaoe oontainer was welded a 3" square semi-

flexible 1/1611 brass sheet. A 1-1/4" hole was drilled
through the brass sheet and a 1-1/2" hol~ through. the 1/8"
steel "faoe plate. Into this hole was inserted a 39f1 length
or 1-1/411 outside diameter brass·t~bing whioh was already

equipped with the internal sliding mechanf.sm , The brass
tubing was welded securely to the brass sheet at a distanoe
of one inoh trom one end. The other end of the brass tub-
1ng was plugged with a brass disc welded in place to render
the entire unit" airtight.

Beoause of the flexibility of the brass plats, the
end ot the brass tubing farthest from the furnace could be
raised or lowered through an arc of approximately 10 without
danger or ruptui"lng the weld at the junotion of th"~ brass
plate and the -brass tubing, or causing pe~en'b distortion
of the bl'8.ss pla te •

In order to be able to regulate the raising and
lowering of the end of the brass tubing preoisely, a brass
band was clamped tightly around the tubing and the lower
portion of this band bolted to a knurled hand sorew, each
oomplete revolution of whioh raised or lowered the. end ot



the'brass tubing 1/28 of an inoh. This screw attachment was
securely held in place by a steel yoke which was welded to
the steel beam extension from the side of the cylindrical
furnace container.

In order that the brass tubing would normally rest
in a horizontal position to facilitate the smooth sliding of
the niohrome screen pan, a second iron yoke Vias welded to
the steel extension beam directly behind the first adjust-
able support. The lower oross pieoe of this yoke which
could be adjusted by turnirig the four set nuts up or down
was raised to the proper level for supporting the brass
flexure tube in a horizontal position. The upper horizontal
cross bar served as a stop or upper limit for the motion
of the end of the brass tube.
i. Cylindrical furnaoe container

The oylindrical furnace container was ordered from
the A. F. Robinson Boiler Works of Cambridge. Mass. The
shell of the oontainer was construoted entirely out of 1/8"
steel plate arc welded both inside and out at all the joints.

The main portion of the oontainer was 15 II inside
diameter and 2' high. To the top edge of the oylinder was

welded a 1-1/2" wide flange of 3/811 steel plate. Sixteen
1/2ff drilled holes were equally spaced arotUld this flange
to aoconnnodate the bolts for holding the oiroular 3/8ft steel
plate cover tightly in plaoe. Between the top surfaoe of
the flange and the container cover was a ciroular rubber
gasket made of 1/4" diameter rubber obtained from the Yfudte-



head Metal Produots Co •• of Camb~1dge, Mass. This gasket
was used to provide an airtight junction between the 0'1-

linder and the cover so that the apparatus oould be eva-
ouated.

In the center of the top of the cylinder cover
was drilled a 1/2" hole over which was brazed a reduoing
coupling to provide an exit port for the product gases.

To the side of the oylindrioaJ. shell midway be-
tween the top and the bottom was welded a sfde arm 01' 511

inside diameter, 12" long. To the end ot this side arm was
welded a flange of 1/4u steel L" wide. This flange was
drilled with eight equa11'1 spaced 1/4ft holes to acoommodate
the bo1ts used to fasten the 1/4" steel. face plate seoure1y
in place. Between the surfaoe of the flange and the face
plate was another rubber gasket l/Su thiok and cut to a
width" at 1-1/4". In the center of this faoe plate was
welded a :sit square of semi-flexible brass sheet. Through
the oenter at both the face plata and the brass sheet holes
were drilled to aooonnnodate the 1-1/4 If f1exure tube.

At a distanoe ot one inoh from the side of the
oylindrioal steel oontainer the top of the side ~ was out
out to aocommodate another 511 inside diameter 211 high steel.
sleeve which was welded to the "edges of the opening in a
vertical position. To the top of this sleeve was welded
a 1" wide ·x 1/411 thiok flange, the top of which had bean
ground to provide a smooth surfaoe upon which a 711 diameter
Xl/2ft thiok Lucite plastio disc, serving as cover, was
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olamped down. Between the flange and the Luoite disc was
a oiroular rubber gasket. similar to the one used fo~ the
container cover. The device used to clamp down the Lucite
diso. consisted of a '7" square x 1/411 thick flange, pro-
vided with a 5u diameter hole in the center. In the foUX'
corners or the flange were holes whioh aooommodated four
1/4ft bo1.ts. The nange was put over the Lucite disc and

pressed upon its surface by tightening the four bolts.
These boltB'~were kept in position by two 1/4" thiok steel
straps, resting upon the lower surfaoe ot the flange welded
to the sleeve.

The Luo1te diso was removed at the end ot eaoh
run. and was used as an observation post £or Vlatohing the
entry into and the withdrawal !'romthe oombustion area of

the nichrome pan.
Through the 511 diameter sleeve opening the ni-

chrome soreen with its supporter vias in each run put on and
taken off the alundum supporting rods.

On a level with the oenter of this side arm in
the side of the cylindrical shell was drilled a 1-1/2"
hole into which was welded a 1-1/4" threaded fitting at the
proper angle to provide an observation post for observing
the entry and withdrawa1 01' the.niohrome pan into and from
the combustion area. To render this apparatus airtight a
hexagonal brass fitting with a plate glass faoe fitted be-
tween two rubber gaskets was sorewed into this opening.

From the side of the cyJ.indrica1 oontainer 1-3/4"
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directly below the side arm extended a U-shaped steel bewm
51" long. .Itwas attached to the container by two spot
welds. At a distance of eight inches from the container it
was welded securely to a yoke whioh supported a 1/16" thiok
2-3/411 wide steel band which oircled the side arm and was
bolted securely in place on either side by two 1/4" bolts.

The cylindrical container was provided with three
legs located at intervals of 1200 around its lower oircum-
ference. The three legs were equipped with 5/8" bolts that
could be adjusted to the desired height to maintain the
cylindrical container in a horizontal position.

In the side of the cylindrical container directly
opposite the extending side arm were three 1/2" holes into
which were ~razed three special 1-1/2" long brass nipples.
Two of these nipples were made from a solid brass rod, and
were provided with 1 mm. diameter holes drilled parallel
to the body centerline of the rod. Through these holes the
enameled thermocouple leads were led, and vaouum-proof in-
sulated in place by means of Cenco Sealstix vaouum cement.

The third nipple Viasmade of a 1/2" diameter
brass tube, into the open end of whioh was fixed by means
or'Cenco Sealstix vacuum cement, a pear-shaped glass bulb,
serving as insulator for four copper wires embedded in the
glass. Two of these oopper wires oarried the current for
the heating coils, the other two led to a 50-watt bulb
located inside the cylindrical shell directly over the front
of the furnace, to illuminate the interior of the container.
Inside the container the oopper wires were prevented from
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touching any oonduoting surface by 111 lengths of double-
holed alundum insulators.

The port for evacuating the system, and to whioh
port also the McLeod gauge was connected, was located mid-
way between the top and bottom of the container 90° distant
from both the thermooouple ports and the 5" diameter side
arm. This port was a 3/8" tube tee-welded into a slightly
larger hole drilled in the side of the cylindrioal oon-
tainer.

The gas mixture entered the bottom of the oylin-
drical oontainer through a centrally located 1/411 diameter
pieoe of pipe, brazed into the bottom_ and protruding 311

on both sides of the bottom.
§.. Calcium chloride drying tower

In order to remove the water vapor present in the
gas stre~ ( about O.07~ ), the gas from the pressure oy-
linder" after passing through the 1/8" needle valve and
rotameter was passed through a standard 4.5 om. diameter x
30 cm , high glass drying tower, whioh was filled with oaJ.-
cium chloride pellets on top of which a 1" thick layer of
Dr1erite had been put to serve as an indioator, in case any

moisture slipped through the column of oalciwn chloride.
§.. Oxygen :r;'emovaJ.apparatus

After flo"ing through the drying tower. the gas
entered the top of the oxygen removal apparatus. This
apparatus was constructed from 5.0 cm. diameter heavy walled
Pyrex tube, 80 cm , high, and provided at both ends with 15
mm , diameter x 90 nun. longcPyrex tUbing. to enable- the ·sJ.ip-
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ping on or rubber tubing. The apparatus was filled with a

3rt layer of oopper turnings, on top of whioh was poured
seven pounds or chemioally pure cuprio oxide rods. This cu-

prio oxide was reduced by means of hydrogen~ re-oxidized
with air, and again reduced with hydrogen, whioh rendered
the copper more reactive with respect to oxygen. This
treatment was originally used by Clitford (53) and nUllary,
and was later improved by Smith. The height of the copper
rod fillings was about two feet. On top of the oopper rods
was another layer of about 3ft oopper turnings.

The oxygen removal apparatus was heated by meana
of two heating ooils wound around the outside of the Pyrex
.tube, Each coil extended over half the height or the tube ~
and got its power 8upp1ied from a Variac, Type 200-C~
whioh was oonnected to the 1l5-volt power supply line.

To measure the temperature of the apparatus. two
thermometers were located on the outside surfaoe of the
Pyrex tube. respectively at 1/4 and 3/4 or the height or
the tube.

The Pyrex tube and the~ometers were insulated
by means of lff I.Iagnesiapipe insulation.

1.. Temperature oontroller
A full description of the temperature controller

used to maintain the required temperatura in the reaotion
area was given by Port and Egbert, who designed and built
the controller. A brief description is given under n Cons-
truction of Equipment fl.

8 Cooling c011
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A oooling 0011 was oonstruoted fram ooppe~ tUbing
in the following manner: Two lengths of 1/2" oopper tubing
long enough to cirole approximately one-third of the outside
perimeter of the oylindrical furnace container were bent into
shape and drilled with twenty-nine 1/411 holes equally spaced
at 1/211 intervals. Into· these holes were silver-soldered
the ends of twenty-nine 19ff lengths of 1/4u oopper tubing,
This unit was then attached to the outaide',o1'the oylin-
drioal furnaoe oontainer so that the straight oopper tubes
were in a vertioal position by means or silver solder, and
was alSJ braoed with a 3/411 band of stainless steel whioh
oiroled the cylindrioal oontainer and was fastened with a
metal buokle.

One end of the upper 1/2 rr oopper tubing and the
opposite end of the lower 1/2" tUbing were closed with
rubber stoppers. The other end of the bottom tubing was
oonneoted by rubber tubing to the tap and water was allowed
to ciroulate through the tubes of the unit. The water left
the coil through the end opening in the upper oopper tube
and flowed through a length of rubber tubing to a sink.

By allowing cold water to flow continuously
through the tubes during the time the 1'u.rnaoewas heated,
a more com£ortable situation was created for the operator,
sitting next to the equipment.

9. Cenoo I.IegavaovaouUII\pu.p;p
The vacuum p~p used was a Cenoo Megavac pump

manufactured by the Central Soientifio Company, Chicago, Ill.
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~_ Description and Calibration of Measuring Devioes
1. Rotameter ( F1owrator )

The meter used to measure the gas flow through
the equipment was a conventional rotameter obtained from
the Fischer and Porter Company, Hatboro, Pa •• which rota-
meters are presently known under the name of Flowrators.
It was the so-called Laboratory Type 05MB-l50 with milli-
meter scale and hose connections. The noat used \Vas i(ype
FG 031. Calibration curves for C02. CO and N2 were obtained
by means of a wet test gas meter and are shown in Figure A3_

Ea. UcLeod Gauge
During the evacuation period, the pressure in

the equipment, when still above 2 rom. Hg., Was measured
by means of a U-tube filled with mercury. Below 2 mm.
Hg. the pressure was determined by means of a oonventional
McLeod gauge •

.2- Potentiometer
The temperature in the reaction area was deter-

mined by readings from a potentiometer manufactured by the
Brown Instrument Company, Philadelphia, Pa , The accuracy
or this potentiometer was 1/50 or a millivolt.
i. Wet test Bas meter

During the velocity runs, t4e higher gas flow rates
applied were beyond the maximum capaoity of the Flowrator.
For these runs a wet test gas meter was installed at the
outlet of the equipment, which enabled measuring the gas
flow rate through the reaction area.
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The wet test gas meter was manufaotured by the
Precision Scientifio Company, Chicago, Ill.

5. Ammeters
Two A.C. amneters were used, one of which VIas

installed permanently in the furnace heating coil circuit.
The other one was used to check periodically the current
through the two oxygen removal apparatus heating coils.
By means of a switch this amneter could be put into either
of the two circuits. The maximum capacity of both ammeters
was 15 amp~res.

6. Micro oxygen analyzer
The micro oxygen analyzer used was constructed by

R. J. Kallal, according to methods described in references
(48) and (49). The accuracy obtainable with this analyzer
amounted to a few parts per million. A picture of this
equipment is shown in Figure A4.

7. ~nermocouples
The two thermocouples used ( one above, the other

below the sample pan ) were number 16 Chromel-Alumel wire.
and were obtained from the Hoskins ManUfacturing Company J

Detroit, I~ch. The thermocouples were oalibrated with
the aid of a standard Pt - Pt+l3% Rh thermocouple in a
special furnace, and showed over the temperature range of
this· investigation a constant positive deviation of 10 to
15° F. After installing the thermocouple in the reaction
area, occasional check measurements were made by means of
a new calibrated·thermocouple which was inserted through the
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Figure A4

Photograph of Oxygen Analyzer
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slot opening 1n the furnace. After inserting this thermo-
couple, the opening was carefully insulated to prevent any
heat loss. It was thus found that the originally measured
positive deviation of 10 to 15° F. was maintained throughout
all the experiments. As tar as the deviation showed to be
consistent, no correotion was applied to the reaction tem-
perature, asa 10 to 15° F. differenoe in the true values
of the temperature was not considered to be important.

~. Balance
The balanoe used for weighing the sample pan

and carbon particles was a standard analytical balanoe,
manufactured by Voland and Sons, New Rochelle, N.Y.,
scaled to 1/10 or a milligram. The balance used for
weighing the large coke particles was an assay balance
which was scaled to 1/50 or a milligram.



C. Details on L~terials Used
1. Carbon

Both coke and electrode carbon were used in the
experiments. The coke used was from the New England Coke
Company. The coke sample was crushed and graded by standard
sieves and then heated in an oven at 1100 C. overnight to
remove moisture before use. The large spheres used were
made from the coke by cutting a large piece carefully to
the proper 'size. The proximate analysis of the coke as
given by the Company was as follows:

Fixed carbon
Volatile matter
Ash
Sulfur
Lloisture
Initial f~ltsionpoint, OF.
Fusion point, OF.
FlOWing temperature, OF.

2165
2579
2732

From actual analysis, it was found that the ash
content was 9.5~J and this figure was used throughout this
work.

The electrode carbon was obtained from the National
Carbon Company and was from the same lot as used by Smith
et ale The carbon was crushed from the or1g1na1 12 If rod
and sieved, and the fraction 50-60 mesh retained. To remove
the moisture, the particles were heated at 1100 C. over-
night in an oven. After this the carbon vias coked for 2 hours
at 1800° F. in a vacuum of 0.4 rom. Hg. r.?ungen analyzed the
carbon for ash, and determined the density of the carbon.
He reported:

Ash
Density 0.4% by weight

1.77 ( average )
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All the particles were stored in glass bottles
with ground stopper, which bottle was kept in a desiccator.
Only when preparing a sample for an eiperiment was the bottle .
taken out of the desiccator, and 1mmed~ately put back into
the desiccator after pouring the carbon particles on the
screen.

g. Carbon dioxide
The carbon dioxide used was the purest available

and was obtained from the Pure Carbonio, Inc., New York,
N •Y. The analysis .given by this Company was as follows:

99050%
0.342%
0.086%
0.072%

These figures agree with the oheok analyses, which
were made before mixing up gases, as far as oxygen, carbon
dioxide and nitrogen were concerned.

£. Carbon monoxide
The carbon monoy~de used was obtained from the

Imtheson Company, Inc., East Rutherford, N.J. A recent
analysis of half a dozen cylinders by the Company showed
the following results:

CO
C02
H2
N2
Saturated H.C.
Fe
S

1.19 mg./liter
0.3202 mg./liter

4. Nitrogen
The nitrogen used was prepurified nitrogen ob-

tained from the Air Reduction Sales Company, the speoifi-
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catio~ of whioh, as given by this Company were:
-c 0.001%
< 0.001%
0.000%

5. Cuprio oxide
The oupriooxide used was chemically pure cuprio

oxide in wire form, and was purohased from the C. P. Baker
Company.

§.. Calcium dhJ.oride
Chemically pure calcium chloride was purchased

from the MaJ.linckrodt Chemioal Works. It was anhydrous,
8 mesh, containing not less than 96% calcium chloride.

1- Drierite
This indicating desiccant ( 8 mesh, anhydrous

Ca004 ) was punohaaed from the VI. A. Hammond Drierite-
Company, Xenia, Ohio.

'§.. Bricks and cement
The insulating fire brioks used in the rurnace

were manufaotured by the Babcock and Wiloox Company, under
the trade name of K-16 and bad the lowest thermal oonduoti-
vity and density of the available fire bricks.'

The brick was ve'!"1sort and porous and could
easily be maohined, cut and filed.

The cement used for coating the exposed surface
of the brick was the 5l3A high temperature cement !'rom the
Norton Comapny, t~ss.

~. Chromel-A l!ibbon
The chrome1-A ribbon used for making the frame
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of the sample pan supporter was purchased fram the Hoskins
Manufacturing Company of Detroit. The size of this ribbon
was 3/1Su x 0.06411•

10. Nichrome screen and nickel screen
The nichrome screen used was purchased from the

Newark Wire Cloth Company, and was 100 mesh of 0.0031u wire
diameter.

The nickel screen used was purchased from the W. S.
Tyler Company of Cleveland, Ohio. The screen was 200 mesh.
g. Alundum' rods

The alundmn rods used in the yoke arrangement were
of the type generally used as thermocouple cerrumio tubes.
The size of this tube,was 1/8u outside dirumeter_ and l/lS"
inside dia.mster.

The advantage of this tube was that it did not
soften or lose its inert character at high temperatures.

~. Heating wires
The heating wire' used in the furnaoe WaS Kantha1

ribbon 0.197" x 0.0211 vrith a specific resistanoe of 0.176
ohms per foot, and was purchased from the C. O. Jelliff
l~nufacturing Corporation.

Chrome1-A ribbon of 1/1S" x 0.012611 with a speoific
resistance of 0.689 ohmB per foot from the same Company was
used as heating wire for the oxygen removal apparatus.

13.. Thermocouple wires
The thermocouple wires used in the fUrnace were

number 16 Chromel-Alume1 Vlireo
li. Insulation for oxygen removal apparatus



Standard 111 magnesia pipe covering was used for
thermal insulation of this apparatus.

15. Cenco-Sealstix vacuum cement
Cenoo-Sealstix vacuum oement showed to be an excel-

lent vacuum cement and insulator. It joins all kinds of dis-
similar materials, and was successfully. applied to obta~
vacuum proof joints between glass and brass, enameled ther-
mocouple wires and brass, eta. It was obtained from the
CentraJ. Saientifia Company, Chicago.
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Q. DATA SHEETS



TABLE (A I) DATA SHEET NO. ( )

LIST OF GAS MIXTURES

GAS SYMBOL ~ CO2 ~ CO ~ 1'2
1i2 00.00 0 100.00
1'•.1 82.50 0 17.50
}l.:B 69.20 0 30.80
N.O . 55.60 0 44.40
N.D 32.10 0 67.90
1l.E 79.30 0 20.70

N.' .69.90 0 30.10
N.G 54.90 0 45.10
N.R 41.60 0 58.40
N.I 9.94 0 90.06
N.J 21.80 0 78.20
CO2 99.45 0 0.55
CO.A 90.79 8.71 0.50
CO.! 85.82-80.62 13.7-18.9 0.48
CO.C 83.84 15.70 0.46
CO.D 75.78 23.80 0.42
CO.I 75.38 24.20 0.42
co.r 61.66 38.00 0.34
CO.G 94.76 4.72 0.52
CO.R 94.95 4.53 0.52
CO.1 96.97 2.50 0.53
CO.J 92.85 6.64 0.51
co.x 85.63 13.90 0.47
CO.L 98.54 0.92 0.54
aO.M 91.34 8.00 0.46
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TARLE (A 3) DATA SHEET so, ( )

RESULTS OF COZ-N2 RUNS ( NEW ENGLAND COKE )
CARBON SAMPLE Bew England coke BEACTI011 TEMPEBATaD 15000- 19000 J
ASH CONTENT 9.5 ~ by weigh' REACTIOli PRESsmm 1.026 atm.
PARTICLE SIZE 50-60 US mesh REACTIOIl TIME 10 - 650 min.
GAS COMPOSITION C0z-B2 mixtures GAS FLOW BATE 15 cc./ sec. ( 850 .." 1 atm. )
Run Ho. Clt-R.J,..15.50.1designates run 110. 1 at 15000 J using ga8 mixture I.A. and .60-60 mesh
New England coke particles
e Reaction time, min.
n Total pressure, atm.
pc02 Partial pressure ot CO2, atm.
~1l2 Partial pressure ot 112, atm..W;~ Weight ot sample, gill.
0.905WoWei~t ot carbon in sample. gill.

Loss ot veight ot eaurglt during reaction, mg.
Fraction carbon weight 10s8 in C02-B2
rrac~icm carbon weigh' 108s in 52
Corrected traction carbon weight 10sl. r -~
Aver~e specitic reaction rate.(-ln(1-J)18~xlo80mg.C./gm. C. mtQ. .

,

R·· I.. 11···RUE' HO. e .}!,. r~·. PI{ Yo 0.9090 AW )'C02 JH :r R·I,CO2 aT. aT. ~T.2 2 porrected c c.
TDlP6ATURE 15000 r

CX-COr:1S.50.1 650 1.025 1.019 0.006 0.1888 0.1708 17.2 0.1006 0.00895 0.0918 0.148 0.160 0.180
CX-N. 15.50.1 600 1.028 0.848 0.180 0.1541 0.1395 12.8 0.0918 0.00868 0.0831 0.146 0.157 0.146
CX-ll.B-1f5.50.1 600 1.026 0.710 0.316 0.115440.1398 11.3 0.0808 0.00868 0.0721 0.125 0.134 0.131
01-1'.0..15.50.1 600 1.026 0.570 0.456 0.1543 0.1397 9.6 0.0688 0.00868 0.0601 0.103 0.110 0.118
Clt-Jl.D-15.50.1 600 1.026 0.329 0.697 0.1581 0.1432 7.3 0.0510 0.00868 0.0423 0.072 0.076 0.078

TEMPEBATt1BE 16000 1

CL-C0a-16.50.1 120 1.068 1.062 0.006 0.1610 0.1457 10.5 0.0722 0.00854 0.0637 0.548 0.658 0.659
CX-ll•.Ar-16. 50.1 180 1.026 0.848 0.180 0.1450 0.1312 13.7 0.1043 0.00960 0.094'1 0.553 0.662 0.562
CJ:-B.~16.50.1 180 1.033 0.710 0.316 0.1579 0.1428 10.8 0.0756 0.00960 0.0660 0.380 0.439 0.493
OX-B. 0..16.50.1 180 1.026 0.579 0.456 0.1612 0.1368 9.6 0.0702 0.00960 0.0606 0.347 0.398 0.417
CL-H.D-16.50.1 180 1.026 0.329 0.697 0.1543 0.1397 7.1 0.0508 0.00960 0.0412 0.234 0.261 0.263

TDlPEBATDBlI: 17000 I

ex-CO.r17.50.1 13:>1.025 1.019 0.006 0.1083 0.0981 21.7 0.2210 0.01496 0.2060 r- "'gas 2.550 2.550.:'.'!."
CX-I'. 17.50.1 60 1.026 0.846 0.180 0.1517 0.1372 14.8 0.1078 0.01164 0.0962 "1.688 2.450 2.190
Clt-1l.:B-17.50.1 60 1.024- 0.708 0.316 0.1496 0.1353 11.4 0.0843 0.01164 0.07'Z1 1.258 1.708 1.895
CX-H.C-17.50.1 60 1.026 0.570 0.456 0.1498 0.1355 10.7 0.0789 0.01164 0.0673 1.162 1cJ563 1.572
CK-ll. ])..17.50.1 60 1.026 0.329 0.697 0.1612 0.1460 7.9 0.0541 0.01164 0.0425 0.~24 0.902 0.958

T1!KPEBA.'l'OD 18000 J
ex-CO~18. 50.1 30 1.026 1.020 0.008 0.1560 0.1412 22.3 0.1578 0.01100 0.1468 5.30 7.34 7.37
Cl-B.A-18. 50.1 30 1.026 0.846 0.180 0.1510 0.1366 20.8 0.1524 0.01100 0.1414 5.08 7.04 6.37
CE-I' .:B-18.50.1 30 1.025 0.709 0.316 0.1496 0.1353 17.2 0.1271 0.01100 0.1161 4.11 5.46 5.50
CJ;.JJ.0-18.50.1 30 1.026 0.570 0.456 0.1530 0.1384 14.1 0.1019 0.01100 0.0909 3.18 4.08 4.60
CIt-ll.0-18.50.1 30 1.026 0.329 0.697 0.1502 0.1360 10.8 0.0772 0.01100 0.0662 2.28 2.83 2.83

TEMPlWmJU 19000 I

Clt-CO;r-19.50.1 10 1.026 1.020'0.006 0.1513 0.1370119.1 0.1394 0.00888 0.1325 14.24 19.00 19.00
Clt-5.A-19.50.1 10 1.026 0.846 0.180 0.1529 0.1383~18.3 0.1323 0.00688 0.1254 13.40 . 18.40 16.75
ClC-:l.:B-19.50.1 10 1.026 0.710 0.316 0.1534 0.1389 15.2 0.1093 0.00688 0.1024 10.83 14.46 14.86
ex:-JT.0-19.50.1 10 1.026 0.570 0.456 0.1532 0.1387 12.150.0902 0.00688 0.0833 8.72 11.28 12.60
CL-JT.D-19.50.1 10 1.026 0.329 0.697 0.1568 0.1418 9.7 0.0684 0.00688 0.0615 6.34 8.09 8.09

• Average specific reaction rate corrected onl7 tor V. C .M. based on I2 blank ran.
•• Average specific reaction rate corrected tor both V.C.M. and gal composition
••• Average epecifio reaction rate calcu1a'e4 fro. rate expression



'UBLB (A 4) DA!.l S1iE!1! ~. (': )

RESULTS OF CO2-CO RUNS (NEW ENGLAND COKE )

CARBON SAMPLE Hew ~an4 coke REACTIOI' 'l'EMPEB.l'.mD 15000 - 19000 J
ASH COBTENT 9.5 ~ by weight HEACTIOllPRESSURE 1.026 atm.
PARTICLE SIZE 50-60 US mesh REACT10l{TID 10 - 700 min.
GASCOMPOSITIOB COZ-CO mixture. GASnow BAD 15 cc./ sec. ( 850 J at 1 at.. )

Run 1'0. Clt-CO.A-15.50.1 designate. ron Jlo. 1 at 15000 J 'Us1n& gaB mixture CO.A and 150-60JIleeh
!lev England coke panic1 ••

Reaotion time, min.
Total pressure, atm.
Partial pressure ot CO, atm.
Partial pressure ot CO~batm.
Partial pressure ot Jl~h
• n - Pco - PCDa' not listed. din.

'Wo Weight ot samp~jt gm.
O.905WoWeigh' ot carbon in sample, gm.

LOIS ot weigh' ot ,ample during reaction, JIll.
Fraction 0U'b01!L weight 10s8 in C0a-CO mixtures
Fraction ~ weight 10.1 in Ba. no' 11st.4
Corrected traotion carbon weigh' 10•• ,
~C02 - lil2Ave~. ~ecitio reaction rate.(-ln(l-l>/e)xlOOO,
mg.C./gm.C. min.

• p•• I p•• ~ ..RUllO. Q "]! Pe02 p 110 0.905lf, AY :rC02 J' Rav• :Y.co eo~ aocor ecte calc.

TD4PDAIJ.'(JBI 15000 J
CX-CO~15.50.1 650 1.025 1.019 0.0000 0.1888 0.1708 17.20 0.1006 0.0916 0.1476 1.019 0.0003 0.14'10
Clt-CO•.Ar-15.50.1380 1.025 0.931 0.0892 0.1612 0.1458 1.40 0.0096 0.0024- 0.0063 0.931 0.0892 O.OO~3
Clt-CO.:B-15.50.1540 1.030 0.884 0.1410 0.1545 0.1398 1.30 0.0093 0.0010 0.0019 0.884 0.1410 0.0032
Clt-CO.C-15.50.1 700 1.011 0.847 0.1590 0.1724 0.1560 1.75 0.0112 0.0021 0.0033 0.847 0.1590 0.0028
CIt-CO.D-15.50.1 605 1.026 0.778 0.2440 0.3743 0.3390 3.30 0.0097 0.0010 0.0017 0.778 0.2440 0.001'1

TD!PEBATUllE 1600° Y
~'R'_ .m ., IL filL' 120 1.0S8 1.OS? 0.•0000 0.1610 0.1457 10.50 0.0722 0.0637 0.6480 1.060 0.0020 0.6300
C~CO~~16.50.1 100 1.025 0.931 0.0892 0.1579 0.1428 2.00 0.0140 0.0059 0.0693 0.931 0.0894 0.0493
CX-CO.:B-16.50.1 210 1.025 0.826 0.1940 0.1579 0.1428 1.90 0.0133 0.0033 0.0157 0.826 0.1940 0.0210
CIt-Co.0-16.50.1 240 1.025 0.859 0.1610 0.1819 0.1646 3.10 0.0188 0.0086 0.0358 0.859 0.1610 0.0261
CE-CO.D-16.50.1 240 1.025 o.mg 0.2440 0.1447 0.1308 1.70 0.0130 O.OO~ 0.0113 0.779 0.2440 0.0160

TEMPERATURE 17000 r
Clt-C0a-17.50.1 120 1.025 1.019 0.0000 0.1083 0.0981 21.70 0.2210 0.0206 1.9250 1.011 0.0076 1.7280
ex-CO•.Ar-17.50.1 30 1.027 0.933 0.0894 0.1677 0.1517 2.95 0.0195 0.0119 0.4000 0.930 0.0921 0.3500
CX-CO.:B-17.50.1 60 1.027 0.853 0.1690 0.1689 0.1528 3.40 0.0222 0.0106 0.1768 0.852 0.1700 0.1860
CIt-CO.0-17.50.1 60 1.025 0.859 0.1610 0.1669 0.1510 3.10 0.0205 0.0089 0.1483 0.858 0.1620 0.1964
CX-CO.1-17.50.1 120 1.025 0.775 0.2480 0.2177 0.1970 6.95 0.0353 0.0203 0.1716 0.774 0.2490 0.1188

T])ipEBAroRE 18000 :r

Clt-COz:-18.50.1 30 1.026 1.020 0.0000 0.1560 0.1412 22.30 0.1578 0.1468 5.30 1.000 0.0200 4.770
CIt-CO • .Ar-18. 50.1 30 1.031 0.936 0.0897 0.1516 0.1372 9.30 0.0678 0.0568 1.96 0.928 0.0973 1.920
CX-CO.:B-18.50.1 20 1.030 0.85'10.1680 0.1405 0.1272 3.70 0.0291 0.0213 1.08 0.853 0.1720 1.138
CLCO.0-18.50.1 30 1.025 0.859 0.1610 0.2109 0.1910 8.70 0.0456 0.0346 1.17 0.853 0.1670 1.165
CE-CO.D-18.50.1 40 1.025 0.779 0.2440 0.1552 0.1404 5.90 0.0420 0.0295 0.76 0.776 0.2470 0.764

TDtPERATOBE 19000 J'
CE-C0a-19.50.1 10 1.026 1.020 0.0000 0.1513 0.1370 19.10 0.1394 0.1328 14.24 0.982 0.0375 12.54
C&'CO.A-19.50.1 10 1.022 0.928 0.0891 0.1826 0.1471 11.10 0.0756 0.0687 7.12 0.90'1 0.1099 7.20
Clt-CO.:B-19.50.1 10 1.030 0.884 0.1410 0.1476 0.1336 7.40 0.0554 0.0486 4.98 0.871 0.1540 5.62
CE-CO.C-19.50.1 10 1.028 0.861 0.1615 0.1480 0.1340 7.80 0.0582 0.0513 5.28 0.847 0.1757 4.98
CX-CO.D-19.50.1 10 1.021 0.774 0.2430 0.2411 0.2180 8.90 0.0408 0.0339 3.45 0.759 0.2580 3.39

••••••
Average specific reaction rate corrected tor V.C.M. based on -2 blank rane
Presgnres corresponding to corrected gas composition8
Average specific reaction rate calculated tro. rate expression



�LE (A 5) JlA.iU SREl1! RO. ( )

INFLUENCE OF GAS FLOl'l RATE ON REACTION RATE (NEW ENGLAND COKE )

lAOOO - 1900° J'
1.026 atm.
10 - 120 min.
15 - 100 cc./ lec. ( 860 I &
1atm. )

Ran lIo. ex-V-COr18.50.1 designates ran Bo. 1 at 16000 J' 1l8iDg pure CO2 a:ad 60-60 melh Hew
England coke particleSJ , indica'e. that the variable tor the serie. ot run. i, the gal Telocl'7

CARBOll SAMPLI
ASH COBTEB!
PARTICLE SIZE
GAS COMPOSITIOI'

llew !;ngland coke
9.5 ~ b7 weight
50-60 US mesh
100~ CO2

REACTIOll TDlPEBATUD
llEA.CTIOliPllESSTJB]D
BEACTIOJl mil
GAS FLOW lAD

Q Reaction time, min. All' LOll ot veigh' ot ~bt during reaction. JIll.
V Ga. now rate, cc./aeo. measured )'c02 rractlon oaI4toa weigh' lo.s 1n COa

at 850 J and 1 atm. li'H2 Fraction eaJ1loa weight 108. in 1'2
Yo Weight ot sample, gill. J' Corrected traction oarbon veight 10.1.
Q.905Wo Weight ot carbon in sample, gm. rcoa- %2
/Bav. Average specific reaction rate, -lJ1(1-:r>/9, mg.C./p.C.min., 0.001

;

HtmW. Q V Wo 0.9090 .aw J'C02 %2 J Bav. l/V

DMPEBATUD 16000 J
,ex-V-COZ-16.50.1 120 ;;Ie:.aa OO~O898' .'.0~O813 6.2 0.0762 0.00854 0.00677 0.567 O.06~
C~V-C0a-16.60.2 120 32.30 0.0893 0.0808 6.3 0.0779 0.008M 0.00694 0.582 0.03095
CE-T-C0a-16.50.3 120 83.20 0.0898 0.0813 8.65 0.0818 0.00854 0.00733 0.614 0.01202

~ERA.'I'UBE 17000 r
CE-V-CO~17.50.1 80 15.10 0.0904 0.0819 11.2 0.1368 0.0116 0.1252 2.23 0.0662
CX-'-COa-17.50.~ 60 25.90 0.0907 0.0820 11.9 0.1452 0.0116 0.1336 2.39 0.0386
CZ-T-CO~17.50.8 60 55.00 0.0898 0.0813 1a.0 0.14'18 0.0118 0.1359 3.43 0.0183CZ-V-COa-17.50.1 60 104.80 0.0903 0.0818 12.5 0.1528 0.0116 0.1413 2.154 0.00983

I"

TEMPEB.A.TUBE 18000 y
CE-T-C0a-18.50.1 30 15.00 0.0889 0.0805 15.15 0.1928 0.011 0.18115 6.67 0.0667
CE-T-C0a-18.50.J 30 15.40 0.0898 0.0813 15.7 0.1930 0.011 0.1820 6.69 0.0849
ex-V-C02-18•50•3 30 22.50 0.0889 0.0805 16.a:~ 0.2010 0.011 0.1900 7.02 0.0444
CI-V-COZ-18.50.4 30 26.80 0.0891 0.0806 13.4 0.1912 0.011 0.1803 6.63 0.0373
cr.-V-COa-18.50.5 30 37.10 0.0891 0.0806 16.1 ' 0.1998 0.011 0.1888 6.97 0.0269
ex-V-COa-18.50.6 30 62.30 0.0902 0.081'1 16.9 0.2JY10 0.011 0.1960 7.Z7 0.1161
CE-V-C0a-18.50.7 30 94.30 0.0889 0.0801S 16.5 0.00150 o.on 0.1940 '1.19 0.0106

TD1PEBA'.l'tJBJt: 19000 r
CE-V-C0a-19.50.1 10 14.65 0.0905 0.0819 14.1 0.1'122 0.0069 0.1653 18.0'1 0.0683
CE-T-C0a-19.50.2 10 15.30 0.0897 0.0811 13.9 0.1'114 0.0089 0.1845 17.97 0.0653
CE-T-C0a-19.50.3 10 20.60 0.0907 0.0830 1414 0.1758 0.0089 0.1687 18.46 0.0486
CE-V-C0a-19.50.4 10 :!I.50 0.0905 0.0819 14.1P 0.1722 0.0069 0.1653 18.0'1 0.0363
CX-T-C02-19•50•S 10 2'1.50 0.0884· O.OSOO 14.0 0.1780 0.0069 0.1681 1S.40 0.0368
CE-T-COa-19.1SO.6 10 50.00 0.0888 0.0804 14.2 O.l'1M 0.0069 0.1695 18.57 0.0200
CX-T-COZ-19.50.7 10 85.10 0.0895 0.0810 14.5 0.1790 0.0069 0.1'121 18.88 0.0118
Cl-T-C0a-19.50.8 10 93.00 0.0905 0.0819 14.5 0.1770 0.0069 0.1701 18.64 0.0108
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TABLE (A 1)

INFLUENCE OF D ON R
DATA SHEET NO. ( )
( NEW ENGLAND COKE )

CARBON SAMPLE New England coke REACTIOI TmPERATUD
ASH CONTENT 9.5 tf, b7 weight REACTION PRESSURE
PARTICLE SIZE 0.163-9.18 mm. REACTION TID
GAS COMPOSITION 100% C02 GAS FU)W RATE

18000 ,
1.026 atm.
10-90 min.
15 cc./ sec.

( 850 , and 1 atm. )
Run No. CK-C02-18.08.1 designates ron No. 1 at 18000)'
""7- using pure C02 and 8-12 mesh New England coke particles
Q Reaction time, min.
\fo Weight' of sample, gm.
o.905W'oWeight ot carbon in sample, gm.
AW Loss of weight ot semple during reaction, mg.
'co2 Fraction carbon weight loss in CO2
iN2 Fraction carbon weight 1088 in X2
F Corrected fraction carbon weight 1088, '902 - F~
Bav. Average specific reaction rate, 1000(-ln~1-1)/Q), mg.C/gm.C.min.

RUll NO. e Wo 0.905lfo AW ]'C02 FN2 F Rav.

D.1 Diame ter I:: 9.18 mm.
Cx...CO~18.D.l.1 ·~O 0.38242 0.34612 5.90 0.0170- 0.0062 0.0108 0.353

2 60 13.93 0.0402 0.0102 0.0300 0.508
3 90 22.86 0.0660 0.0128 0.0532 0.608

D.2 Diameter = 7.9 mm.
CK-C0Z-18.D.2.1 30 0.26916 0.24356 5.88 Q.0241 0.0062 0.0179 0.603

2 60 13.45 0.0552 0.0102 0.0460 0.769
3 90 22.50 0.0923 0.0128 0.0795 0.921

D.3 Diameter a 7.23 mm.
CK-CO~18.D.3.1 30 0.19312 0.17482 4.33 0.0248 0.0062 0.0186 0.6:11

2 60 10.45 0.0598 0.0102 0.0496 0.849
3 90 17.62 0.1008 0.0129 0.0879 1.021

D.4 Diameter = 7.08 mm.
CK,.C02-18.D.4.1 30 0.12200 0.11041 3.44 0.0311 0.0062 0.0249 0.840

2 60 7.28 0.0659 0.0102 0.0557 0.956
3 90 11.91 0.1079 0.0129 0.0950 1.110



TA'BLE ( A 7) Cont.

Rtm1lO. e Yo 0.905W. A\f 'eo2 J'x2 r RaT.

D.S Diameter • 5.29 mm.
Clt-C0a-18.D.5.1 30 0.07896 0.07148 2.50 0.036 0.0063 0.0287 0.970

2 60 4.54 0.0636 0.0103 0.0533 0.914
3 90 8.99 0.126 0.0131 0.1129 1.33

D.S Diameter e 4.82 mm.
Clt-C02-18.D.6.1 30 0.06068 0.05491 2.10 0.0383 0.0064 0.0319 1.08

2 60 4.57 0.0832 0.0104 0.0728 1.26
3 90 7.12 0.1298 0.0131 0.1167 1.38

D.? Diameter lit 4.23 m.
Clt-C0a-1B.D.?1 30 0.04023 0.03641 1.16 0.0316 0.0065 0.0251 0.847

2 60 2.91 0.0798 0.0105 0.0693 1.200
3 90 4.71 0.1292 0.0133 0.1159 1.370

D.S Diameter ~ 3.71 Mm.

Cl-C0a-18.D.8.1 30 0.02819 0.02550 1.40 0.0548 0.0066 0.0482 1.648
2 60 3.09 0.1212 0.0106 0.1106 .1.958
3 90 4.80 0.1883 0.0134 0.1'149 2.140

D.9 Diameter = 2.63 Mm.

Clt-C02-18.D.9.1 30 0.01358 0.01230 1.0'1 0.0868 0.0067 0.0801 2.785
2 60 2.31 0.1980 0.0106 0.1774 3.260
3 90 3.48 0.2830 0.0135 0.2695 3.490

D.10 Diameter • 2.49 mm.
CX-C02-18.D.10.1 30 0.01082 0.00979 0.88 0.0898 0.00685 0.0829 2.85

2 60 1.94 0.198 0.0107 0.181 3.45
3 90 3.04 0.310 0.0136 0.296 3.90

Ill1l Diameter • 2.35 mm.
CX-C02-18.D.l1.1 30 0.00826 0.00747 0.66 0.0883 0.00695 0.0813 2.83

2 60 1.46 0.1954 0.0108 0.1846 3.40
3 90 2.14 0.287 0.0137 0.273 3.545



lrAir ...~
I",J

TABLE ( A 1) Cont.

mm RO. Q Wo 0.905\10 tall FC02 J'B2 J Rav.
8 - 12 mesh Diameter. 2.03 mm.

CL-C0a-18.08.1 10 0.1094 0.0991 3.60 0.0363 0.0033 0.033 3.36
2 20 0.1022 0.09M 6.40 0.0692 0.0055 0.063'1 3.30
3 SO 0.1031 0.0932 11.00 0.1181 0.0072 0.1109 3.92
4 50 0.1020 0.0922 17.6 0.1910 0.0100 0.1810 3.98
5 90 0.1008 0.0912 26.9 0.2950 0.0140 0.281 3.67

16-20 mesh Diameter- 1.02 mm.
ex-C02-18.16.t 10 0.1047 0.094'1 4.5 0.0476 0.0040 0.0436 4.50

2 20 0.1051 0.0951 8.2 0.0882 0.0063 0.0800 4.17
3 30 0.1040 0.0942 13.3 0.1413 0.0080 0.1330 4.76
4 50 0.1023 0.0926 22.7 0.245 0.0107 0.2340 5.33
5 90 0.1033 0.0938 35.0 0.374 0.0151 0.3590 4.94

30-40 mesh Diameter a O. ~ mm.

cx;...C0a-18.30.110 0.1006 0.0910 4.10 0.0451 0.0051 0.0400 4.10
2 20 0.0993 0.0898 8.8 0.0980 0.0076 0.0904 4.75 .
3 20 0.1008 0.0912 8.6 0.0943 0.0076 0.0867 4.52
4 30 0.1006 0.0910 13.7 0.1505 0.0094 0.1411 5.07
5 50 0.0999 0.0904 23.8 0.263 0.0123 0.2510 5.78
6 90 0.1026 0.0928 39.0 0.420 0.0168 0.4030 5.73

50-60 mesh Diameter • 0.2J4 mm.
OL.CO~18.50.2 .10 0.1063 0.0963 6.' 0.0685 0.0066 0.0619 6.403 20 0.1009 0.0913 11.5 0.1258 0.00995 0.1158 6.184 30 0.1022 0.0924 18.5 0.2000 0.0121 0.188 6.93

5 50 0.102'1 0.0928 28.8 0.3100 0.0153 0.295 7.00
6 90 0.1017 0.0919 4'f;0 0.511 0.0198 0.491 7.50

70-SO mesh Diameter • 0.194 mm.
O~COa-1e. 70.1 10 0.1014 0.0918 9.0 0.0979 0.00818 0.0897 9.40

2 20 0.1004 0.0908 14.5 0.1596 0.0124 0.1472 7.97
3 30 0.1025 0.092'1 22.1 0.2390 0.0152 0.224 8.45
4 50 0.0992 0.0898 34.0 0.3790 0.0192 0.360 8.93
5 '15 0.1010 0.0913 4'1.8 0.5230 0.0225 0.500 9.25
6 90 0.0986 0.0892 51.9 0.582 0.0242 0.558 9.0'1

80-100 mesh Diameter c 0.163 mm.
CIt-COa-18.80.1 10 0.1014 0.091'1 10.0 0.109 0.00906 0.100 10.54

2 20 0.1021 0.0923 18.2 0.197 0.0142 0.183 10.10
3 30 0.1008 0.0913 25.3 0.i!'J7 0.01'16 0.259 10.00
4 50 0.1041 0.0942 41.0 0.436 0.0234 0.413 10.68
5 90 0.1060 0.0959 64.6 0.673 0.0310 0.642 11.40
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!A.'BLB (A 10 ) DATA sum BO. ( )

RESULTS OF C02-N2 GAS MIXTURES ( NATIONAL ELECTRODE CARBON )
CARBOBSAM:PLE National electrode carbon REAOTIONTEMPERATtJRE 16000_ 19000 J'
ASH COlTER! 0.4 % b7 veight BEAOTIOBPDSSUBE 1.026 atm.
PARTICLE SIZE 50-60 US mesh DACTIOlf TID 5 - 90 min.
GAS OOMPOSITI01{ C02-:l2mixtures GAS JWW BATE 15 cc./sec. ( 85° .," 1 atm. )

Run 110. EC-N •.A,.16.50.1 designates run No.1 at 1600° .,using gas mixture R.A and 50-60 mesh
National electrode carbon particles

Q Reaction time, min. 1 Weight fraction carbon 10s\
Pcoa partial. pres«nre ot COat atm. Bo Instantaneous ~ecit~c reaction rate at 1 • O.
Flla Partialeprsssure of N2, atm. -1000 1DK 1-:rW-+14J ~/158. mg.C./tJ4.0•min•
Wo Weight of sample, i!J1l. BaT• .A.ve~e specifio reaction rate, -1000 1n (l-f)/G.
O.996WWeight ot carbon in semple, f!J4. mg.C./gm.C.min.
IIW Loss ot weight ot sample during reaction, mg.

mm JW. Pco2 P1fa "0 0.996W L\W ~ a BaT. BaT.a 0 calc.

TEMPERATURE 16000 F Q II 90 min.
EO-002-16.50.2 1.020 0.006 0.11m. 0.1147 14.2 0.1237 r.O.~842 1.467 1.39
10-00[16.50.3 1.020 0.006 0.1013 0.1009 12.3 0.1218 0.833 1.443 1.36 .
EC-Jr. 16.50.1 0.814 0.212 0.1020 0.1016 10.0 0.0985 0.718 .1.152 1.al
EC-B.r-1S.60.1 0.717 0.309 0.1010 0.1008 9.3 0.0924 0.687 1.077 1.14
Eo-l'.G-16.50.1 0.563 0.463 0.1025 0.1021 9.8 0.0940 0.695 1.097 1.08
EO-B.B-16.50.1 0.426 0.599 0.1047 0.1043 7.8 0.0719 0.571 0.829 0.87
EC-B.J-16.50.1 0.224 0.802 0.1036 0.1032 5.0 0.0485 0.421 0.552 0.556
Eo..I.1-16. 50.1 0.102 0.924 0.1096 0.1092 3.2 0.0293 0.277 0.330 0.305

TmPEBATURE 17000 J' Q • 30 min.
Eo..C02-17.50.1 1.020 0.008 0.1078 0.1074 11.8 0.1098 2.325 3.878 4.025
EO-002-17.50.2 1.020 0.005 0.1035 0.1031 13.1 0.l270 2.57 4.525 4.~0
EO-If.:1-17 .50.1 0.814 0.212 0.1082 0.1078 11.0 0;1020' 2.21 3.588 3.70
10-1'.1'-17.50.1 0.717 0.309 0.1023 0.1019 10.3 0,1010 2.19 3.549 3.54
EC-B.G-17.50.1 0.563 0.463 0.1037 0.1034 9.0 0.0870 1.974 3.034 3.09
1C-B.B-17.50.1 0.426 0.599 0.1010 0.1006 8.2 0.0815 1.88 2.834 2.72
EO-1l.1-17.50.1 0.234 O.BOa 0.1007 0.1003 4.9 0.0488 1.27 1.668 1.685
IO-W.I-l'1.eo.1 0.102 0.924 0.1055 0.1051 2.8 0.0266· 0.762 0.899 0.875

TEMPERATtJB:I 18000 r e • 10 min.
Eo..00a-18.50.1 1.020 0.006 0.1003 0.0999 9.'1 0.0971 6.40 10.215 10.72'
Eo..C0a-18.60.3 1.020 0.006 0.1050 0.1046 11.6 0.1110 7.035 11.766 11.25
EC-B.E-18.50.1 0.814 0.212 0.1081 0.107'1 10.0 0.0928 6.20 9.740 9.82
EC-N.r-18.50.1 0.717 0.30~ 0.1030 0.1026 9.1 0.0887 5.99 9.289 9.27
EC-1l.G-18.50.1 0.563 0.463 0.1028 0.1034 8.7 0.0849 5.11 8.873 8.34
Eo..N.H-18.50.1 0.426 0.599 0.1047 0.1043 6.1 0.0585 4.39 6.028 6.58
EC-H.J-18.50.1 0.224 0.80a 0.1040 0.1036 3.8 0.0367 3.02 3.740 4.10
EO-B.I-18.50.1 0.10a 0.924 0.1064 0.1060 2.4 0.0226 1.98 2.286 2.17

TEMPERAron 1900° ., 01:1 5 min.

:&:0..002-19•50•11.020 0.006 0.1180 0.1176 19.3 0.1641 18.30 35.862 33.00
EC-C0a-19.50.2 1.020 0.006 0.1015 0.1011 15.7 0.1553 17.63 33.756 32.10
10..002-19.50.3 1.020 0.006 0.1014 0.1010 15.4 0.1525 17.44 33.094 3l.BO
EC-I~19.60.1 0.814 0.212 0.1080 0.1076 14.2 0.1320 15.84 28.314 27.80
EC-B .L19. 50.2 0.814 0.212 0.1056 0.1052 13.1 0.124t5 15.23 26.592 27.10
EC-N.:r-19.50.1 0.717 0.309 0.1056 0.1082 12.4 0.1179 14.67 25.092 25.30
Eo..B.Q-.19.50.1 0.563 0.463 0.1040 0.1036 10.4 0.1004 13.12 21.162 21.60
Eo..H.B-19.oo.1 0.426 0.599 0.1010 0.1006 8.9 0.0885 11.98 18.534 18.20
Io..lI.J-19.50.1 0.224 0.802 0.1034 0.1020 5.1 0.0500 7.76 10.260 10.60
Eo..!l.1-19.50.1 0.102 0.93ft 0.1021 0.1017 2.8 0.0278 4.71 5.578 5.32



fiBLE (A I\ )

RESULTS OF C02-CO HIXTURES

DATA aHEm NO. ( )

( NATIONAL ELECTRODE CARBON )
CARBON SAMPLE National electrode carbon REACTION TE¥PERATURB
ASH CONTENT 0.4 f, by weight REACTION PRESsURE
PARTICLESIZE' 50-60 US mesh REACTION TIME
GAS COHPOSITION CO2-CO mixtures GAS FLOW RATE

16000 - 1900° F
1.026 atm.
5 - 90 min.
15 cc./sec.(85° F &1 atm.)

Run Ro. EC-CO.A-16.50.1 designates run No. 1 at 16000 F using gas mixture CO.Aand 50-60
mean National electrode carbon particles

Q Reaction time, min.
PC02 Partial pres~e of C02, atm.
Pco Partial pressure of CO, attn.
P}rn Partial pressure ot N2, atm.
Wo Weight of sample, grn.
0.996W Weight of oarbon in sample, f!J!l.

Loss ot weight ot sample during reaction, mg.
Weight traction carbon lost during reaction
Instantaneous specific reaction rate at ~ = 0,
-1000 1n1 1-Y)'(L+14J' Wl59, mg.C.I gm. C.min.
Ave~e specific reaction rate, -1000 In(l-~)lo,
mg.C./ gm.C.m1n.

RUN NO. Pc02 Peo Pxa lio 0.996W .1W F Ro Rav. :tv.0 c c.
TEMPERATURE 16000 .., Q = 90 min.

EC-C0a-16.50.2 1.020 0.000 0.006 0.1151 0.1147 14.2 0.1237 0.842 1.467 1.390
EC-CO~16.50.3 1.020 0.000 0.006 0.1013 0.1009 12.3 0.1218 0.833 1.443 1.360
EC-CO.L-16.50.1 1.010 0.010 0.006 0.1026 0.1022 2.5 0.0244 0.236 0.274 0.250
ECwCO.:t-16.50.1 0.995 0.025 0.006 0.104'7 0.1043 1.0 0.0096 0.101 0.107 0.108
EC-CO.0-16.50.1 0.972 0.048'. 0.006 0.1120 0.1116 0.6 0.00538 0.058 0.060 0.057
EC-CO.J-16.50.1 0.953 0.068 0.005 0.1015 0.1011 0.4 0.00395 0.043 0.044 0.041
EC-CO.K-16.50.1 0.8'18 0.143 0.005 0.1045 0.1041 0.7 0.00671 0.036 0.038 0.018(8a180

min.)
TDIPERATUIm 17000 Y Q = 30 min.

EC-C02-l7.50 .1 1.020 0.000 0.006 0.1078 0.1074 11.8 0.1098 2.325 3.88 4.03
EC-C02-17.50.2 1.020 0.000 0.006 0.1035 0.1031 13.1 0.1270 2.570 4.63 4.27
EC-CO.L,,17.50.1 1.010 0.010 0.006 0.1074 0.1070 5.8 0.0542 1.377 " 1.86 1.69
:00-00.L.17~ eo, a- 1.010 0.010 0.006 0.1026 0.1022 5.8 0.0567 1.427 1.95 1.72
EC-CO.I",17.60.1 0.995 0.025 0.006 0.1076 0.1072 2.6 0.0242 0.703 0.82 0.84
EC-CO.o.17.50.1 0.972 0.048 0.006 0.1032 0.1028 1.4 0.0136 0.418 0.46 0.47
EC-CO.J-17.50.1 0.953 0.068 0.008 0.1031 0.1027 1.1 0.0107 0.333 0.36 0.34
EC-CO.M-17.50.1 0.937 0.084 -Q.005 0.1033 0.1029 1.1 0.0107 0.334 0.36 0.26
EC-CO.X-17.50.1 0.878 0.143 0.005 0.1051 0.104'1 0.7 0.0067 0.215 0.22 0.18

TEMPERATURE 18000 Y Q • 10 min.
~CO,2-18.50.1 1.020 0.000 0.006 0.1003 0.0999 9.7 0.0971 6.40 10.22 10.72
:&:O-C02:'18.50.2 1.020 0.000 0.006 0.1050 0.1046 11.6 0.1110 7.04 11.77 11.25
EC-CO.I...18.50.1 1.010 0.010 0.006 0.1031 0.1027 6.7 0.0653 4.76 6.76 7.09
EC-CO.L-18.50.2 1.010 0.010 0.006 0.1064 0.1060 8.1 0.0764 5.37 7.95 7.45
:IO-CO.I-18.50.1 0.995 0.025 0.006 0.1007 0.1003 4.7 0.0468 3.68 4.79 4.77
EC-CO.B-18.50.1 0.975 0.046 0;'005 0.1048 0.1044 4.4 0.0421 3.38 4.30 3.33
EC-CO.G-18.50.1 6.972 0.048 0.006 0.1038 0.1034 3.1 0.0299 2.53 3.04 3.05
EC-CO.J'-18.50.1 0.953 0.068 0.005 0.1018 0.1014 2.4 0.0236 2.07 2.40 2.31
EC-CO.H-18.50.1 .0.93'1 0.084 0.005 0.1036 0.1032 2.2 0.0216 1.90 2.18 1.84
EO-CO .L.18. 50.1 "0.878 ' 0.143 0.008 0.1008 0.1004 1.2 0.01194 1.11 :1.20 1.13

, , TEMPERATUD 19000 F G= 5 min.
EC-C02-19.50.1 ., 1.020 0.000 0.006 0.1180 0.1176 19.3 0.1641 18.30 35.86 33.00
EC-C02-19•50•2 1.020 0.000 0.006 0.1015 0.1011 15.7 0.1553 17.63 '33.76 32.10
EC-C02-19.50.3··'.1.020 0.000 0.008 0.1014 0.1010 15.4 0.1525 17.44 33.09 31.80
EC-CO.L-19.50.1 1.010 0.010 0.006 0.1052 0.1048 13.7 0.1307 15.73 27.99 ·27.50
EC-CO.I-19.50.1 0.995 0.025 0.006 0.1031 0.1027 10.5 0.1022 13.27 21.56 20.60
EC-CO.G-19.50.1 0.972 0.048 0.006 0.1121 0.111'1 9.4 0.0841 11.53 17.57 15.70
EC-CO.1-19.50.2 0.972 0.048 0.006 0.1100 0.1096 11.8 0.1077 14.14 22.79 16.60
EC-CO.J-19.50.1 0.953 0.068 0.005 0.1043 0.1039 6.4 0.0615 9.13 12.69 12.30
Ee-CO.~19.50.1 0.878 0.143 0.005 0.1014 0.1010 3.6 0.0356 5.86 7.25 7.21



TllLE (A 12) DATA SHEE! BO. ( )

INFLUENCE OF GAS FLOW RATE ON REACTION RATE (NATIONAL ELECTRODE CARBON )

CARBOBSAMPLE National electrode carbon
ASH CON'TEN! 0.4 % by veigh'
PART! OLE SID 50-60 US mesh
GAS COMPOSITIOli 100% CO2 ( Trace of 112 )

16000_ 19000 F
1.026 atm.
5 - 90 min.
15 ~1.09.~" ( 85° F " 1 atm. )
ee«] sec.

linn No. EC-V-C02-16.50.1 designates ran :No.1 at 1600° ~ using pure COa and 50-60 mesh
National e1ectrole carbon partic1est V indicates that the variable for the series of
runs 1s the gas Te10eit7

BE1CTIOB TEMPEBAmRE
REACTlOK PRESSUBE
B.EA.CTIOB 'lIME
GAS FLOW RA!1l

Q Reaction time, min.
V Gas flow rate, cc./sec., measured

at 850 F and 1 atm.
Wo Weight of sample, gill.
0.996W Weight ot carbon in sample, 1!14.

Losl of weight of sample during reaction, mg.
Weight traction carbon lost duxing reaction
Partial pressure ot CO2, atm.
Partial pressure of B2, atm.
Average specific reaction rate,
-1000 In(1-1)/9, mg.C./gm.C.m1n.

RUB NO. V Pcoa Px2 Yo 0.996W 4y F Rav• 1/T
0

TEMPERA.TUBE 16000 F .g e 90 min.
EC-C0a-16.50,» 15.0 1.020 0.006 0.1151 0.1147 14.2 0.1237 1.467 0.0666
EG-CO@016. 50~3 15.0 1.020 0.006 0.1013 0.1009 12.3 0.1218 1.443 0.0666
EC-T- a-16.50.1 23.1 1.020 0.006 0.1021. 0.1019 11.90 0.1169 1.381 0.0433
EC-T-C02-16•50.2 36.3 1.021 0.005 0.10'19 0.1015 12.6 0.1171 1.384 0.0Z/3
EC-T-COT16.50.3 83.0 1.021 0.005 0.1030 0.102& 13.2 0.1286- 1.527 0.0121

TEMPElU.TOBE 17000 F Q • 30 min.
:IC-OO2-17 .50.1 1li.0 1.020 0.006 0.1078 0.1074 11.8 0.1098 3.878 0.0666
EC-COa-1'1.50.2 15.0 1.020 0.006 0.1035 0.1031 13.1 0.1270 4.525 0.0666
EC-T-COg-17.50.1 23.1 1.020 0.006 0.1054 0.1050 13.0 0.1238 4.405 0.0433
BC-V-COa-1'l.50.a 34.4 1.021. 0.005 0.1025 0.1021 14.2 0.1390 4.989 0.0291
EC-V-COa-l'1.50.3 81.6 1.021 0.005 0.1030 0.1026 14.6 0.1423 5.117 0.0123

TEMPERA.mRE 18000 ~ 9 • 10 min.
Eo..COa-18.50.1 15.0 1.020 0.006 0.1003 0.0999 9.7 0.0971 10.215 0.0666
EC-CO~18.50.2 15.0 1~()20 0.006 0.1050 0.104& 11.6 0.1110 11.766 0.0666
10..1'-002-18.50.1 23.1 1.020 0.006 0.1019 0.1015 11.5 0.1133 12.026 0.0433
EC-V-COa-18.50.2 35.3 1.021 0.005 0.1032 0.1028 11.'1 0.1138 12.082 0.0283
Ee-T-COa-18•50.3 84.0 1.021 0.005 0.1021 0.1017 12.7 0.1249 13.342 0.0119
EC-V-COa-18•50.4 85.3 1.021 0.005 0.1087 0.1083 13.4 0.1237 13.005 0.0117

TEXPERATtJllE 19000 ., Q. 5 min.
EC-C0a-19.50.1 15.0 1.020 0.006 0.1180 0.1176 19.3 0.1641 35.862 0.0666
EC-COa-19. 50.2 15.0 1.020 0.006 0.1015 0.1011 15.7 0.1553 33.756 0.0666
EC-COa-19. 50.3 15.0 1.020 0.006 0.1014 0.1010 15.4 0.1525 33.094 0.0666
EC-T-COa-19.50.1 23.1 1.020 0.006 0.1012 0.1008 15.3 0.1515 32.858 0.0433
EC-Y-OOa-19.50.2 35.3 1.020 0.006 0.1087 0.1083 16.7 0.1540 33.448 0.0283
EC-T-CO~19.50.3 80.7 1.021 0.005 0.1013 0.1009 17.5 0.1734 38.088 0.0124
EC-T-COa-19.50.4 85.3 1.021 0.005 0.1019 .0.1015 18.7 0.1841 40.694 0.0117
RC-V-COZ-19.50.5 109.4 1.021 0.005 0.1006 0.1002 20.6 0.2055 46.010 0.0091



TABLE (A 13 ) DATA SHE~ 1«). ( )

INFLUENCE OF REACTION TI1~ ON REACTION RATE (NATIONAL ELECTRODE CARBON )
CARBON SAMPLE
ASH CONTENT
PARTICLE SIZE
GAS COl-iPOSITIOll

National electrode carbon
0.4 % by veight
50-60 US .mesh
as indicated

REACTION TEMPERATUD
RmACTIOB PBESSUBE
REACTION TIME
GAS FLOW RATE

16000 _ 19000 r
1.026 atm.
4 - 90' min.
15 00./88C.( 850 :r &, 1 atm.),

Run Bo. EC-T-CO~16.50.1 designates ran Bo. 1 at 16000 r using pure C02 and 50-60 meSh
National electrode carbon particles; T indicates that the Tariable tor the seriel ot
runs is time ot reaction
T Reaction temperature, OF
Q Reaction time, min.
pC02 Partial pressure ot C02, atm.
~eo Partial pressure of CO, atm.
PB~ Partial pressure ot B2' atm.
Wi)' "Weight of sample, {9A.
0.996W Weight of carbon in sample, f!1l1.

Loss ot weight of sample during reaction, mg.
Weight traction carbon lost during reaction
Instantaneous specit~c reaction rate at I a 0,
-1000 u« I-JK1+14F ~/lf)I;J, mg.C./iJA.C/min•
Averaqe specific reaction rate, -1000 In(1-7)/G,
mg.C./fJl1.C•min•

RUN NO. T 0 Pc02 Pco PH2 Wo 0.996W AW F Ro BaT. BaT.
0 calc.

EC-C0a-16. 50.2 1600 90 1.020 0 0.006 0.1151 0.1147 14.2 0.1237 0.842 1.467 1.39
EC-C02-16•50•3 1600 90 1.020 0 0.006 0.1013 0.1009 12.3 0.1218 0.833 1.442 1.36
EC-T-C0a-16.50.1 1600 60 1.020 0 0.006 0.1020 0.1016 7.4 0.0729 0.867 1.262 1.17
EG-T-COa-16.50.2 1600 45 1.021 0 0.0015 0.1072 0.1068 5.7 0.0534 0.909 1.219 1.07
EC-T-C0a-16.50.3 1600 30 1.020 0 0.006 0.1048 0.1044 3.2 0.0309 0.870 1.047 0.96

EC-C0a-17.50.1 1700 30 1.020 0 0.006 0.1074 0.1073 11.8 0.1098 2.325 3.878 4.03
Eo-oo&17.50.2 1700 30 1.020 0 0.006 0.1031 0.1027 13.1 0.1270 2.570 4.525 4.21
EC-T- 0a-17.50.1 1700 20 1.020 0 0.006 0.1012 0.1008 7.0 0.0694 2.500 3.596 3.48
EC-T-C0a-17.50.2 1700 10 1.020 0 0.006 0.1009 0.1005 3.1 0.0307 2.590 3.119 2.91

EC-T-C0a-18.50.1 1800 20 1.021 0 0.005 0.1011 0.1007 29.5 0.2929 6.59 12.33 17.'10
_ .. _ •. e. . . - --A ... -~.O~lj A -e.006 0.1037 0.1033 20.3 0.1963 5.84 14.57 14.35=c:, __ ...... u • ..., _ ....vv

... (;r u

EO-C0a-18.50.1 1800 10 1.020 0 0.006 0.1003 0.0999 9.7 0.1>971 6.40 10.22 10.72
EC-C02-1B•50•2 1800 10 1;020 0 0.006 0.1050 0.1046 11.6 0.1110 7.04 11.77 11.25
EC-~C0a-18.50.3 1800 5 1.020 0 0.006 0.1063 0.1059 4.4 0.0416 6.66 8.48 8.55

EC-T-C0a-19.50.1 1900 10 1.020 0 0.006 0.1062 0.1058 38.2 0.3610 15.00 44.79 49.80
EC-T-C02-19.50.2 1900 8 1.021 0 0.005 0.1009 0.1006 37.1 0.3690 19.00 57.57 50.60
EC-T-C0a-19.50.3 1900 7 1.021 0 0.005 0.1054 0.1050 31.3 0.2980 19.04 50.55 44.40
EC-CQ2-19•50.1 1900 5 1.020 0 0.006 0.1180 0.1176 19.3 0.1641 18.30 35.86 33.00
EC-C0a-19.50.B 1900 5 1.020 0 0.006 0.1014 0.1010 15.4 0.1525 17.44 33.09 31.80
EC-CQ2-19.50.a 1900 5 1.020 0 0.006 0.1015 0.10ll 15.7 0.1553 17.63. 33.76 32.10
EC-T-C02-19.50.4 1900 4 1.021 0 0.005 0.1015 0.1011 12.6 0.1245 19.60 33.19 28.30

EC-!-CO.M-17.50.1 1700 90 0.937 0.084 0.005 0.1048 0.1044 5.5 0.0527 0.45 0.602 0.326
EC-T-CO.M-17.50.2 1700 60 0.937 0.084 0.005 0.1027 0.1023 2.9 0.0283 0.40 0.478 0.290
Ee-CO .M-17.50.1 1700 30 0.937 0.084 0.005 0.1033 0.1029 1.1 0.0107 0.33 0.359 0.263

EC-T-CO.L-18.50.1 1800 20 1.010 0.010 0.006 0.1071 0.1067 21.5 0.2015 5.23 11.25 10.85
EC-CO.L-18.50.1 1800 10 1.010 0.010 0.006 0.1031 0.102'1 6.7 0.0653 4.78 6.75 7.10
EC-C~.L-18.50.2 1800 10 1.010 0.010 0.006 0.1064 0.1060 8.1 0.0764 5.37 7.95 7.45

EC-!-CO.B-18.50.1 1800 30 0.975 0.046 0.005 0.1038 0.1034 16.8 0.1623 3.02 5.90 5.10
EC-T-CO.H-18.50.2 1800 20 0.975 0.046 0.005 0.1041 0.1037 9.5 0.0917 -,3.07 4.81 4.08
EC-CO.S-18.50.1 1800 10 0.975 0.046 0.005 0.1048 0.1044 ;'4.4 0.0421 3.38 4.30 3.32

EC-T-CO.M-18.50.1 1800 30 0.937 0.084 0.005 0.1044 0.1040 12.1 0.1163 2.42 4.12 2.88
EC-T-CO.K-18.50.2 1800 25 0.93"1 0.084 0.005 0.1022 0.1018 8.9 0.0875 2.38 3.66 2.60
EC-!-CO.M-18.50.3 1800 25 0.937 0.084 0.005 0.1005 0.1001 8.7 0.0869 2.37 3.64 2.58
EC-T-CO.M-18.50.4 1800 2Q 0.937 0.084 0.005 0.1014 0.1011 6.5 0.0642 2.36 3.32 2.37
:le-CO~K.IL60."1 ~;~' 1800 10 0.937 0.084 0.005 0.1036 0.1032 2.2 0.0216 1.90 2.18 1.94

EC-T-B.J-18.50.1 1800 30 0.224 0 0.802 0.1029 0.1025 19.7 0.1921 3.37 7.U 7.01
EC-!-B.J-18.50.2 1800 25 0.224 0 0.802 0.1028 0.1024 15.5 0.1512 3.46 6.56 6.32
EC-!-B.l.18.50.3 1800 20 0.224 0 0.802 0.1037 0.1033 12.2 0.1180 3.67 6.28 5.70
EC-T-N .J-18 50.4 1800 15 0.224 0 0.802 0.1018 0.1014 7.4 0.0730 3.46 5.05 4.87
EC-li.J-18.50.1 1800 10 0.234 0 0.802 0.1040 0.1036 3.8 0.0367 3.02 3.74 4.12



Calculations for Experiments Using Electrode Carbon
Particles of 50-60 mesh

!. Sromple calculations
For the sample calculations. the experimental data

as supplied by Run EC-CO.L-l8.50.2 \villbe used.
a. General information
Run No.
Carbon sample
Ash content
Particle size
Gas composition
Reaction temperature
Reaction pressure
Time or reaction
Gas flow rate

EC-CO.L-18.50.2
National electrode carbon'
a .4;~by weight
50-60 US mesh
98.54% C02, 0.92~ CO and 0.54% N2
1800° F.
1.026 atm.
10 minutes
15 cc./sec. ( measured at
85° F. and 1 atm. )

b. Initial weight or swmple 0.1068 gm..
Initial weight of carbon ( corrected for ash )

0.1068 x ( 1 - 0.004 ) = 0.1064 gm.
c. Decrease in weight of sample during reaction

0.0081 gm.
d. Fractional decrease in weight of oar-bon due to

reaotion
F = 0.0081/0.1064 = 0~0764

e. Average specifio reaotion rate, Rav•
Rav• = - 1n (1-F>/9 = - In ( 1-0.0764 >/10

= 0.007948 gm. C./gm. C. min.
or 7.948 mg. C./gm. C. min.

f. Initial instantaneous specific reaotion rate, Ra,
Ro = lEQ (In ( 1+14F ) ..In ( I-F }J

= l;Q (In 2~07 - ln 0.9236 J
= 0.00537 gm.. C ./gm.. C. min.
or 5.37 mg. C./gm. C. min.
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g. Rav• calculated rrom correlation,

f 15 In (l-F)X Kl PQ02 j
Rav. = In( I-F ) 1 + K2PCO + K~C021 + 14F

_{ 15 In 0.9236 23.0 x 1.010 .1
- 10 (0.9236) 1 + 113X0.OIO + 2.45xl.010J

2.07
= 7.45 mg. C./gm. C. min.



Integration of instantaneous specifio reaction
rate equation
The equation obtained when expressing the instan-

taneous specifio reaotion rate as a linear fUnction of the
fraction of carbon reacted is as follows:

(5)

in whioh
W is the weight of the carbon in the bed

at any time Q

m is a constant
F is the fraction or carbon reacted
Ho is the instantaneous specifio reaction

rate' at F = 0
When putting W = (l-F)Wo' in which Wo is the

initial weight of the carbon, then dW = -WodF, which:
substituted in equation (5) gives:

Wo elF
~ =(-1--F-)-Wo-d-9- =

dF~-~--= mF + R(l-F)dQ 0

Rearranged and integrating:
F dF 9
/ ------ = / dQo (i-F) (mF+Ro) 0

or

I dF
o Ro + (m-Ro)F - mF2 - Q

or
Q = 1

R (..!!41)l.no Ho

1 + ( m )FHo
1 - F

(ll)
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When substituting in equatd,on (11) .J!L = 14. then
Ro

the £o11owing results:
1 1+ 14P-
15R ln 1 - Fo

9=

or
In
1 + 14F
1 - F (Ub)

Equation (llb) can also be rearranged to give
an expression for F as follows:

F=

15ROQe 1
15Ro9e + 14

(lie)



3. Calcula.tion of {miRa} values
The average value of {m/Ro} for each series of

time runs was obtained by a series of trial and error
solutions from equation (lla) < see Discussion and Inter-
pretation of Results ), which looks as follows:

91 = _In {l_+_<m_I_R_o_) F_l....)_-_In_{_l-_F...,;;l__}_
92 In [1 + (m/Ro)F2) - In (1-F2)

ella)

In the evaluation of the average (m/~o) value,
runs as far apart as possible in the values of Q were
chosen. The results are shown in Table (A14).

It is seen that in general the values of (m/Ro)

calculated, range from 11 to 18.5. An exception is formed
by the EC-T-CO.M-17.50 series of runs ( in which series the
accuracy is low) giving high values of (m/Ro). An average
value of 14 was used in the correla~on of data for all runs.
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TABLE (Al4-> Caloulation of (m/Ro>

Run No. Q F (m/Ro>

(1) EC-COz-16.50.2 90 0~1237 12.0
(2) EC-~0z-16.50.3 30 0.0309
(1) EC-T-C0a-16.50.1 60 0.0729 13.0(2) .EC-~C0z-16.50.3 30 0.0309
(1) EC-C0.a-17.50.2 30 0.1270 13.8(2) EC-T-CO~17.50.2 10 0.0307
(1) EC-T-C0Z-17.50.l 20 0.0694 lleO
(2) EC-T-CO~17.50.2 10 0.0307
(1) EC-T-C0Z-18.50.1 20 0.2929 13.5
(2) EC-T-C0Z-18.50.3 5 0.0415
(1) EC-T-C0Z-18.50.1 20 0.2929 16.0,
(2) .EO-COz-la.50.1 10 0.0971
(1) EC-T-C0a-19.50.2 8 0.3690 18.0
(2) EC-C02-19.50.1 5 0.1641
(1) EC-T-N.J-18.50.2 25 0.151~ 14.4
(2) EC-T-N.J-18.50.4 15 0.0730
(1) EC-T-N.J-18.50.1 30 0.1921 1200(2) EC-T-N.J-18.50.4 15 0.0730
(1) EC-T-CO.L-18.50.1 20 002015 11.0
(2) Eo-CO.L-lS.50.2 10 0.0'164
(1) EQ-T-CO.H-18.50.1 30 0.1623 11t18
(2) Eo-T-CO.B-18.50.2 20 0.0917
(1) Eo-T-CO.M~18.50.1 30 0.1163 17.5(2) EC-T-CO.M-18.50.4 20 0.0642
(1) EC-T-CO.M-18.5C.2 25 0.0875 17.5
(2) EC-T-CO.M-18.50.4 20 000642
(1) EC-T-C0.M-17.50.1 90 0.0527 53
(2) EC-CO.M-17.50.1 30 0.0107
(1) EC-T-CO.M-17.50.2 60 0.0283 60
(2) EC-CO.M-17.50.1 30 0.0107
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i. Effective surface area ratio calculations
The effective surface area ratios were calculated

from equation (lOa) ('see Discussion and Interpretation
of Results) by substituting a value of 14 tor (m/Ro).
The equation was hence used in the rollowi~ torm:

-!- = ( l-F )x( 1+14F ) (lOb)
Ao
The values calculated for ~o were listed in

Table (A1S).
The maximum value of ~ was found by putting

o
the derivative of ~ with respect to F equ~l to zero,

o
and then solving for F.

d(-!"")
__ ~_o_ = l4( l-F ) .. ( 1+14F ) = 0

Solved: F = 0.465
The calculated values were plotted in Figure 26.

TABLE (A1S) Effective Surface Area Ratios
F 1 - F 1 + l4F AlA 0

0.0 1.0 1.0 1.0
0.1 0.9 2.4 2.16
0.2 0.8 3.8 3.04
0.3 0.7 5.2 3.64
0.4 0.6 6.6 3.96
0.465 0.535 7.51 4.02 max.
0.5 0.5 8.0 4.00
0.6 0.4 9.4 3.76
0.7 0.3 10.8 3.24
0.8 0.2 12.2 2.44
0.9 0.1 13.8 1.36
1.0 0.0 15.0 0.00



2. Testing the validity of equation (11)
The extent to which equation (11) ( see Discussion

and Interpretation of Results ) fitted the experimental
data was investigated by sUbstituting the average value
of Ro calculated for each series of runs into the equa~onJ
and then solving for Q at fixed values or F.

The results, according to whioh the curves in
Figure 24 were drawn are listed in Table (A16).

TABLE (AlB)

Series of Runs Roaverage

EC-T-C02-16.50

EC-T-C02-17.50

EC-T-eO~18.50

EC-T-e0a-19.50

EQ-T-CO.M-17.50

EQ-T-CO.L-18.50

EC-T-CO.H-18.50

EC-T-CO.H-18. 50

EC--T-N.J-18.50

0.864

2.496

6.705

18.00

0.396

5.12

3.16

2.25

3.40

Calculation ot F and Q

( 1) (1 + 14F\
Q = 15 RoJln 1 - F j

F= F= F= F= F= F= i=
0.02 0.05 0.07 0.10 0.15 6.20 0.30

20.6 "44.9 58.5 75.9 99.7

7.1 15.6 20.3 26.3 34.6 41.6 53.6

2.7 5.8 7.5 9.8 12.9 15.5 19.9

1.0 2.2 2.8 3.6 4.8 5.8 7.43

45.0 98.0

3.5 7.6 9.9 12.8 16.9 20.3 26.1

5.6 12.3 16.0 20.7 27.5 32.9 42.3

7.9 17.3 22.5 29.1 38.4 46.2 59.4

5.2 11.4 14.9 19.3 25.4 30.6 39.4



Calculations for Experiments Using Coke Partioles of
Different Sizes

1. Sample calculations
For the smnple caloulations, the experimental data

as supplied by Run CK-C02-l8.50.6 will be used.
a. General in£ormation
Run No.
Carbon sample
Ash content
Particle size
Gas composition
Reaction temperature
Reaotion pressure
Time of reaotion
Gas flow rate

b. Before reaction:

CK-C02-18.50.6
New England ooke
9.5% by weight
50-60 US mesh
100;;bC02
1800° F.
1.Q2-6 atm.
90 minutes
15 cc./seo. ( measured at
85° F. and 1 atm. )

Weight of pan + sample
Weight of pan
Vleight of sample

0.9041 gm.
0.8024
0.1017

After reaction:
~elght or pan + smaple
Height of pan
geight or sample

Decrease in weight

0.8575
0.8028
0.0547
0.0470

c. Calculation of the average specifio reaotion
rate

basis, gm.
Weight of sample before reaction on ash free

0.905 Wo = 0.905 x 0.1017 = 0.0919
FC02 = W/Wo = 0.0470/0.0919 = 0.511
FN2 = 0.0198 ( from correotion chart )
F = 0.511 - 0.0198 = 0.491
1n ( 1-F ) = -0.67531

-3Rav• = -In(l-F)/Q = 0.67531/90 ~ 7.50xlO
gm.C./grn.C.mino or 7.50 mg.C./gm.C.min.



1JifJ

2. Calculation of R, values
Ri. the instantaneous specifio reaotion rate,

is defined by the following equation:

·dW -d(l-F) -d In(l-F)
R - -- = _...-...-.......- -
1 - WdQ (1-F)d9 dQ ( I )

Figure 15 ( the l-F vs , 9 plot ) Vias used in the
evaluation of Ri. whioh was found as the slope at a parti-
oular point divided by 1-F. The va1ues of Ri oalou1ated
by this method are listed in Table (AI')..

Ri calculated from the follo\Ving empiricaJ. equa-
tion, which were checked for the par~icle sizes 8-100 mesh,
are also listed in Table (A20) for comparison with the
experimentaJ. values.

( lO(2+1~~loD')F J e _S.5DF
1•S5

R1= Ho 1 + A~ -- ('24 )
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�. List of values of ROl R1(max.) and Rav• at F =0.1
The values of Ro, Ri(max.) and Rav• at F = 0.1

calculated are listed in Table (AlB).

TABLE (AlB)

Particle Size D Ro I R1(max.) I Rav. at F=0.1
( mm s ) ( mg.C./gm.C.min. )

Dr 9.18 0.55 1.03 --
D2 7.9 0.64 1.13 --
D3-7 5.7 0.88 1.60 1.20
D8 .3.7 1.40 2.39 1.95
D9-11 2.49 2.00 3.95 2.96

8-12 2.03 2.85 4.55 3·.'1]6
16-20 1.02 3.60 5.96 4.48
30-40 0.51 4.15 .6.70 4.72
50-60 0.274 5.10 8.10 6.59

.. 70-80 0.194 7.05 9.70 8.42
80-100 .1°0163 8.50 12.60 10.70
mesh



Calculation of the density and the specifio reaC-
tion rate based on superricial surrace area at
F = 0

Ro is the speoifio reaotion rate based on unit
wei~~t of carbon at F = O. It eouId be transformed to the
specific reaction rate based on unit superficial surface
area at'F = O. The superficial surfaoe area or coke par-
ticles was determined by assuming spheres of diameter equ~l
to the mesh opening. The specific ~eaction rate based on
unit superficial surface area is eaual to the follo~ng
expression:

( Ro ) x ( weight per particle) / ~ D2, mg. C.
reacted per unit superficial surrace area in mm.2 per
minute.

The calculated values, together with the density
of particles, are listed in Table (A19).
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Calculations for Experiments Using Coke Particles of
50-60 IJesh

1. Sample calculations
For the sample calculations, the experimental data

as supplied by Run CK-C02-18.50.l will be used.
a. General information
Run No.
Carbon sample
Ash content
Particle size
Gas composition
Reaotion temperature
Reaotion pressure
Time of reaction
Gas floVlrate

CK-C02-18.50.1
New Engl~d coke
9.5% by weight
50-60 US mesh
99.45% C02 - 0.55% N2
1800° F.
1.026 atm.
30 minutes
15 oc./sec. ( measured at
85° F. and 1 atm. )

b. Initial weight of sample 0.1560 gm.
Initial weight of carbon ( corrected for ash )

0.1560 x (1-0.095) = D.1412 gm.
c. Decrease in weight or sample during reaotion

0.0223 gm.
d. Fractional decrease in weight of sample in C02

FC02 = 0.0223/0.1412 = 0.1578
e. Fractional decrease in weight of sample in N2

FN2 = 0.011
f. Fractional decrease in ~eight of carbon due

to reaction
F = 0.1578 - 0.011 = 0.1468

g. Average specifio reaotion rate, oorrected for
ash and V.C.E.

Rav• = -In" (l-F)/Q = -In { 1-0.1468 )/30
= 0.0053 gm. C./gm.•C.min.

or 5.3 mg.C./gm.C.min.



Correction ot gas composition of C02-CO runs torCO generated
In ~he reaction area. the effective CO conoen-

tration is somewhat higher than the CO conoentration o~

g.

the entering gas stream due to the CO generated during the
reaotion. As this difference is usually small, it can be
regarded as proportional to the rate ot 00 generation, or
the rate or decrease in the weight or carbon for various
runs at the same temperature. provided that the gas flow
pattern remains the same in these runs. The relation can-
be expressed as follows:

(G-I )

where ~~o1s the differenoe between the effective eo par-
tial pressure and the CO partial pressure or the entering
gas; k is a proportionality constant.

To evaluate APeO for the I"Wl using pure C02 as the
entering gas at a certain temperature, velocity runs were
made. From the res:u,ltsobtained, Rv. the average speoific
reaotion rate at infinite velooity, was found by extrapolating
the Rav• va. l/V ourve shown in Figure ,13 to l/V = O. It

is apparent that Rv should be the reaotion rate corresp.onding
to APeo = O.

The value of RaVe' obtilined from the pure C02 run
using the double screen pan setup as shown in Figure 4, is
less than the value of Rv at the 8~ temperature. because
of the faot that the CO retarding effect being eliminated
at l./V= O. These reaction rates can be expressed by the
Langmuir equation:



196

flv = (G-Z)

and Rav• =

1 + K#C02

K1(PC02 - ~PCO ) {(7 - 3)
1 + K2APCO + K3(PC02 - l\PCO)

Dividing equation (Gw-Z.) by (G-3):

For illustration, from the pure C02 run using the
double screen pan setup at 1800° F., the vaJ.ue of Rav. was
found to be 5.3 mg. C. per gm. C. per min., which oan be
expressed by the Langmuir equation with approximate cons-
tants:

Rav• = 5.3 = (G-5 )bW ,

1 + 28.76PCO + 0.589{PC02 -~PCO)

The corresponding Rv._obtained from the ve100ity
runs was found to be 7.23 mg. C. per gm. C. per min.,
whioh can be shovrn.to be:

8.23 PC02R" = 7.23 = -------. .....-......--
1 + O.589PC02

Dividing equation (G-G) by (0-5):

(0-7 )

Putting PC02 = 1.020 atm ••~PCO was found to be
0.02 atm., which is the effeotive CO partial pressure.

Let this pure C02 run be run 1. In the caloulation



of ~PCO of Run 2, representing any of the C02-CO runs at
1800° F., equation (0-1) can be applied:

and
{~PCO)l = k(WoF/e)l
(~PCO)2 = k(WoF/Q)2

(C-S)

(G-.9)

therefore

or

C1PCO)1 = (WoF/Q)l
(~PCO)2 (WoF/Q)2
(~PCO)2 = 0.02 (WoF/Q)2

O.14l2x0.146S/30
By this method,6PCO ro~ each of the C02-CO runs

(&-.o )

(&-" )

was oalculated, using the approximate values of K2 and K3
evaluated £rom the experimental data.

The amount of ~ PCO. added to the value of Pea
of the entering gas represents the effeotive CO pa~ial
pressure for a particula~ run, as ahown in Table (A4).

The corrected Langmuir equation constants were
evaluated using these corrected gas compositions. This·
procedure can be used again if refinement of the oonstants
is neoessary. For this investigation, these oorrected
constants are oonsidered to be final.



,2- Correotion o:rRav• for C02-N2 runs due to CO
generated
For the C02-1T2 runs. A 1'00was oaloulated !'rom

equation «(3.-') using ~FOO evaluated 1'01' pure 002 runs at
a certain temperature. To find the average specifio re-
aotion rate oorresponding to the entering gas oomposition.
the Langmuir equation with approximate constants was used.

For il1ustration. Run CK-N.C-i8.50.1 was used.
!:J FCO for this run was evaluated as follows:

It. p - (w F/9) :---_O_,.O_2 -f'"-_

u CO ~'o ~ O.1412XO.1468/30
= O_~2.xO.1384XO.0909/30 = 0 01235 t (G-IZ)
O.141~xO.1468/30 • a m.

Rav• correoted to correspond to the entering gas
composition ( CO free ) can be :round from the LangmuiI'
equation:

Rav• corrected
Rave

=( 0.570 La)
0.57-0.1235

= Rav• correoted
3.18

1 + 28.7xO.01235 + 0.589x(0.57-Q.01235)
1 + 0.589xO.57

=4,08 mg,C./gm.C,~. ( G·/3 )

The correoted Langmuir equation oonstants were
evaluated from these oorreoted reaotion rates.



!. Integration o~ the Langmuir equation

Nomenclature:
f Fractional decomposition

of C02
Flow rate of CO entering
the bed, lb.mol.xlO-~/min.
Flow rate of C02 entering
the bed, lb.mol.xlO-3/min.
Flow rate of N2 entering
the bed, lb.mol.xlO-3/min.
Flow rate o~ C02 passing
any point in the bed,
lb.mol.x10-3foin.
TIeight of carbon in bed,
lb.atom.

n

VI

i

Vfuen a~plying the La~gmuir equation to a

differential section of a fluidized bed, the following
results:

bed is:

then:

-dncOg =
dW ( G-14)

The total molar flow rate at any seotion in the

( No + 2no + 1110 - n )

P _ ( 2(no-n) + mo )CO - :n::
lIo + 2no + lI10 - n



2()()

_ ~ = K~'JtIl (£:, IS)
( No+2no+mo-n J + [2 (llo-n) +roo) KZIt + nKsn: -

-.tKl'JtdW = t.(f No+'5>+1no-n) + (2(no-n) + mJ Kzn: + nK~)dn (G-/G)
on·

Integrating equation (0-16), assuming piston-like

. 1 ~ No + (l+Kzn:) (2ng+mg) In..l:... _ ( ~ + 2K2'Jt - K31t ) Ilo~
K1'1tW a-r Kl'JtW

in whioh r = nino
A = No + (1+Kzn:) (2no+mo)

Kl'JtVl
Putting: ( G-18)

and
B:: (l + 2K2'1t - K3'1t ) ;no

K~'1tVl
(G -'9 )

then equation (G-11) becomes:

1
A In (i-f) - Bf = 1 ( G-2o)

When f is small. equation (G-Zo) becomes:

Af2~+ (A-B)f - 1 = 0 (G-Z/)



2f)1.

§.. Calculation o~ the ~raction or C02 decomposed
in a fluidized bed
From the experimental results of McBride, the

fraction or 002 decomposed, f, of each run was oaloulated
by means of equation (G-Zo), ~sing the rate constants eva-
luated in this work for aoke. The results are listed in
Table (A20). In this Table are also listed the experimentaJ.
values or r of McBride and the values of f·oaloulated by
McBride us:tng McBride's rate constants.
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H. Equilibrium of the Carbon-Carbon Dioxide Reaotion
The equilibrium oonstant for the carbon-oarbon

dioxide reaotion is shovm as a runotion of temperature
in Figure A5, using the data of Austin and Day (54)
and nossin! at a1. (55).

The peroent or C02 in an equilibrium mixture was
caloulated and listed in Table (A21). It onn be seen that
at the temperatures used in this investigation, the equi-
libriUm.mixture is always much higher in CO content than
the gas mixture used. and hence the reverse reaction oan
be neglected.

TAB~ (A2J.)

Equilibrium Mixture Composition
of C02, GO & Garbon System

Temp. of.
1200
1300
1400
1500
1600
1700
1800
1900

86.5
34.2
17.2
8.7
4.0
1.7
0.84
0.4
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FIGURE (A 5 ) EGI.IILIBRIUM CONSTANT
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1. Discussion of Errors
Reference is also made to Blanc's discussion of

errors.
1. The oxygen effect

Since Blanc performed his experiments using this
equipment, the possibility of oxygen being present in the
system during reaction has practically been eliminated.
This was achieved by improving the vacuum tightness of the
system, and by replacing all steel pipe connections by

rubber and glass tUbing. Periodically, oxygen analyses were
made of the gas mixture in the equipment by means of a micro
oxygen analyzer ( see Figure A4). It was found that the
oxygen content was always below 50 parts per million. A
simple calculation will show that even quantitative conver-
sion of this amount of oxygen to CO or C02 has very little
influence on the reaction rate. Furthermore, experiments
showed that the catalytio effect of small amounb of oxygen
to the carbon-carbon dioxide reaction was not existing.
The oxygen effect very probably can be assumed to be not
important.

g. Reaction between gases or carbon and nichrome
screen
As reported by Blanc, it WaS found that the ni-

chrome screen used for the pan and sample pan supporter
reacted with the gas nixtures used. Vfuen using a new
screen, a green layer was formed on the metal, Which served
as a pr~tective coating against further attack. After the
first two or three runs a slight increase in weight of the



screen pan was observed, due to the formation of this layer.
After this first increase the weight remained practically
constant. The screen pans were weighed before and after
each run, which-eliminated possible unkno\7.nchanges in
weight.

Carbon particles sticking to the-screen after
reaction were not observed during these experiments. It
Was found that after about 30 runs the screen became some-
what brittle, and had a tendency to crack when trying to
bend it. This bending was necessary every now and then
because the screen of the big pan supporter. due to stretch-
ing, became slightly buckled, resulting in touching the
brick of the furnace when moving the pan in and out. To
avoid any possible trouble due to this behavior, the screen
was replaced every 30 runs by a new one. It can be said
that no significant errors were due at any time of the ex-
periments to the use of the nichrome screen.

3. The effect of volatile combustible matter present
in carbon
The coke sample used contained about 2% of V.C.M.

During the reaction run, part of the loss of weight was due
to the liberation of V.C.lI. This was corrected from the
data on the basis that same amount of V.C.M. would be given
off in N2 as in any reacting gas mixture for same period of
time at the same temperature. This correction, for runs
at high temperatures, was as small as 5% of the reaction
rate, but it was considerably large for runs at low tem-
peratures, especially for a gas mixture containing high



percent of CO. Consequently, the results of these last
mentioned runs were considered not dependable.

The electrode carbon sample used contained negli-
gible amount of V.C.M. Correotion was not applied in this
case.

4. The effect of gas oomposition
Due to the oarbon.monoxide formed in the reaotion,

the oomposition of the reacting gas as supplied will differ
from the effective gas oomposition around the particle. An

exact picture of the flow pattern of the gas along the par-
ticle and its influence on the gas composition at a specific
point on the surface of the partiole is not easily visualized.
However, the results of the velocity rUns show that the ex-
trapolated re~otion rates attained at infinite gas velocity
( at which condition the composition of the e~ter1ng and
leaving gases are identioal ) are practioally the same as
when applying the normally used velocity of 15 cc./sec., in
the oase using the single screen pan setup. But when the
double soreen pan setup was used in the runs of coke par-
tioles of 50-60 mesh, the differences in reaction rates were
noticeable. Correotions were made to the gas oompositions
for the C02-00 runs and to the reaotion rates for the C02-N2
runs.

(Note: The 1no~eased reaction rates observed at
1800 and 1900° F., when applying gas velocities greater than
35 cc./sec. in the experi~ments using electrode oarbon partioles
of 50-60 mesh, have been explained earlier ).



The effect of oxygen and moisture adsorbed on the
surface of the carbon
The carbon particles were dried in an oven at 1100

c. for o~ernight. After this procedure, the carbon particles
were stored in a stopnered bottle placed in a desiccator,
and were only exposed to the atmosphere when a sample had
to be prepared. It is clear that the adsorption of oxygen
on the carbon surface could not be avoided, the influence
of which is hence included in the reaction ra~es reported.
Presumably, the error thus caused is far from significant.

The adsorption of moisture on the carbon surface
was tested by exposing a smmple to the atmosphere for one
hour. No significant change in weight was observed. The
influence of adsorbed moisture on the reaction rates re-
po~ted can hence probably be neglected.

.§.. The effect of Change in particle size of the
carbon duS to reac ion
The percentage change in weight of the carbon

particles before and after reaction was in general below
15%. However, microscopic examination of particles which
had lost nearly 40% in weight showed that even in those
extreme cases the particle size of either coke or electrode
carbon was still practically the same as before reaction.
The only visible difference was formed by the appearance
of the surface which had changed from rather smooth to
more porous like.

Assuming the particle size to be constant during
reaction was hence probably permissible.



1. The temperature control of the £urnace
The temperature controller used maintained the

temperature steady within 1° F. The reaction temperature
was taken as the average of the temperature readings or the
thermocouples above and below the pan, the difference be-
tween which two amounted to maxinrum 40° F., which was later
reduced to 10° F. in the experiments using electrode car-
bon of 50-60 mesh and coke or different sizes by putting
alundum rods in between the ribbon.

Calibration of the two thermocouples showed, -
( see Description and Calibration of Measuring Devices ).
- that over the temperature range of the investigation,
both indicated from 10 to 15° F. high. Check calibrations
periodically made during the experiments showed a consistent
performance of the thermocouples.

It can hence be said that the reaction temperatures
reported ar~ probably from 10 to 15° F., on the high side •

.§.. The we1AAing
The accuracy of the analytical balance used was

~ 0.0001 grams. For a 10% decrease in the wei~~t of Car-
bon, this may result in an error of 1%. In the runs with
low fractional decrease in weight of carbon, the errors
may be as high as 30~. It is for this reason that the data
obtained in the last mentioned runs must be considered to
be far less reliable than the ones obtained in the runs
first mentioned.

~. Sample losses due to jerking of the pan
As already reported, the continuous heating re-



sulted in stretching and buckling of the screen of the
pan. This may in some runs have caused the touching of
the brick by the bottom of the screen, when moving the sam-

ple into and out of the furnace. However. the operation of
the pan by means of the magnet arrangement was very smooth
and can never have resul_ted.in the loss of carbon particles.
as touching the brick does not affect the oarbon sample
on the screen.

In a few runs it was observed that soma'particles
after the reaction period were lying outside the s~ple screen
pan on the supporter. The results of these runs wer-e discard-
ed. and the runs were repeated. The dislocation of the par-
ticles must probably be ascribed to II jumping II during heat-
ing or cooling of the stretched screen.

!Q. Particles blown off the sample supporter
The velocity required for the fluidization of

the carbon particles ( obtained by comparison with the flui-
dization velocity required for coke ) is far higher than the
velocity applied in the experiments. A check was obtained
by making a picture of the carbon pattern on the B~ple
supporter before and after a norma1 reaction run, as shown
in Figure 9. The patterns were so identical. that any mo-
tion of the particles during normal. reaction runs can be
considered to be out of the question •. However, as reported,
sloughing off of minute carbon particles must have occurred
during the velocity runs made with velocities greater than
about 35 cc./sec., at 1800 and 1900° F., reaction temperatures.
using electrode carbon particles. The results of these runs,'



however, were discarded.
11. Particles fallen through the screen

As already reported, microscopic exw1Unation or
the particles before and after reaction showed that the
particle size remained practically constant during reaction.
Hence, it is very unlikely that particles as such can have
fallen through the 100 mesh screen. As to possible disin-
tegration of the particles, it can be said that the electrode
carbon particles reacted at 1800 and 19000 F., could often
partly be rubbed out to a graphite like dust. During the
experiments, the impression was, however, obtained that
only a much higher gas velocity or ~ough treatment of the
particles night result in a loss due to this possible dust
formation. The gas velocity required to do this was
apparently obtained at the aforementioned velocity runs,
whereas the rough treatment necessary to achieve this only
was applied when pouring the reacted sample into a srumple
bottle after all weighing procedures, etc., were over.
It is needless to say that the treatment of the sample
supporter with carbon sample during the weighing was an
extremely carefiu procedure, so that losses due'to this
'reason probably did not occur.

~. Brick particles falling on the sample supporter
wvhen starting these series of experiments, the

furnace had been in rather continuous operation for almost
several months, during which many preliminary runs were
made. The bricks and brick coating could henoe be assumed
to be thoroughly heat-treated, and during not one of the



runs made were brick particles found on the pan. This
source of possible errors is definitely out o~ the question.

13. Preparation and analysis of gas mixtures
The gas mixtures used were prepared by mixing the

components in a gas cylinder reserved for this purpose.
After mixing, the cylinder was put overnight in a hot water
bath in order to insure a homogeneous mixture. Tne compo-
sition of each gas mixture was checked several times during
the experiments by means of an Orsat gas analyzer. The re-
sults of these analyses always checked within the precision
of the apparatus. The accuracy obtainable with the Orsat
gas analyzer ~sed, was ~ 0.05 cc.

As mentioned under II Oxygen effect II, periodical
oxygen analyses were made by means of a micro oxygen ana-
lyzer. The accuracy of this apparatus amounted to a few
parts per million.
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Derivations of Rate Equation for Reaction of Carbon
with Carbon Dioxide

In the present work concerning the reaction of
carbon with carbon dioxide, satisfactory correlations of
reaction rates were obtained using an equation of the
following form:

.Rate = (12)

This form of equation has been used to correlate
data. by Semeohkova and Frank-Kwmenetzky on sugar charcoa1,
Hinshelwood et ale on ooooanut charooal, and McBride on
coke. Since several ( at least three ) different sohemes
of reaction meohanism will lead to this equation,- the
problem of deciding upon the details of the mechanism is
not solved simply by proving that equation (12) oorrelates .
data.

A derivation based on eaoh of three mechanisms
follows.
!. Langmuir-Hinshelwood derivation

Hinshelwood at ale (54) presented the,following
derivation as representative of the simplest application
of the early ideas of Langmuir (56) on t~feffeot of surfaoe
adsorption on heterogeneous reaotions. It is to be noted
that Langmuir himself has not presented the following
derivation, and in faot stated when writing in 1915· about
the reaction of carbon with oarbon dioXLde (37) that he
did not believe carbon dioXide ~aS adsorbed.". He gave



instead equation (J-12), vhich is given later in the section
of Derivation of Semechkova and Frank-Kamenetzky, as repre-
senting the reaction mechanism.

Hinshelwood et ale made the assumption that both
the reactant, C02' and the retarding product, CO, are ad-
sorbed as such on the carbon surface, and that the rate o~
reaction is proportional to the fraction of the surface
covered by the reactant. Tne mechanism can then be expressed
by the following equations:

CO2
lrl .. (CO2) (J-l)~ k2
kS ~ (CO)CO (J-2)• k4

C + (CO2) k5 2CO (J-3)~

in which equations, (•••) represents gas in the adsorbed
state, kI, k2. k3' k'l:and kS are reaotion rate constants.

The surface consists of equi~alent and independent
reaction sites, eaoh of which can be occupied by one C02
or one CO molecule. filiena steady state on the surface is
attained, the follovr.tngrelati ons hold:

klPC02(1-Sl-S2) = (k2+kS)sl
~3PCO(1-sl-s2) = k4s2

(J-4)
(J-5)

in which sl and 82 are the fraotions of the active surface
occupied by oarbon dioxide and carbon monoxide res~0ctively.

~le rate of reaction per unit surface is gNRn by:



(J-6)

Rearranging equations (J-4) and (J-5) gives:
k1PC02

81 = (1-81-82)k2+k5
k3PCO

k4

(J-7)

(J-8)

Adding (J-7) and (J-8) results in:

(J-9)

or:
].

(J-10)

SUbstituting this in equation (J-6) gives:

Rate
].

(J-ll)

which is seen to be of the same form as equation (12).
According to this derivation, the constants in

equation <'12) can be expressed. as:

Eo =- = CO adsorption equilibrium
constant
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g. Derivation of Semeohkova and Frank-Kamenetzky
Although Hinshelwood at ale presented the above

derivation as an example, he referred in addition to the
following derivation due to Semechkova and Frank-Kamenetzky.
The assumptions made are that carbon dioxide is not adsorbed
as such, but-'reacts with the oarbon to give an atom of oxygen
which remains on the surface, and a molecule of oarbon monoxide
which passes into the gas phase. The ads~rbed oxygen atom,
taking up an atom of oarbon from the surface forms gaseous
carbon monoxide at a steady,rate. Carbon monoxide present
in the gas phase is always in equilibrium with oarbon mon-
oxide in the adsorbed state on the surfaoe ( this is the
sole part of the reaotion schane whioh is identioal. wi1h. the
previous derivation). There is a distinction between the
adsorbed oxygen and the adsorbed carbon monoxide. The
following equations express the mechanism:

c + CO2 ks CO + CO{~ (J-12)')

CO~(o k7 00 (J-13)')

k3
(CO)CO < 7 (J-2)

k-
4



Rate of consumption of carbon = k6PC02(1-s3~s2)
= k7s3 (J-14)

Equilibrium between gaseous and adsorbed CO gives:
(J-15)

in which 83 and 82 are the fractions of the active surface
oc cupfed by CO~~and (CO) respectively.

Division of (J-15) by (J-14) gives the follovnng:

(J-16)

When solving from (J-16) for sa and substituting in (J-14),
the result is:

(J-17)

or
(J-18)

k? +

from which the rate is found to be:

(J-19)

It is seen that also this expression is of the swme form as
equation (12).

In this case the constants in equation (12) are:
Kl = kS
K2 = k3lk4 = CO adsorption equilibrium constant
K3 = kS/k7 = KJ.!k7



�. Modified Semechkova and Frank-Kamenetzky Derivation
This derivation, presented here by the present

author, is based on a reaction meohanf.sm which is an alter-
native of the above-mentioned one.

In this derivation the assumption is alSJJ made that
carbon dioxide is not adsorbed as such. but reacts with the
carbon to fo~ a gaseous carbon monoxide molecule, and an
adsorbed oxygen atom, which is next transformed at a steady
rate, not to gaseous CO, but to (CO), the adsorbed CO, the
concentration of whioh on the surface is in equilibrium with
the CO in the gas phase.

The following equations represent this mechanism:

G +. CO2 kS ~ GO + CO~'" (J-l2)
CO·;i- ka ) (CO) (J-20)

CO
k3 ) (CO) (J-2)<
k-
4

-{ihena steady state is attained on the surface.
the following relations hold:

(J-2l)

(;J-22)

Division of (J-22) by (J-2l) results in

k4S2 ..kSs3
kas3

(J-23)



or
s2 = S3(~){ ~ + k5Pco )

k4 kSPC02

Substitution of (J-24) into (J-21) results in

(J-24)

(J-25)

from whioh

(J-26)

The rate is thEn found to be:

(J-27)

whioh equation is seen to be of the same form as equation
(12).

In this case the constants in equation (12) are:
K1= k6
K2 = k3lk4 = 00 adsorption equilibrium constant

The rate oonstants are uaually expressed on the
basis of unit weight of oarbon { oalled the specifio reaction
rate I, instead of unit surface of oarbon, whic~ was used in
these derivations. Vfuen the rate equation is used on a weight
basis, it is to be noted that an assumption is made that the
weight is a measure of the surfaoe area.



K.

A

Co
D

E

e

F

f

m

n

NOMENCLATURE

Effective surface area per carbon particle, at F = F
Effective surface area per carbon particle, at F = 0
Proportionality constant defined by equation (7)

Proportionality constant defined by equa~ on (6)

Particle diameter, rom.
Energy value, Btu.jlb.mole
Base of natural logarithms
Fractional decrease in weight of carbon sample
Fractional decomposition of C02 in a fluidized bed
Basic constant in Arrhenius equation
Langmuir equation constant, mg.C.jgm.C.min.atm.

-1Carbon monoxide adsorption constant, atm.
Carbon dioxide adsorption constant, atm.-1

Reaction rate constant, mg.C.jeffective surface area.min.
Rate constant
Ra~e of change of Hi with respect to F
Flow rate of CO entering the fluidized bed, Ib.mol.xlo-3
per minute
Surface activation factor

-3Flow rate of N2 entering the fluidized bed, Ib.mol.xlO
per minute

-3Flow rate of CO2 entering the fluidized bed, Ib.mol.xlO
per minute
Flow rate of C02 passing any point in fluidized bed,
Ib.mol.xlO-3 per minute
Partial pressure of CO2, atm.
Partial pressure of CO, atm.



s

T
V

Partial pressure of N2
Gas law constant, 1.987 Btu./lb.mole/oR.
InstantaneouB specific reaction rate at F = 0,
mg.C./gm.C.~n.
Average specific reaction rate, mg.C./gm.C.min.
Instantaneous specific reaction rate at F = F,
mg.C./gm.C.min.
Fractional surface covered
Reaction temperature, oR.
Gas flow rate measured at 85° F., and 1 atm.,. CC./S60.

W Weight of carbon sample at F = F, gm.
Wo Weight of carbon sample at F = 0, gm.

Average weight of carbon s~ple, gm.
Decrease in weight of carbon sample during reac~on, mg.
Time of reaction, min.
Total pressure, atm.
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