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ABSTRACT

A study was conducted to determine the catalytic effect of
calcium on the intrinsic reactivity of a high surface area
microporous char. The chars used in this study were made from
sucrose to which calcium was added in various amounts and
degrees of dispersion. Rate data were obtained, using a thermo-
gravimetric analyzer, for both the oxygen and carbon dioxide
reactions, over the complete carbon conversion range, and at
reaction rates where intra-particle diffusion begins to become
significant.

The results show that only when the calcium is atomically
distributed and presumably forms a cation-carbon bond are the
gasification reactions catalyzed. One atomic percent calcium
increases the oxygen reaction rate by almost two orders of
magnitude and the carbon dioxide reaction rate by almost three
orders of magnitude. The catalyst tends to depress the
activation energy by about 15%. Calculations using absolute
rate theory demonstrate that this decrease in activation energy
can exactly account for the greater reactivity of the catalyzed
char. Analysis of the rate versus conversion data indicates
that, at least up to 50% conversion, the calcium remains with
the carbon and does not deactivate. The reaction rate increases
directly with the increase in the calcium to carbon ratio of the
char as carbon is removed over this conversion range. Heat
treatment of the char prior to reaction showed that catalyst
deactivation becomes important at temperatures above 1060 K.

In a complementary study, the rate versus conversion data of
the chars were analyzed using the random pore model and an
extension of the random pore model that includes the opening of
initially inaccessible porosity as carbon conversion progresses.
Measurements obtained in these experiments suggest that a micro-
porous char particle reacts preferentially near the particle
surface. The particles apr ~=ntly decrease in size as well as
in density as carbon conver..on takes place.
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The low temperature carbon-oxygen reaction is observed to be
first order, even though large quantities of surface oxides are
con~-currently present on the carbon. The surface oxide
concentration is about equivalent to monolayer coverage. The
surface oxides remain on the carbon at the reaction temperature
in the absence of oxygen. These observations are inconsistent
with any simple adsorption-desorption mechanism. A mechanism is
proposed in terms of a reaction between the oxygen and the
surface oxides on the carbon.

Thesis Supervisors: John P. Longwell
Professor of Chemical Engineering

Adel F. Sarofim
Professor of Chemical Engineering



ACKNOWLEDGEMENTS

I wish to express my gratitude to Professor Adel F. Sarofim
and Professor John P. Longwell for their suggestions and
helpful criticisms during the course of this thesis. Their
guidance and encouragement are gratefully acknowledged. I
would also like to thank the members of my committee, Professor
J.B. Howard and Dr. W.A. Peters for their suggestions and
support during my stay at M.I.T.

The friendships and the inevitable technical discussions
with my fellow students will long be remembered. Although this
list is far from complete, I wish to especially acknowledge the
discussions -I have had with Bob Hurt, as well as with the other
members of my research group, Tom Hastings, C.K. Lai, C.S.
Chang, Mike Serio, Mike Snow, Judy Wornat, Derek Mess, Tony
Modestino, Lyle Timothy, and Rowena Torres-Ordonez. Thanks
aiso to Joel Plawsky, Gail Gamboa, and Mark Manton.

A special thank you to Reiner Musier for his assistance
with the modeling work and to Ohene Kwapong who diligently ran
some of the dullest experiments imaginable (and always with a
smile).

Financial support for myself and for the work presented in
this thesis was provided by the Exxon Corporation and is
gratefully acknowledged.

I want to express my gratitude to my Mother and Father and
my special aunt (Amalie Oexle) for their support and
encouragement of my studies. I wish to also acknowledge my
brother Carsten, who preceeded me in such an undertaking, at a
time when I could not understand what was taking him so long to
finish, and my cousin Gunther for many uplifting thoughts.

Finally, I wish to thank my wife, Patricia, for her
constant support, encouragement, and love throughout this
undertaking. Her cheerful spirit is a joy for all. The final
manuscript is as much the result of her efforts and interest in
this work as they are mine. It is to her that I dedicate this
thesis.



TABLE OF CONTENTS

TITLE PAGE....O...‘..........l..‘l.l..l'......'.

ABSTRACT.‘..'l..‘.......ll

ACKNOWLEDGEMENTS......

TABLE OF CONTENTS..cccceccsases

LIST OF FIGURES.'..OII.......I!

LIST OF TABLES.¢ccccececcecacaans

CHAPTER ONE.

SUMMARY..cceeease

IntrOdUCtiOn.......-o--.-.............

1.2 Equipment and Experimental Procedures.

ReSUltSeeeeeeccasscossoescoscscscssocscsas

DiSCUSSion...--....-...--...-.o-..o.--

1.5 CODCIUSion'.--.--.......-.......-.....

CHAPTER TWO.

INTRODUCTION,

LITERATURE REVIEW, AND
THESIS OBJECTIVESI'.l.I.I...l...l........l..l

201 IntrOdUCtion-.o.-..o---.-....--..-..--...--....-....-a

2.2 Background and Literature ReviewW...eceeoceoeeese.

2.2.1
2.2.2
2.2.3
2.2.4
2.2.5
2.2.6

The Reactivity of CarbonsS....ceceeeeeecccocacesns

Catalysis of the Carbor. Gasification Reactions.

Calcium as a Gasification Catalyst...cceeeeecss

Properties of the Carbon Surface OxideS...eess.

The Gasification Reactions of CarbONecceecesecssecses

Surface Area Measurements of Chars

and Surface Area MOdElS..ecocesccecooccccoccnasecs

2.3 Objectives and Outline of the ThesSiSeieceeeeerecsssccns

CHAPTER THREE.

EXPERIMENTAL EQUIPMENT AND PROCEDURES:......

3.1 Manufacture, Preparation, and Analysis of the Chars...

3.1.1

Introduction.ll..lDO0"O...olc..l..loono-l.on-.-

3.lczsucrose Charn....ol.-0.t.c.o..0.0‘.l..cla..u..ou

3.1.3

PVC Char..on.o"00.0....OC.u.o.‘.lol..lt..a....oo

5

19
21

21
24
32
46
67

69
69
72

72
73
79
81
84

89

93
97
97

97
98
99



3.1.4
3.1.5
3.1.6
3.1.7
3.1.8

PFA Char.-..............-a...-..-...-.o..-.a-....

Sucrose Char,

Calcium Added.......00....0--.....

Low Temperature PYyrolysis FUINACE.::eecesssscasnn

Elemental AnalysSiS...ciseececeececaocecacasoesenns

X-Ray Diffraction AnalysSiS..ceeceeeeceeccsnnanss

Gas Adsorption MeasSUremeNtS..ceeeeesnccosesssoccscnnss

3.2.1 Volumetric Gas Adsorption ApparatuS.....ceeeees.
3.2'2

Experimental ProCedUILe....ceeececccccccanccsncsas

3.3 Reaction Rate Measurements by Thermogravimetric Analysis

CHAPTER FOUR.

3. 3.1

The Thermogravimetric AnalyzZer......eeeeeesescas

3.3.2 Characterization of the TGA REACLOI oo eeeoeonsns

3.3‘3

Experimental ProCeduUre.....ceeeecececcnscccacsess

RESULTS....‘.O..O..l.......l-............O.l

4.1 Carbon-0Oxygen ReaCtiON...eeteeeeeeeeeensseccsansnnssns

4.1.1
4.1.2

4.1.3
4.1.4
4.1.5
4.1.6
4.1.7

Reaction Rate of the C-0, C-1, and C-3.6 Chars..
Reaction QOrder for the Catalyzed and

Non-Catalyzed
Reaction Rate
The Effect of
Reaction Rate
The Effect of
The Effect of

Chars..-.o..ocoootco...tc.o.c-..c.

of the C-ion and C-CaCO3 Chars....
Calcium Content on Reaction Rate..
of Spherocarb....cieteeeieeeeecans
Heat Treatment on Reactivity......

Particle Size on Reactivity.......

4.2 Carbon-Carbon Dioxide REACtION ..t eeeeeeocescocecssnsss

4.3

4.2.1

Reaction Rate of the C-0 and C-3.6 CharS..ceec..

Physical and Chemical Characterization of the Chars...

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6

Surface Area

Measurements.'..ocootou.-....-....

Micropore Volume DeterminationN....eceecececcocascs

Mercury Porosimetry MeasurementS...ceeeecoceess

True Solid Density Measurement...ececececeecocses

Carbon Dioxide Adsorption Isobar......ceeeeeeese

Elemental AnalysSiS..ceeeectseceeeecsccncocancnes

6

100
100
103
105
107

107

108
110

112

112
119
121

127
127

129

146
151
163
163
170
175

198

198

217

217
229
237
237
237
241



Electron Spectroscopy AnalySiS..ceeeececencsesss 250
Electron Photo-MicrographS....ccecececeeeceaaans 251

4.4 Calcium Dispersion MeasSurementS....ceeeeeececascacceeos 256

CHAPTER FIVEC DISCUSSION..I....lll.......-..O........IC.... 271

5.1 Char Structure and Utilization of the Carbon Structure

Dur ing

5.1.1
5.1.2
5.1.3
5.1.4
5.1.5

Reaction of a Microporous Cha@r...eeceeosceseeses 271

Introduction.eecieeeesesetesaserssecnscnncannnenas 271
Modeling of the Rate versus Conversion Data..... 272
Random Pore Model of a Porous Solid...ceeeeeee.. 276
Evaluation of the Experimental ResultS.......... 290
An Extension of the Random Pore Model to

the Gasification of Microporous Grains.......... 308

5.2 Rate Mechanisms for the Gasification ReactionS......... 319

5.2.1
5.2.2
5.2.3

IntroduUCtion..cceeeieceesessossesecnscanecsacaanes 319
Reaction Mechanism for the Carbon-Oxygen Reaction320
Reaction Mechanism for the Carbon-

Carbon Dioxide ReaCtiON...eceeeeeeeeeconesenness 329

5.3 An Assessment of the Catalytic Gasification Mechanisms. 337

5.3.1
5.3.2
5.3.3
5.3.4
5.3.5

CHAPTER SIX.

Introduction.eceeceeeeceeesssssassccsscsacscnneaas 337
Summary of Experimental ResultS...eeeeeeeceeaaes 338
Effect of Calcium Dispersion on Reactivity...... 343
Mechanism for Calcium Catalytic Gasification.... 346
Comparison of Measured Rates to Theoretical

CalculationS.ceeeesecssecesasosaessesaceneneasneses 349

CONCLUSIONS AND RECOMMENDATIONS..:eceseececess 360

6.1 ConClUSionS...........-o-...-...oo..oo-..oe-.......a-.- 360

~6.2 Recommendations for Further ResearCh.....cc.eececececeeces. 362

APPENDIX 1.

APPENDIX 2.

Calculation of Calcium Ion-Exchange from
Solution pH....I.C...l...............l...ln.l.. 364

Calculation of External Heat and Mass
Transfer to the TGA Sample PaN....eeecosocoeses 367

7



APPENDIX 3. Calculation of Intra-Particle Diffusion........ 384
APPENDIX 4. Weight versus Time TGA Data......ceeeeceeceeee.. 388
APPENDIX 5A. Nitrogen Adsorption and Desorption Isotherms

at 77 K and Analysis of the Data by the BET

and Dubinin-Polanyi EquationS.......eeceeeeese. 393
APPENDIX 5B. Carbon Dioxide Chemisorption on Calcium........ 393
APPENDIX 6. Determination of the Parameter for the

Random Pore Model from Different Pore Size

Distribution FUNCLiONS...eveeereeeseeencenneaes 423

APPENDIX 7. Calculation of the Carbon Reaction Rate from
TGA Data for the Oxygen Reaction.......eceecee.. 429

APPENDIX 8. Normalization Factors for the Rate versus
Conversion Data.'.l..l.I.CI...............-.I-. 430

APPENDIX 9. Calculation of the Quantity B_ for Use in
Absolute Rate Theory Calculat?ons.............. 431

REFERENCES'.......C..!..............l.ll.....l....l.l....l.. 432



1.3-9

1.3-10

1.3-11

1.3-12

1.3-13

Nitrogen

LIST OF FIGURES

adsorption and desorption isotherms at

77K0n the C-O Char..........-.....................

Measured
veight

reaction rate as a function of sample
on the TGApan.l....I....II............II..l

Arrhenius diagram for the C-0, C-1, and C-3.6 chars

at 40%

conversion; reaction with 0.21 atm oxygen...

Arrhenius diagram for the C-0O char at 40% conversion;

three particle sizes; reaction with 0.21 atm oxygen

Reaction
oxygen

Reaction
oxygen

Reaction
oxygen

Reaction

rate versus conversion for the C~-0O char-
(0.21 atm) reaction.ittitooolbo.'.00..'.0...

rate versus conversion for the C-1 char-
(0.21 atm) reaction.......'...I.....QIOI.J‘.

rate versus conversion for the C-3.6 char-
(0.2]1 atm) reacCtioONeececcccceccccsccossasnsaca

order for the C-0 and C-3.6 charSeceececcessces

Arrhenius diagram for the C-ion and C-CaCO, chars at
40% conversion; reaction with 0.21 atm ogygen......

Reaction

rate versus conversion for the C-ion-oxygen

(0-21 atm) reactiononcc.-o..o-oo.no..ococo..anoﬁno.

The effect of calcium content on char reactivity.....

Arrhenius diagram for the C-0 arnd C-3.6 chars at 40%
conversion with carben dioxide (1l atM)eceeeeescsaan

The effect of heat treatment time on the reactivity

of the

Reaction
carbon

Reaction
carbon

C-O and C-306 CharS....o.........-.........-

rate versus conversion for the C-0 char-
dioxide reaction (1 atM) eceeeccecsccococncnansns

rate versus conversion for the C-3.6 char-
dioxide reaction (1l AtM) ecceeceescsncososasas

Normalized rate versus conversion data of the C-O
char compared to the random pore model and
surface area measurementsl.O..'l....l...ll......l..

Calculated conversion from porosity data versus

carbon

conversion by reaction...cececccccsaccesscans

Comparison of C-0 char rate versus conversion
data to the extended random pore model...cceeeeccases

9

28

31

33

36

37

38

39

41

42

43

44

45

47

48

49

59

61

64



4.1-10

Rate versus conversion data of the C-3.6 char
adjusted to a constant calcium to carbon ratio.....

Equilibrium constant for the reaction
CaCO3—>CaO+C02.....l.....ll..l..l....l...'.....

Equilibrium constant for the reaction C + coz-—> 2 CO

Low temperature pyrolysis furnace....ecccecocececcccee
Volumetric gas adsorption apparatuS...ccccccceccsccacs
Thermogravimetric AnalyzZer....ceeccecceccsccsscsssacnsnse
Reactant Gas Flow SySteM.ceeceeceascscsssssscnosscnssscs

TGA signal with and without a critical flow
orifice downstream of the reactOr..cccceecececececcsscs

The effect of gas velocity on the temperature
difference measured by a dual bead
thermocouple assembly..c.cccccecoseascescccccccccasass

Temperature profile in the reaction zone of the TGA..

Arrhenius diagram for the C-0, C-1, and C-3.6 chars
at 10% conversion; reaction with oxygen (0.21 atm).

Arrhenius diagram for the C-0, C-1, and C-3.6 chars
at 20% conversion; reaction with oxygen (0.21 atm).

Arrhenius diagram for the C-0O, C-1, and C-3.6 chars
at 40% conversion; reaction with oxygen (0.21 atm).

Arrhenius diagram for the C-0, C-1, and C-2.6 chars
at 60% conversion; reaction with oxygen (0.21 atm).

Arrhenius diagram for the C-0, C-1, and C-3.6 chars
at 80% conversion; reaction with oxygen (0.21 atm).

Arrhenius diagram for the C-0, C-1, and C-3.6 chars
at 90% conversion; reaction with oxygen (0.21 atm).

Reaction rate plotted against normalized time for the
C-0 char - oxygen (0.21 atm) reactioN.ccceccceccccces

Reaction rate plotted against normalized time for the
C-1 char - oxygen (0.21 atm) reaction...cececececceces

Reaction rate plotted against normalized time for the
C-3.6 char - oxygen (0.21 atm) reaction............

Reaction rate versus conversion for the C-0 char -
oxygen (0.21 atm) reaction...I..Il.l.‘ll.l.‘o..'..b

10

66

82

87

104
109
113

116

122

123

123

130

131

132

133

134

135

139

140

141

143



4.1-11
4.1-12
4.1-13
4.1-14

4.1-15

4.1-16
4.1-17
4.1-18
4.1-19
4.1-20
4.1-21
4.1-22
4.1-23
4.1-24
4.1-25

4.1-26

4.1-27

4.1-28

Reaction rate versus conversion for the C-1 char -
oxygen (0.2]1 atm) reactioN...c.ceceeeceeececenananes

Reaction rate versus conversion for the C-3.6 char
oxygen (0.2]1 atm) reactioN...ccccececeeeecccecccees

Reaction order for the C-O0 and C-3.6 charS...ccee....

Reaction rate versus normalized time for the C-0
char at different oxygen partial pressures;
875 K reaction temperatuUre..cc.eeeececeeeeeesecacaneses

Reaction rate versus normalized time for the C-0
char at different oxygen partial pressures;
725 K reaction temperature...ceeeeeeeeesoenseoceeees

Reaction rate versus normalized time for the C-3.6
char at different oxygn partial pressureS..........

Arrhenius diagram for the C-ion and C-CaCO3 at 10%
conversion; 0.2] atmM OXYgeN e eeeeeeoeoeesecoeoennas

Arrenhius diagram for the C-ion and C-CaCO3 at 20%
conversion; 0.2]1 atm OXYJeNueeeeeeeeeesncsoeannnnses

Arrenhius diagram for the C-ion and C-CaCO3 at 40%
conversion; 0.21 atm OXYgeN ... eeeeereooooeesancsse

Arrenhius diagram for the C-ion and C~CaCO3 at 60%
conversion; 0.2] atm OXYgeN.:eeeeeeeeosesococannesns

Arrenhius diagram for the C-ion and C-CaCO3 at 80%
conversion; 0.21 AtM OXYGEeNeeeeeseoosscosecoosecsses

Arrenhius diagram for the C-ion and C-CaCO3 at 90%
conversion; 0.2]1 atM OXYJeN.eeeeeeooeooosooonnneasen

Reaction rate normalized by the maximum rate versus
normalized time; C-ion char - oxygen (0.21 atm)....

Reaction rate normalized by the maximum rate versus
conversion; C-ion - oxygen (0.21 atm) reaction.....

Reaction rate normalized by the maximum rate versus
conversion; C-CaCO3 char - oxygen (0.21 atm).......

Reaction rate versus calCium CONEtENt e ceeeeeoenceesees

Arrhenius diagram for the Spherocarb-oxygen reaction
(0.21 atm) at 20% CONVEISIiON..teeeeeoenecsnesnncsaes

Arrhenius diagram for the Spherocarb-oxygen reaction
(0.21 atm) at 40% CONVEILSiON:.eieeeeeeecossneanness

11

144

145

147

148

149

150

152

153

154

155

156

157

160

l61

l62

164

165

166



4.1-29 Arrhenius diagram for the Spherocarb-oxygen reaction
(0.21 atm) at 60% CONVErSiON.seeceececceccecnncnsneae 167

4.1-30 Arrhenius diagram for the Spherocarb-oxygen reaction
(0.21 atm) at 80% CONVErSiON..ecececceccsascasseass 168

4.1-31 Arrhenius diagram for the Spherocarb-oxygen reaction
(0.2]1 atm) at 90% CONVErSiON..e.eereoecacoccesansss 169

4.1-32 Reaction rate normalized by the maximum rate versus
conversion; Spherocarb-oxygen (0.21 atm).....ec0... 171

4.1-33 Reaction rate normalized by the maximum rate varsus
: normalized time; Spherocarb-oxygen (0.21 atm)...... 172

4.1-34 The effect of heat treatment time on the reactivity
of the C-O and C-3.6 chars.'..........ll.........ﬂl 174

4.1-35 Arrhenius diagram for the C-0 and the C-3.6 chars
At 20% CONVEISIiON.t .ttt eceeeeececcenonssccsaonnnsees 176

4.1-36 Arrhenius diagram for the C-0 and the C-3.6 chars
at 40% CONVEISiON.:.iieeteeseancececeacascsasnnnaaas 177

4.1-37 Arrhenius diagram for the C-O and the C-3.6 chars
at 60% conversion.......l............l‘ll....l.IO.C 178

4.1-38 Arrhenius diagram for the C-O and the C-3.6 chars
at 80% Conversion....l..l...............l..'....... 179

4.1-39 Arrhenius diagram for the C-0 and the C-3.6 chars
at 90% conversion..lll..l..l.'.‘......ll...l....... 180

4.1-40 Arrhenius diagram for the C-0 char at 20% conversion
for three particle sizes; oxygen (0.21 atm)........ 183

4.1-41 Arrhenius diagram for the C-O char at 40% conversion
for three particle sizes; oxygen (0.21 atm)........ 184

4.1-42 Arrhenius diagram for the C-O char at 60% conversion
for three particle sizes; oxygen (0.21 atm)........ 185

4.1-43 Arrhenius diagram for the C-O char at 80% conversion
for three particle sizes; oxygen (0.21 atm)........ 186

4.1-44 Arrhenius diagram for the C-O char at 90% ccnversion
for three particle sizes; oxygen (0.21 atm)..eeesa.. 187

4.1-45 Relative reactivity of different sized particles
as a function of the reaction depth from the
particle surface...l.....'.l...l..ll.l.lll....l...l 188

4.1-46 Effect of particle size on the reaction rate versus
normalized time data of the C-0 char;
0021 atm Oxygen; 860 K.......l...I.l.l...l.......-. 191

12



4.1-47 Effect of particle size on the rate versus conversion
data of the C-0O char; 0.21 atm oxygen; 860 K....... 192

4.1-48 Arrhenius diagram for the C-3.6 char, two particle
sizes at 20% conversion; 0.21 atm oxygeN........... 193

4.1-49 Arrhenius diagram for the C-3.6 char, two particle
sizes at 40% conversion; 0.21 atm oxygenN........... 194

4.1-50 Arrhenius diagram for the C-3.6 char, two particle
sizes at 60% conversion; 0.21 atm OXygeN........... 195

4.1-51 Arrhenius diagram for the C-3.6 char, two particle
sizes at 90% conversion; 0.21 atm oXygeN.....eo.... 196

4.1-52 Effect of particle size on the reaction rate versus
normalized time data of the C-3.6 char; 0.21 atm
Oxygen; 660 K......l..........l..l....l...l...o.... 197

4.2-1 Arrhenius diagram for the C-0 and C-3.6 chars at
10% conversion; carbon dioxide reaction (1.0 atm);
90-106 um particles.l...l...l...l....l.ll...lll.... 199

4,2-2 Arrhenius diagram for the C-0 and C-3.6 chars at
20% conversion; carbon dioxide reaction (1.0 atm);
90-106 um particles'..l.l..l.l.l.l'.'....l'l.....ll 200

4.2-3 Arrhenius diagram for the C-0 and C-3.6 chars at
40% conversion; carbon dioxide reaction (1.0 atm);
90-106 um particles......l.l..l....l..l....l....l.l 201

4.2-4 Arrhenius diagram for the C-0 and C-3.6 chars at
60% conversioun; carbon dioxide reaction (1.0 atm);
90-106 um particles..'0.......l.l.l....'........t.. 202

4.2-5 Arrhenius diagram for the C-0 and C-3.6 chars at
80% conversion; carbon dioxide reaction (1.0 atm);
90-106 um particles.....l............l.I...ll..ll.. 203

4.2-6 Arrhenius diagram for the C-0 and C-3.6 chars at
90% conversion; carbon dioxide reaction (1.0 atm);
90-106 um particles‘......‘...l..l..w...l....ll.ﬁll 204

4.2-7 Reaction rate normalized by the maximum rate plotted
against normalized time; C-O char - carbon dioxide
reaction (1 atm); 90-106 pum particles......coeeee.. 207

4.2-8 Reaction rate normalized by the maximum rate versus
conversion. C-0 char - carbon dioxide (1 atm)
reaction; 90-106 um particleS..ceeececeeeaceoesesas 208

4.2~-9 Reaction rate normalized by the maximum rate plotted
against normalized time; C-3.6 char - carbon dioxide
(1 atm) reaction; 90-106 pmm particleS...eeeeeeeosss 209

13



4.2-10

4.2-11

4,2-12

4. 2-13

4.2-14

4.2-15

4.2-16

4.2-17

4.2-18

4.3-3
4.3-4

4.3-5

Reaction rate normalized by the maximum rate versus
conversion; C-3.6 char - carbon dioxide (1 atm)
reaction; 90-106 um particles..l....l..l..........0

Arrhenius diagram for the reaction of the C-0 char
and Spherocarb with carbon dioxide (1 atm) at
20% conversion.....l...l......ll..‘......l..l.....l

Arrhenius diagram for the reaction of the C-0 char
and Spherocarb with carbon dioxide (1 atm) at
40% conversion....t..l.l......l...........l.l..l.l.

Arrhenius diagram for the reaction of the C-0 char
and Spherocarb with carbon dioxide (1 atm) at
60% conversion.l.loocQ..............I.........l...l

Arrhenius diagram for the reaction of the C-0 char
and Spherocarb with carbon dioxide (1 atm) at
80% conversion........’.......l...........I.I-.l...

Arrhenius diagram for the reaction of the C-0 char
and Spherocarb with carbon dioxide (1 atm) at
90% conversion.....l‘.....G..l..l.'.......‘.l......
Reaction rate normalized by the maximum rate plotted
against normalized time. Spherocarb-carbon dioxide
(l atm) reaction.‘.l..I.l...........'.l‘...........
Reaction rate normalized by the maximum rate versus
conversion. Spherocarb-carbon dioxide
(l atm) reaction‘..ll.l.....'......l.l....l.l..l...
Reaction rate versus normalized time: effect of
particle size C-0 char - carbon dioxide (1 atm)
reactiorl at 1370 K.....II..C.......I..l.....‘...l..

Nitrogen adsorption and desorption isotherms at 77 K
for the C-0 char and 22 and 55% conversioN.........

Equilibrium time for nitrogen adsorption and helium
displacement at 77 K.........l...............l...ll

The BET model for different number of layers.........
Surface areas of the C-0 and C~-3.6 CcharS.eeceeceecceans

Comparison of the average pore radius calculated from
the random pore and the parallel pore models.......

Mercury porosimetry data for the C-O char...ceceeesse
Mercury porosimetry data for the C-3.6 char..........

Carbon dioxide adsorption iscbar at 1 atm........c0.

14

212

213

214

215

216

219

220

221

223

225
228

235

236
238
239

240



4,3-9 Hydrogen and oxygen to carbon ratios of the C-O char. 245
4.3-10 Hydrogen and oxygen to carbon ratios of the C-0 char. 246

4.3-11 Hydrogen and oxygen to carbon ratios of the
C"306 char....‘ll.ll.0..00..00"...00..‘.0..0'..... 247

4.3-12 Hydrogen and oxygen to carbon ratios of the
C-306 char.......Ol.......Illl..ll....ﬂ.'l..ll..... 248

4.3-12 Oxygen content of the C-O and C-3.6 chars as a
function Of conversion.l..’.l..l....ll............. 249

4.3-14 Electron micrographs of the C-0, C-3.6, and

c-caCO3 Chars.oonoooooooooooooooooooooooooo--u--aoo 252
4.3-15 Electron micrographs of the C-3.6 char reacted

in air to 37% conversiON..cceccescocccccscsccceccasss 253

4.3-16 Electron micrographs of the C-3.6 char reacted
in air to 67% converSiON.csececceessccssncnscsacess 254

4.3-17 Electron micrographs of the C-3.6 char reacted
in air to 100% conversioON...ccsceescocesccccccscnves 255

4.4-1 Fraction of calcium on the surface of a crystallite
as a function of the crystallite size...ccoeeeeesss 258

4.4-2 Calcium grain size determined by x-ray diffraction... 260

4.4-3 CO, adsorption and desorption on the C-ion char

gt 298 K......‘..........0.'..............‘........ 263

4.4-4 CG, adsorption and desorption on the C-ion char
3t 700 K...........II.I.I...u..l.l..l..l.lll...ﬂ..l 265

4.4-5 CO, adsorption and desorption on the C—CaCO3 char

gt 298 K..‘.........O..O.I..Q........II.....I.....I 266
4.4-6 CO, adsorption and desorption at 940 K on the

a-CaCOB char......l....ll....n.....l.'............' 268
4.4-7 adsorption and desorption at 940 K on the

co
8-3.6 char..............l...l...........ll...o..ll. 269
5.1-1 Random pore model for different values of @ csessses 284

5.1-2a Comparison of the random pore mocdel to the
C-0 char-oxygen reaction rate.c.cceeeecscccescaceces 288

5.1-2b Comparison of the random pore model to the
C-0 char-coz reaction rate..:..cccc000000000c00cess 289

ion oxygen as a function of
ea ggve!age35I'.......l......'.....l.....l 292

15

5.1-3 Weight fract
ar

surface



5.1-4 Conversion and particle radius calculated from
porosity data of the C-O char...vveeeeeeseeneeecen. 296

5.1-5 Conversion and particle radius calculated from
porosity and density data (Data of Culver
and Heath).........C.......................iill.... 299

5.1-6 Conversion and particle radius calculated from
porosity data of the C-3.6 char..vceeeeeveeeeeeeass 301

5.1-7 Accessible and inaccessible pores in the extended
random pore model....l.........I.l.......t......... 311

5.1-8 Comparison of the extended random pore model to the
C~0 char-oxygen reaction rate dat@....eoeeeeeeeees. 314

5.1-9 Rate versus conversion data of the C-3.6 char-
OXYgeNn reacCtiONeeiceeceeeesesescaoseecnasassenanssaees 317

5.1-10 Rate versus conversion data of the C-3.6 char-
C02 reactionl..l..........l.....ll.....l.u.......l. 318

5.2-1 Rate versus conversion data; C-0 char-oxygen at 875 K. 330
5.2-2 Rate versus conversion data; C-~0O char-oxygen at 760 K. 331

5.2-3 Rate versus conversion data; C-3.6 char-oxygen
at 660 K.........l..........................'...... 332

5.3-1 Comparison of calcium catalysis to potassium catalysis 340
A.l-1 pH of exchange solution versus time....e.veeeeeeeeeo. 366
A.2-1 Projected sample SUrface Ar€@......eooseeessscccecees 369
A.2-2 Flow regimes in vertical tubeS.....eeeeeseaecenceeses 373
A.2-3 Reaction rate as a function of sample pan loading.... 376
A.2-4 Calculated reaction rate as a function of conversion. 378
A.2-5 Effect of sample weight on reaction rat€...eeeeeeeee. 379
A.5-la Nitrogen adsorption and desorption isotherms for the

C-0 char (1100 K heat treatment temperature)

at 0 and 6.4% CONVErSiON.ceeseesescecscesesnasaaaans 394
A.5-1b Nitrogen adsorption and desorption isotherms for the

C-0 char (1100 K heat treatment temperature)
at 22 and 24% conversionl...........l'..I......l... 395

16



A.5°1C

A. 5—28

A.5-2b

Aa 5-2C

A.5-4a

A.5-4b

Ao 5-6a

A.5-6b

AQS-GC

A¢5-6d

A.5-7a

A15-7b

A.5-7c

A.5-7d

Nitrogen adsorption and desorption isotherms for the
C-0 char

(1100 X heat treatment temperature)

at 40 and 54% CONVEIrSiON..eeeeeeeoceaccaaccccosceess

Nitrogen adsorption and desorption isotherms for the

C-3.6 char (1100 K heat treatment temperature)
at 0 and 7% CONVEIrSiON.c:icecensocsooaccaocononnsas

Nitrogen adsorption and desorption isotherms for the

C-3.6 char (1100 K heat treatment temperature)
at 22 and 38% CONVEIrSiON.seecseeeseonscosososennsas

Nitrogen adsorption and desorption isotherms for the

C-3.6 char (1100 K heat treatment temperature)

at 58% Conversj.on...o.....-.--.-....o....--...-.o.--

Nitrogen adsorption and desorption isotherms for the

C-0 char (1300 K heat treatment temperature)
at 21 and 51% conversion..............l..........l.

Nitrogen adsorption and desorption isotherms for the

C-3.6 char (1300 K heat treatment temperature)
at 26 and 37% Conversion......l‘....‘.lll.....Il...

Nitrogen adsorption and desorption isotherms for the

C-3.6 char (1300 K heat treatment temperature)

at 55%

conversion..a...oooonooo.o..o.oa..olouo..luo

Nitrogen adsorption and desorption isotherms for

SpheIOCarb...-u..I.¢c..0...0...-0-....0000.-.......

BET and
1100 K

BET and
1100 K

BET and
1100 K

BET and
1100 K

BET and
1100 K

BET and
1100 K

BET and
1100 K

BET and
1100 K

Dubinin-Polanyi plot for the C-0 char;
heat treatment temperature; 6.4% conversion.

Dubinin-Polanyi plot for the C-0 char;
heat treatment temperature; 24% conversion..

Dubinin-Polanyi plot for the C-0 char;
heat treatment temperature; 40% conversion..

Dubinin-Polanyi plot for the C-0 char;
heat treatment temperature; 54% convers on..

Dubinin-Polanyi plot for the C-3.6 char;
heat treatment temperature; 7% conversion...

Dubinin-Polanyi plot for the C-3.6 char;
heat treatment temperature; 22% conversion..

Dubinin-Polanyi plot for the C-3.6 char;
heat treatment temperature; 38% conversion..

Dubinin-Polanyi plot for the C-3.6 char;
heat treatment temperature; 58% conversion..

17

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411



A.5-8a BET and Dubinin-Polanyi plot for the C-0 char;
1300 K heat treatment temperature; 21% conversion.. 412

A.5-8b BET and Dubinin-Polanyi plot for the C-0 char;
1300 K heat treatment temperature; 51% conversion.. 413

A.5-9a BET and Dubinin-Polanyi plot for the C-3.6 char;
1300 K heat treatment temperature; 26% conversion.. 414

A.5-9b BET and Dubinin-Polanyi plot for the C-3.6 char;
1300 K heat treatment temperature; 37% conversion.. 415

A.5-9c BET and Dubinin-Polanyi plot for the C-3.6 char;
: 1300 K heat treatment temperature; 55% conversion.. 416

A.5-10 BET and Dubinin-Polanyi plot for Spherocarb......... 417

A.5-1la CO, chemisorption on the C-3.6 char;
first cycle; 0% conversion.l..l...........ll..... 418

A.5-11b CO, chemisorption on the C-3.6 char;
second cycle; 0% CONVerSiON.cececececccccaosncesass 419

A.5-11c CO2 chemisorption at 700 K on the C-3.6 char;
0% conversion..Q...O..I....Ill...l...‘.....l...l. 420

A.5-11d CO, chemisorption on the C-~3.6 char;
first cycle; 37% conversioN..iceeeeeceesecscnecaess 421

A.5-1lle CO, chemisorption on the C-3.6 char;
first cycle; 67 and 100% conversion.....eeveeees. 422

A-G-l Values for F(K).I.l.....l.io.......'..I..IC.....I.. 426

A.6-2 The parameter G as a function of the total porosity
for an exponential pore size distribution.......... 428

18



4.1-3

4.1-4

4.1-5

4,3-2
4.3-3

4.4-1

50 l—l

LIST OF TABLES
Elemental Analysis of the CharS..cccececesscscscsssscceces 26
Surface Area and Porosity of the C-O and C-3.6 Chars. 30

Activation Energy and Pre-Exponential Factors
of the Rate Constants........I.....II...........O.. 34

Comparison of Measured Reaction Rates to
Theoretical Calculations......Il....‘.l....l....... 54

The Gasification Reactions of CarbOn.ssecececeeccscessees 85
List Of Char Samples...0......................l....‘. 126

Activation Energy and Pre-Exponential Factors

for the Rate Constants of the C-0, C-1,

and C-3.6 Chars; 02 Reaction.....l.........l‘..ll.. 137
Activation Energy and Pre-Exponential Factors

for the Rate Constants of the C-icon and C-CaCO3

Chars and Spherocarb; O2 ReaCtiON.iceseseesssssesess 158

Effective Heat Treatment Temperature on Reactivity... 173

Activation Energy and Pre-Exponential Factors for the
Rate Constants of the C-0 and C-3.6 Chars;
(1300 K heat treatment temperature); O2 Reaction... 181
Activation Energy and Pre-Exponential Factors for the
Rate Constants of the C-O (50 um particle size);
02 ReaCtion....‘..til...ll..l............ll....".l 190
Activation Energy and Pre-Exponential Factors for the
Rate Constants of the C-0 and C-3.6 Chars;
C02 Reaction.....'...'.............l‘...ﬁ....l....l 206
Activation Energy and Pre-Exponential Factors for the
Rate Constants of the C-O char (190 um particle size)
and Spherocarb; CO2 reactionN...cceeececccsscccsccccs 218
Surface Area, Pore Volume and Average Pore Radii
for the C~0 and C=3.6 CharS..ccecceecscecsancsccase 237

Weight Loss upon Reheating of Partially Reacted Char. 242
Elemental Analysis of the Chars.....cceececeeccecceces 244

Calcium Crystallite Grain Size Determined by
X-Ray Diffraction.........I............I.....I...I. 261

Parameter of the Random Pore Model Calculated for
Different Pore Size DistributionS..ccecececccscccees 286

19



Calculation of Particle Density and Size from
Porosity Data for the C-O Char....cceececeeecececss 294

Calculation of Particle Density and Size from
Porosity Data for a Saran Char....ceeceeeeoccaaaess 297

Calculation of Particle Density and Size from
Porosity Data for the C-3.6 Char....ccceeeeeeeceess 300

Comparison of Measured Reaction Rates to
Theoretical Calculations; Oxygen Reaction........., 357

Comparison of Measured Reaction Rates to

Theoretical Calculations; CO2 ReactiONeceeeeessesss 358

20



CHAPTER ONE. SUMMARY

l1.1. INTRODUCTION

The reaction rate of carbon with oxidizing gases will often
be two to four orders of magnitude higher if the carbon
contains small amounts of inorganic impurities. This striking
increase in reactivity, either because of the presence of
inherent inorganic elements in the carbon or upon the addition
of certain inorganic compounds, has led to many investigations
of this phenomena. These studies, which have been summarized
and reviewed by McKee, 1981; Wen, 1980; and Walker et al.,
1968, have demonstrated that a broad range of inorganic
elements can act as catalysts for carbon gasification.
However, an understanding of the catalysis is so far largely
empirical because of the few systematic studies that have been
made and a lack of understanding of the carbon gasification
reactions themselves, which could provide some insight into
alternative catalytic reaction pathways. Attempts to explain
the catalyst action in terms of a chemical mechanism have been
directed at establishing a broad ranging explanation that
encompasses the numerous species that act as catalysts. The
two most widely supported explanations are the electron
transfer and the oxygen transfer mechanisms. The electron
transfer mechanism (Long and Sykes, 1950) postulates that the
catalyst interacts with the 7T electrons of the carbon and
thereby affects the overall energy level of the solid. One

version of the oxygen transfer mechanism proposed by McKee
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(1981) suggests that the catalyst undergoes oxidation-reduction
cycles with the reactant and the carbon and thereby acts as an
intermediate to supply oxygen to the carbon. In an alternative
explanation, Mims and Pabst (1980) assume that the catalyst
increases the number of active sites on the carbon at which
carbon-oxygen complexes are formed.

In this study, only the catalytic activity of calcium was
investigatedl Previous studies have shown that many of the
Group IA and IIA elements are effective catalysts for carbon
gasification by all three of the major oxidants, 02, C02,and

H. 0, although calcium is not generally considered to be one of

2
the more active catalysts of this group. The effectiveness of
calcium as a catalyst appears to depend strongly on the method
of addition to the carbon. Results reported in a number of
investigations (McKee, 1980; Tomita et al., 1977) show the
effectiveness of calcium to be quite variable, which is
presumably a function of the method of addition and of the
dispersion of calcium on the carbon. Studies by Radovic (1982)
and Hippo (1977) have shown that calcium ion-exchanged onto
demineralized lignites will increase the reactivity of the
lignite greatly and that the reactivity will increase linearly
with calcium loading. They also conclude that it is
principally calcium that is responsible for the higher inherent
reactivity of certain coal chars. 1In neither case, however,
are possible mechanisms for the catalysis carefully considered,

although Radovic suggests an oxidation-reduction cycle as a

probable mechanism and attempts to relate the activity of the
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catalyst to calcium dispersion measurements obtained by x-ray
diffraction line broadening.

In this study, a systematic investigation of the intrinsic
kinetics of a pure and a calcium-added high surface area
amorphous char was made. Insight into the mechanism of carbon
catalysis was obtained by analysis and comparison of the
kinetic data of the catalyzed and non-catalyzed chars. The
principal objectives of this thesis were:

l. To determine how the relative effectiveness of calcium as a
catalyst depends on the method and amount of calcium addition
and the degree of dispersion.

2. To determine the effect of reaction conditions on catalyst
activity by measuring char reactivity over a wide range of
conditions. Previous studies have usually compared
reactivities only at very low reaction rates to insure
completely intrinsic kinetics. 1In this study, measurements
over the entire conversion

were made with both O, and CO

2 2'
range, and up to rates where intra-particle diffusion begins to
become significant.

3. To critically evaluate proposed catalytic mechanisms

by comparison with the data obtained in these experiments.

4. To compare the rate versus conversion data with the surface
area and porosity variations with conversion of the chars. In
a complementary study, the rate versus conversion data were

compared to theoretical models that predict surface area

variations with respect to conversion.
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1.2. EQUIPMENT AND EXPERIMENTAL PROCEDURES

A model char was used in these studies to allow control
over the mineral matter content and the chemical composition of
the char. The char was manufactured from sucrose, and it is a
high surface area carbon that has no measureable porosity in
pores larger than 100 &2. The lack of hetero-atoms (except
oxygen) and other inorganic elements in the char eliminated any
secondary reactions between the calcium and these compounds,
and the narrow pore size distribution provided a material with
a relatively well characterized porosity. Some additional
experiments were conducted with Spherocarb because this carbon
has been used by a number of investigators as a model material.
Spherocarb is a commercially available high surface area carbon
(Analabs, New Haven, CT).

The char was manufactured by pyrolysis of sucrose at 925 K
in a small furnace. Three methods of calcium addition were
used: calcium was added before pyrolysis by dissolution of CaO
in a sucrose solution and by incorporation of approximately
1l pm size CaCO3 particles into the sucrose during
recrystallization of the sucrose from solution. Calcium was
also added directly onto the char by ion-exchange.

Although calcium oxide is practically insoluble in water,
it is highly soluble in a sucrose solution. A mixture of
calcium oxide and sucrose forms what is known as a saccharate
(Honig, 1953). It is likely that the behavior of the sucrose
as a weak acid towards the hydroxide results in the extensive

solubility of CaO. Upon evaporation of excess water at
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approximately 90°C, the saccharate forms a residue in which the
calcium is atomically dispersed. Subsequent pyrolysis of the
saccharate results in a char with highly dispersed calcium. In
comparison to calcium oxide, calcium carbonate is not soluble
in a sucrose solution. In this case, small calcium carbonate
particles will form a uniform dispersion in the solution when
it is agitated. Upon evaporation of excess water from the
solution, the sucrose will recrystallize and incorporate the
calcium carbonate. Pyrolysis of the sucrose-calcium carbonate
mixture gives a char in which the calcium is present primarily
in a separate solid phase. Calcium was ion-exchanged onto the
char by stirring the char in a 0.1 M calcium acetate solution.
Pre-oxidation of the char to 6% conversion at 673 K was
necessary to obtain a significant amount of ion-exchange.

The calcium content and elemental composition of the chars
are listed in Table 1.2-1. The maximum calcium content of the
chars is 3.6 wt% except for the char with the CaCO3 particles.
All chars were heat treated to 1100 K prior to the analysis.
The nominal particle size used in these experiments was
90-106 um.

Surface areas were determined from nitrogen adsorption
isotherms at 77K. Except for the char at 0% conversion, the
time required to reach equilibrium at each adsorption step was
“less than 15 seconds. Equilibrium was not achieved for the
unreacted char even after 60 minutes. The measurements for the
char at 0% conversion are based on a 20 minute adsorption time.

Although the amount that would have been adsorbed at a longer
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Tablel2-1. ELEMENTAL ANALYSIS OF THE CHARS(l)

(Chars Heat Treated at 1100 K)

) Cc-0 c-1 Cc-3.6
(wtg,dry ash free) |(sucrose) (saccharate) (saccharate)
C 95.9 - 93.65
H 1.08 - 1.28
O (by difference) 3.02 - 5.07
ca(2) 0.0 0.97 3.6
C-ion C-CaCoO3 Spherocarb
(sucrose char | (sucrose char
with ion- with
exchanged particulate CaCO3)
calcium )
Cc " 91.45 - 96.84
H 1.06 - 0.73
O (by difference) 7.49 - 2.43
Ca 2.3 6.8 -

(1)A11 chars were heat treated at 1100 K in the TGA in the
same manner used prior to a run. Before analysis, the samples
were dried under vacumn at 600 K, and any subsequent transfers
were done under dry nitrogen. '

(2)Ca1cium content is also reported on an ash free basis,
i.e. wt Ca/wt calcium-free char.
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equilibrium time is not negligible, the adsorption rate is
highest initially and decreases with time. Experiments with
partially reacted chars showed that approximately 5% conversion
is necessary to open up the pore structure so that the nitrogen
adsorption is rapid.

The monolayer coverage was calculated using the n-layer BET
equation. The data are usually best fit by the equation for n
(the number of layers) less than three. Desorption
measurements demonstrated that not all of the nitrogen would
desorb from the char at 77 K. 1In all experiments, the
desorption measurements came to a distinct end point. This is
shown in Figure 1.2-1, in which the adsorption and desorption
isotherms of the sucrose char at 25% conversion are presented.
The remaining nitrogen corresponds to a quantity just less than
the amount at which the isotherm bends over. The amount of
nitrogen remaining on the solid after the last desorption step
is in approximate agreement with the mono-layer nitrogen volume
calculated by the n-layer BET equation. In fact, because the
surface area calculated from the remaining nitrogen is lower
than the surface area calculated by the BET equation, it is
felt that the desorption end point may provide a more accurate
estimate of the surface area of the char. 1In addition, except
for the data point at 0% conversion, the surface areas
determined by the nitrogen end point technique are comparable

to surface areas determined by CO, adsorption measurements

2
(Hurt, 1985). Surface areas were calculated from the monolayer
volume using an area of 16.2 Az/molecule. Because the char is
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Figure L2-1. Nitrogen adsorption and desorption isotherms
at 77 K. C-0 char at 24.4% conversion reacted
in air at 760 K. ( O ) adsorption;

( A ) desorption.

28



predominantly microporous, it is also possible to determine the
totai porosity of the char from the nitrogen adsorption
measurements using the Dubinin-Polanyi equation. The data are
summarized in Table 1.2-2. The surface area is about 640 m2/g
for the sucrose char and 550-m2/g for the calcium-added char,
and for both chars is approximately constant between 10 and 70%
conversion.

Reaction rate data were obtained by measuring the change in
weight of the solid as a function of time with a Cahn Model 113
thermogravimetric analysis system (TGA). Modifications of the
gas flow system of the TGA were made which allowed accurate
measurement of weight changes on sample amounts as small as
50 ng.

The effects of external heat and mass transfer on the
reaction rate of the sample on the TGA sample pan were
determined both experimentally and theoretically. Figure 1l.2-2
shows the effect of sample weight on the reaction rate per unit
mass of sample. Theoretical calculations are presented for
different values of emigssivity; the best fit to the data is
obtained for an emissivity of 0.45, which is in goocd agreement
with_the expected value of emissivity for platinum with some
carbon on one side at 875 K. Because with small amounts of
sample the char does not completely cover the sample pan, the
model includes a factor that changes the projected surface area
of the sample on the pan with the amount of char. Based on the
results of this analysis, all experiments were conducted at a
reaction rate less than .25 mg/min. At higher reaction
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Table L2~2. SURFACE AREA AND POROSITY OF THE C-O and C-3.6
cHARs (1) as 2 FUNCTION OF CONVERSION.

C-0 Char
(Owtg Ca)
CONVERSION : SURFACE AREA POROSITY
n-layer desorption
BET equation end point
(%) (m /g of reacted char) cc/g of reacted char)
0o (1.5)12) 282 318 0.129
6.4 (1.5) 580 531 0.232
22.0 (1.5) 753 645 0.30
24.4 (1.5) 778 664 0.306
54.5 (2.0) 870 627 0.342
C-3.6 Char .
(3.6 wts Ca) )
0 104 114 0.050
7.0 (1.3) 510 374 0.192
22.0 (3.0) 700 553 - 0.278
58.0 (3.0) 660 478 0.272

(1)Chars were heat treated at 1100 K and reacted in air at

760 K for the C-O0 char and 610 K for the C-3.6 char.
(2)

value of n
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temperatures, the sample weight was decreased as required to
keep the rate within this limit.

The experimental procedure was as follows. After the
sample was placed on the sample pan and the reactor
reassembled, the sample was heated at 25 C/min in nitrogen to a
pretreatment temperature (1100 K or 1300 K for the carbon-
oxygen runs; or the reaction temperature itself for the
carbon-carbon dioxide runs) and then brought to the reaction
temperature without any intermediate exposure to air at room
temperature. The run was started by switching the gas from
nitrogen to the reactant. Runs were made in air, and at oxygen

partial pressures below 0.21 atm, and in 100% Coz.

1.3. RESULTS

The rate data for the oxygen reaction at 40% conversion for
the C-0, C-1, and C-3.6 chars (sucrose and saccharate with
1l and 3.6 wt% calcium chars) are presented in Arrhenius form in
Figure 1.3-1. The rate constant is defined as:
r

msFo,

where r is the measured rate of weight loss (mg/min), my is the

initial sample weight (mg ash-free char) and P is the oxygen

o
partial pressure. R& is equal to 0.21, unlesszotherwise

noted. The activation energies and pre-exponential factors of
the rate constants for the individual chars are summarized in
Table 1l.3-1. The activation energies for the catalyzed chars

are lower than for the non-catalyzed char.
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Table 13-1. PRE-EXPONENTIAL FACTORS AND ACTIVATION ENERGIES

OF THE RATE CONSTANTS AT 40% CONVERSION

Char - Reactant Pre-Exponential Activation
Factor Energy
(cc/gmoie-sec) (cal/mole)
. 11
c-0 - air 3.44x 10 34,000
c-1 - air 5.75x 1011 29,700
c-3.6 - air 7.24 x 1011 28,600
r . 12
Cc-ion - air 9.61 x 10 31,100
C-CaC04- air 5.20 x 10Mt 33,000
13
c-0 - COsy 4.26x 10 70,700
c-3.6 - Co, 9.59 % 1013 58,000
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The change in slope of the rate versus reciprocal
temperature data at high reaction rates indicates the onset of
intra-particle diffusion in the chars. This change in slope
occurs at approximately the same reaction rate for each of the
three chars, and in terms of a first-order reaction diffusion
model, this can only arise if the effective diffusivity is the
game for each char. This result implies that the catalyst musc
be active in all pores and, therefore, must be uniformly
distributed throughout the char.

Figure 1.3-2 presents the reaction rate of the C-0 char for

three particle sizes, 45-53 pm, 90-106 pr 177-212 pm. In
general, the reaction rate is about 20% I .r relative to the
next larger size in each case. For the different sizes, the
data lie on a straight line spanning over two orders of
magnituéde indicating the reaction rate to be intrinsic.
Because the data lie on practically parallel lines, it is not
possible to interpret the particle size effect in terms of a
classical reaction-diffusion model. No particle size effect
was observed with the C-3.6 char.

In Figures 1.3-3 to 1.3-5, the reaction rates (normalized
to the maximum rate) are plotted as a function of conversion.
All three chars show a maximum reaction rate at some
intermediate conversicn; however, for the catalyzed chars, the
maximum occurs at a higher conversion. Also, the difference
between the initial and maximum rate is more pronounced for the
catalyzed than the non-catalyzed char. For the catalyzed

chars, the rate versus conversion data beyond the maximum rate

all lie on approximately straight lines.
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Reaction rate normalized by the maximum
rate versus conversion. C-=-0 char - oxygen
(0.21 atm) reaction; 90-106 um particles;
1100 K heat treatment temperature.
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Reaction rate normalizéd by the maximum
rate versus conversion. C-1 char - oxygen

(0.21 atm) reaction; 90-106 um particles;
1100 K heat treatment temperature.
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Figure 1.3-5.
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Reaction rate normalized by the maximum
rate versus conversion. C-3.6 char - oxygen
(0.21 atm) reaction; 90-106 um particles;
1100 K heat treatment temperature.
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The effect of oxygen concentration on the reaction rate of
the C-0 and C-3.6 chars is summarized in Figure 1l.3-6. The
first order rate dependence on oxygen concentration extends to
at least 0.21 atm for th= catalyzed char but only to 0.16 atm
for the non-catalyzed char. The reaction order of the
non-catalyzed char is identical at the two temperatures that
were investigated.

The rate data at 40% conversion for the C-ion (ion exchange
char) and C-CaCO3 (sucrose char with CaCO3 particles) chars are
presented in Arrhenius form in Figure 1.3-7. The activation
energies and pre-exponential factors of the rate constants are
summarized in Table 1.3-1.

The rate versus conversion data of the ion exchange char
are shown in Figures 1.3-8. In general, the shape of the rate
versus conversion curve is quite similar to the C-3.6 char.

The relative reactivity of the catalyzed chars as a
function of calcium loading is shown in Fiqure 1.3-9. The rate
increases linearly with calcium loading up to a calcium content
of at least 6%. The ion-exchange char is a factor of two more
reactive than the calcium-added char at the same calcium
content. The C—CaCO3 char, however, exhibits hardly any
catalytic effect; it is about twice as reactive as the
non-catalyzed char.

Reaction rate data of the C-O and C-3.6 chars with carbon
dioxide are presented in Figure 1.3-10. The experiments were
conducted at 1 atm. coz. Activation energies and pre-

exponential factors are also summarized in Table 1l.3-1l. The
40
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Figure 1.3-8.

100
Conversion (%)

Reaction rate normalized by the maximum rate
versus conversion. C-ion (2.3 wt% Ca) - oxygen
(0.21 atm) reaction; 90-106 um particles;

heat treatment temperature 1100 K.
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Figure L.3-10. Arrhenius diagram for the C-O and C-3.6 chars
at 40% conversion; carbon dioxide reaction
(1.0 atm); 90-106 um particles.
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change in slope of the rate data in the Arrhenius diagram for
the C-3.6 char at 1080 K is not believed to be due to
intra-particle diffusion, since no change in the slope is
observed with the non-catalyzed char and since the rate is
below the rate at which intra-particle diffusion is observed in
the oxygen runs. Rather, the fall-off in reactivity of the
catalyzed char is apparently due to more rapid catalyst
deactivation at elevated temperatures. As shown in

Figure 1.3-11, the reaction rate of the catalyzed char
decreases rapidly with heat treatment at 1100 K, whereas at
1025 K no significant decrease in reactivity is observed.

Rate versus conversion data for the carbon dioxide reaction
are presented in Figures 1.3-12 and 1.3-13. Unlike the oxygen
data, the maximum rate is almost constant between 20 and 60%
conversion for the catalyzed char. 1In addition, the initial
rate is higher relative to the maximum rate. This is observed

with the non-catalyzed char also.

1.4, DISCUSSION
A. Catalysis of the Gasification Reactions by Calcium

The char containing 3.6% calcium increases the reaction
rate of the carbon-oxygen reaction by almost two orders of
magnitude and the carbon-carbon dioxide reaction rate by almost
three orders of magnitude. Such a reactivity increase for the
carbon dioxide reaction is comparable to the increase in
reactivity obtained with potassium (Freund, 1984), which is
commonly assumed to be a much more effective catalyst, at an

46



3yl 03 pozTTeWIOU ST 23BI UOT3OLaYy

*3WT} 3JUSUREaIF LAY Sa3NUTW ( e 33ed

*sIeyo 9°g-D pue 0-D

ay3z jo A3TAT3IOEaI 8Y3 UO SWT3F. JUSWIL3I] JLaY JO 3093F2 9yl

(utw) awry
0S ov (0] 02 1)’ 0
i L L b | i 1 { I
:
! ]
S 4 V ) S6ek i
N O M 00FF

- O % s20% -
[ €3 %0 ©0'x9°€ )

j [| 1 | | ] | | |

*{T-€ 2IN6Td

0=31 8 @3ed/a3ey

47



1.0F

o
9))

Rate/Ratemax

0.4

0.2

0.0L+—
0 20 40

Conversion (%)

60 80 100

1jzed by the maximum rate
c-0 char - carbon dioxide

90-106 um particles.

Reaction rate norma
versus conversion.
(1 atm) reaction;

Figure1m3-12.

48



1 ] 1 L L) 1 LD L 1 )

A 1075 K 7
O 1025 K |
O 995 K

1.0F

0.8

o
(9))
— T

o
n
T

Rate/Ratepax

00 | 1 1 1 1 ! 1 1 1 1 1
0 20 40 60 80 100

Conversion (%)

Figure 13-13. Reaction rate normalized by the maximum rate
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(1.0 atm) reaction; 90-106 um particles.
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equivalent atomic loading. For the oxygen reaction, the
increase in reactivity is comparable to the results obtained by
Radovic (1982) in his study with calcium ion exchanged
lignites.

In order to obtain catalysis of the gasification reactions,
however, the calcium must be dispersed in the char on an atomic
scale. Incorporation of the calcium as a separate solid phase
(either as CaO or CaCO3) directly into the char results in only
a minor increase in reactivity. (This small increase in
reactivity is possibly due to a slight solubility of CaCO3 in a
sucrose solution, thereby providing some atomic dispersion.)
Evidence obtained in this study indicates that calcium in a
separate solid phase (i.e., the surface molecules of a CaCO3 or
Ca0 crystallite) does not promote higher carbon reactivity. If
catalysis indeed occurs at the calcium carbon phase boundary,
one would expect the catalytic activity to be a function of the
calcium crystal structure. However, the catalytic activity is

unaltered whether CaO or CaCO, is the stable phase. Figure

3
1.3-10 shows that the catalysis of the Boudouard reaction does
not change at temperatures above or below the decomposition
temperature of calcium carbonate (1160 K) at 1 atm C02.
Likewise, catalytic activity in the carbon-oxygen reaction is
not altered if the char at the reaction temperature is
“initially exposed to carbon dioxide and the reaction is
conducted in air and a CO2 partial pressure above the calcium
carbonate decomposition pressure. Furthermore, in a discrete

site model of catalysis by small crystallites the reactivity of
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the catalyzed char should be governed solely by the action of
the catalyst. Therefore, the reactivity of the char should be
‘correlative by models that describe the dispersion of supported
metal catalysts. Such models predict that the change in
exposed surface area of the catalyst is (Ruckenstein and

Pulvermacher, 1973):

as n (1.4.1)

where S is a measure of the exposed catalyst surface area.
Ruckenstein and Pulvermacher state that the exponent, n, equals
2 or 3 if the reaction is controlled by particle sintering and
n > 4 if the reaction is controlled by surface migration. Such
dispersion models, with n > 2, would predict catalyst
deactivation to be a function of the catalyst loading, yet the
rate versus conversion data for the C-0 and C-1 chars are
approximately proportional over the complete conversion range.
In addition, it would have been expected that the rate versus
conversion data for the ion exchange char should not have
exhibited such a large difference between the initial and
maximum rates for such a dispersed site model of catalysis.

As a result, it must be that calcium-will act as a
gasification catalyst only when the calcium forms a solution or
a direct chemical bond with carbon and not when it is present
as a separate solid phase. This is consistent with the results
of Mims and Pabst (1983) who have demonstrated that potassium

will form a carbon-potassium surface complex and that the
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number of such complexes correlates with the catalytic
activity. Mims and Pabst prcpose that the complex is similar
to a phenolate species. The analogous chemistry of the Group
IA and IIA elements makes it likely that such complexes are
also formed with calcium, although no direct evidence for a
surface complex was obtained in this study. However, in
contrast to potassium, a cation-carbon solution is not formed
by simply heating calcium carbonate with the carbon. Rather,
the calcium-carbon solution (or surface complex) must be formed
in a prior reaction step. (It is possible that a small number
of surface complexes may be formed directly at the interface
between the calcium and carbon when the sample is heated;
however no extensive spreading of the calcium on the char takes
place. Either this route or calcium dispersion during sample
preparation or both are probably responsible for the slightly

higher reactivity of the C-CaCO, char.)

3
The detailed chemical mechanism by which the catalyst
increases carbon reactivity cannot be determined from these
data. However, the results obtained in this study suggest that
the action of the catalyst apparently is to sufficiently alter
the electron distribution within the solid to affect the
kinetics of reactions involving the solid. Overall the
behavior of the catalyzed and non-catalyzed chars is almost the
same. The rate versus conversion data, although not identical,
are similar for both the catalyzed and non-catalyzed chars and,

in each case, can be scaled by a single rate constant over

practically the entire conversion range. The reaction order
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for the oxygen reaction is not substantially altered by the
catalyst. In addition, the catalyst is effective for both the
oxygen and carbon dioxide reactions, even though the rate
mechanism for each of these reactions is probably different.
The primary effect of the catalyst is to lower the temperature
at which the reaction takes place. 1In addition, the activation
energy in all cases is slightly lower for the catalyzed char
than for the non-catalyzed char. If this lower activation
energy is interpreted in terms of the energy necessary to
decompose a ieaction complex into products, one finds that the
decrease in activation energy gives exactly the higher
reactivity that was measured with the catalyzed char. This
result is shown in Table 1l.4-1, where calculations using
absolute rate theory as applied to surface reactions at the
conditions of adsorption control and desorption control are
summarized. In each case, the pre-exponential factor is given
in terms of the partition functions of the reactant and the
reaction complex, and the activation energy is a measure of the
probability that the reaction complex will decompose to the
products in a particular reaction step. The pre-exponential
factors were evaluated for adsorption and desorption control
using the assumptions suggested by Laidler (1965). The
experimentally measured reaction rate for the oxygen reaction
is as fast as the rate predicted for mobile adsorption control
(the pre-exponential factor for mobile adsorption is identical
to the Hertz-Knudsen equation) which suggests that the rate

controlling step is probably not adsorption control. This is
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Table L4~1. COMPARISON OF MEASURED REACTION RATES

(Blyholder and Eyring, 1957).

(3)
550 x 104 cm

54

Surface ares for C-0 char 640x10
/9: stoichiometry:

4

TO
THEORETICAL CALCULATIONS.
ABSOLUTE RATE THEORY EXPERIMENTAL
ADSORPTION DESORPTION
C-0 Char-Oxygen obile(l) Immobile
Temperature (K) 873 873 873 873
Actlvatlon Energy - - - " 34,000
(E*) (cal/mole)
Pre-Exponential
Factor 3.3x1022|1.3x1017| 3.63x 1028 -
(molecules/cm2-sec)
exp (E) 3x 10-9_ 3x1072| 3 x 1072 -
Rate (molecules/ 13 ‘aw 1n8 20 . 13 (3)
cm2-sec) 49.9x10 3.9x10 1.1 x10 3.4 x10
C-3.6 Char-Oxygen
Temperature (K) 700 700 700 700
Activation Energy - - - 28,600
Pre-exponential 22 17 28 _
Factor 3.7x10 2.2x 10 2.9x10
exp (E¥) 1.2x10"2 1.2x107? 1.2 x107° -
Rate(molecules/ [4.4x1013| 2.6x108 | 3.5 x 101° 3.4 x 1013
cm<-sec)
(1)Equivalent to the Hertz-Knudsen Equation.
(Z)Calculations assume a site density of 2x1015 ar.'i;tes/cm2

cm /g, C-3.6 char
0.75mole 03/mole C.



Table 1.4-1 (continued) :

ABSOLUTE RATE THEORY EXPERIMENTAL
ADSORPTION DESORPTION
C-0 Char-CO3 Mobile
Temperature (K) 1,360 1,360 1,360
Activation Energy _ _
(EE) (cal/mole) 70,700
Pre-Exponential 23 28 _
Factor 1.1x10 5.7x10
exp (E*) 4.3x10712 4.3x10°12 -
Rate (molecules/ 11 17 13
cm2/sec) 4.7x10 2.5x10 2.0x10
C-3.6 Char-co2
Temperature (K) 1,075 1,075 1,075
Activation Energy - - 58,000
Pre-exponential 23 28 -
Factor 1.2x10 4.5x10
exp (E¥) 1.6x 10712 1.6x 10712 -
Rate (molecules/ 2.0x 10! 7.2x 1016 2.0x10%3

cm“/sec)
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in contrast to the observation that the carbon oxygen reaction
is first order, and thus usually assumed to be under adsorption
control. The rate of the carbon dicxide reaction is
considerably greater than the rate predicted for adsorption
control, and therefore, the assumption that the controlling
step of this reaction is produc’. desorption is probably
correct. However, the pr’ cipal result of this calculation is
that the change in activation energy between the catalyzed and
non-catalyzed char is exactly the amount necessary to account
for the increased reactivity.

A decrease in activation energy with respect to greater
catalyst loading is observed with all the chars. The
activation energy of the ion-exchanged char is ;slightly higher
than expected relative to the increased reactivity. It is felt
that this discrepancy is most likely due to an uncertainty in
the determination of the activation energy from only three data
points.

An alternative explanation of the catalyst action, which is
frequently proposed, is that the catalyst changes the number of
mono-energetic active sites on the char at which the reaction
takes place. However, this is inconsistent with the observed
change in activation energy. Rather, the catalyst must change

the energy distribution of the sites.

B. Modelling of Rate Versus Conversion Data
In a complementary study, the rate versus conversion data

were analyzed using the random pore model and an extension of
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the random pore model that includes progressive pore opening as
carbon conversion proceeds. The extended random pore model
provides a better fit to the experimental data, albeit at the
expense of additional model parameters. However, the main
reasons for including pore opening were the observations that
the surface area of the microporous char initially increases
faster than the random pore model predicts, the char porosity
does not increase directly with conversion, and the particle
size effect illustrated in Figure 1.3-2.

The random pore model assumes that the pores of the solid
can be modeled as randomly orientated capillaries. The model
gives the total porosity of the solid, 6(3 in terms of a
parameter, %., that is directly related to the pore size

distribution (Gavalas, 1980) as:

r*
€ = 1-exp[-2«n~[ r2>\(r) dr] (1.4.2)

o
r*

where )\(r) ié defined as the number of intersections of pores
with radius in (r, r+Ar) with any surface element; and r, and
r* are the upper and lower bounds of the distribution.

The model assumeé that surface receeds in all pores at a
constant rate and that the initial porosity of the solid
determines the development of surface area with conversion.
Since the recession distance in a micropore is small relative
to the particle diameter, the conversion is therefore directly

related to the porosity of the solid:
57



1-¢
l-x= — (1.4.3)
1 - €,

where eo is the initial porosity and € the porosity at
conversion x. The final equation obtained with this model is

(Gavalas, 1980):

S(x)

= (l-x)[l-@ln(l-x)]l/z (1.4.4)

S
o

where S(x) is the surface area at conversion, x; So is the
surface area at 0 conversion; and 9 is a parameter of the
model. Note that because of the assumption of a constant
reaction rate, the surface area is directly proportional to the
reaction rate. The parameter, @ + is not an independent
parameter but is related to the initial pore size distribution
of the solid through the zeroeth and first moments of XJ:).
This parameter was evaluated for the sucrose char based on an
initial porosity of 0.3 and a 1/r pore size distribution. The
model predictions compared to the measured nitrogen surface
area and the rate versus conversion data of the C-O oxygen
reaction are presented in Figure 1l.4-1. The model gives an
adequate representation of the data; however, it cannot predict
the initial rapid increase in rate (or surface area), and it
tends to overpredict the rate at high conversion. Besides the
incomplete match between the data and the model, examination of

the char porosity data show that the particle density does not
| 58



(normalized at 20% conversion)

Surface Area (or Rate)

Conversion (%)

Figure l1l.4-1. Normalized rate (or surface area) versus
conversion; (—) random pore model;
(---) experimental data C-O char-oxygen
reaction; (o) surface area measurements.
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in actuality decrease as (l-x). The particle density evaluated
from the pore volume data (Table 1.2-2) and with the assumption
of a constant true solid density is compared to carbon
conversion in Figure 1l.4-2. It is clear that the changes in
porosity do not completely account for the carbon conversion.
This discrepancy between particle density and conversion
implies that either some nitrogen (or even helium) inaccessible
porosity exists that is not accounted for in the calculations
because of the assumption of a constant true solid density, or
that the reaction occurs preferentially near the surface of a
microporous particle sc that the particle diameter decreases
during reaction. The latter explanation is also consistent
with the observed particle size effect. However, it is not
possible to discriminate between these alternatives without
additional experimental data. Nonetheless, both explanations
involve the fact that additional reactive surface area in a
microporous char particle becomes available with increasing
carbon conversion.

The modified version of the random pore model includes the
progressive opening of pores with conversion to account for
these experimental observations. 1In tﬁe extended random pore
model, it is assumed that not all the pores participate in the
reaction initially. It is assumed that Xjr) can be divided
into two parts: one part represents the pores on which the
reaction takes place initially and the other represents those
pores that participate in the reaction only at a later carbon

conversion. It is assumed that the opening of inaccessible
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-aT
pores can be described by an empirical function, (l-e d ),
where T is a constant and q is the distance the surface of an
initially accescsible pore has receeded.

The porosity of the solid is then given as:

-1n(1-€(g))

* *
r q r -
2J (c+q) 2\(r)dr + 21r/ /¢(r+q-s)2 A\ (r)e T5 4ras

T, o “r,

*

Qe [T .
+ z-n-f “[ $r? \(r) ¢S aras (1.4.5)
q

Ly

where € (q) is the porosity of the solid as a function of q,
the recession distance and ¢ is a fraction of the initially
accessible pores that are closed. The first term on the RHS is
the contribution to the porosity of pores initially accessible,
the second term is the contribution of pores opening at a léter
conversion and the third term includes those pores not yet
accessible.

Evaluation of the integrals and additional algebraic

simplification yields:

1-€(q) .
“In( ————) = 2w [ 2g B (1+} - (1/q)(1-eT" 9)
1-6T

+ g B, (1+Y - (21 /a0(1-1/qt (1-¢ D)

o
(1.4.6)

where €,r is the initial total porosity, including the
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contribution of all initially inaccessible pores; } ==¢/t‘; and

B_ and B, are the zeroeth and first moments of Ajr).

o 1
Differentiation of Equation 1.4-6 and simplification yields the
surface area (or reaction rate since the rate is assumed to be

directly proportional to the surface area) in terms of the

variable q:

-, )
S = (g [A-de 9) + B_/B (q(1+}) -1/ (1-e %))

S
o

(1.4.7)
where So is defined as either the initial surface area or rate.

The model was fitted numerically to the non-catalyzed char
oxygen rate versus conversion data. The resultc are presented
in Figure 1.4-3. The model gives an improved fit to the data,
although the empirical pore opening function cannot quite match
the initial reaction rate increase. If a mono-sized pore
distribution is assumed, the parameters of the model can be
related to an initial porosity of 0.35 and an inaccessible
porosity equal to 23% of the total porosity. The parameterﬂ?‘
is equal to about 0.1 of the pore radius. The initial porosity
predicted by the model is in good agreemgnt with that of the
C-0 char, and the fraction inaccessible is a quite reasonable
value., If it is assumed that the difference in reaction rate
between the smallest particle size and the 90-106 pm particles
represents an initially inaccessible porosity, the predicted
value agrees quite well with measurements.

For the catalyzed chars, it was not possible to fit the
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(normalized at 20% conversion)
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Figure 1.4-3.
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Comparison of the C-0 char rate versus
conversion data (~--) to the extended
random pore model (—).
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data directly because of the large difference between the
initial and maximum rates. However, if it is assumed that the
rate constant for the catalyzed reaction is proportional to the

calcium to carbon ratio of the char, one obtains:

r = m_ S(x) ° k Ca fl1.4.8)
° ° c_ (1-x]

where r is the rate, m, is the initial sample weight, ko is a
rate constant, S(x) is the surface area as a function of
conversion, and Ca/Co(l-x) is the calcium to carbon ratio of
the char with respect to conversion. Normalization by the

maximum rate yields:

(l-x)r - S(x)
(l-x )r S
m' "m

(1.4.9)

where Sm is the surface area at the maximum rate and X is the
conversion at the maximum rate. Values for S(x)/Sm corrected
for the calcium/carbon ratio are compared to the rate versus
conversion data of the noncatalyzed char in Figure 1l.4-4.
Correction of the reaction rate by this factor brings the rate
versus conversion curve of the catalyzed char into good
agreement with the data of the non-catalyzed char. This result
implies that the important factor in catalysis is the total
calcium to total carbon ratio rather than the calcium to
surface area ratio of the catalyzed char. Furthermore, it
shows that the calcium remains with the carbon and does not

deactivate at least over the first half of the carbon.
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S(x)/S,

Figure L 4-4.

Conversion (%)

Rate versus conversion data of the C-3.6 char
(—— ) adjusted to a constant calcium to carbon
ratio at x=0.4. Rate normalized to the rate
at x=0.4 for the C-0 char (----).
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conversion range. The reason the rate of the catalyzed char
reaches a maximum at 40% conversion is uncertain. Possibly
further increases in the calcium to carbon ratio beyond this
point provides no additional increases in reactivity, although
other factors must also affect catalyst deactivation at
progressively higher carbon conversions. For example, although
the maximum rate for the 1% calcium char is displaced to a
slightly higher conversion (~ 50%), this displacement cannot
quantitatively account for deactivation only because of calcium

saturation.

1.5. CONCLUSIONS

1. Calcium is an effective catalyst for carbon gasification
when it is present as a complex (or in solution) with the

carbon. Calcium in a separate solid phase is inactive.

2. Approximately 1%(mole/molef calcium increases carbon
reactivity by almost two orders of magnitude for the oxygen
reaction and three orders of magnitude for the carbon dioxide
reaction. This is comparable to the increase in reactivity
obtained with potassium for the Boudouard reaction. For the
oxygen reaction, the higher reactivity is comparable to the
results obtained by Radovic with calcium ion exchanged lignite
chars. The reaction rate increases linearly with calcium

content.
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3. Calcium increases reactivity over practically the entire
carbon conversion range. The catalyst affects the reactivity
of the carbon in all pores in approximately an equal manner.
Intra-particle diffusion becomes evident at approximately the
same reaction rate for both the catalyzed and non-catalyzed
chars. At least up to 1050 K, the activity of the catalyst is

not adversely affected by extensive heat treatment of the char.

4. The catalyst depresses the overall activation energy of the
intrinsic reaction. Calculations, using absolute rate theory,
show that the decrease in the activation energy gives exactly
the higher reactivity observed with the catalyzed char. It is
inferred that the catalyst acts through an alteration of the
electron distribution in the solid, thereby changing the

overall energy level of the solid.

5. Experimental measurements show that for microporous chars
new reaction surface area must become available with increasing
carbon conversion. An extension of the random pore model in
which pore opening takes place as carbon conversion proceeds is
used to model the rate versus conversion data of microporous
chars.

h6. The reaction rate of the catalyzed char increases directly
with the increase in the calcium to carbon ratio of the char as
carbon is removed. This implies that the calcium tends to

remain with the carbon and not deactivate at least over the

first 50% of the carbon conversion range.
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CHAPTER 2. INTRODUCTION, LITERATURE REVIEW, AND THESIS
OBJECTIVES

2.1 INTRODUCTION

The gasification reactions refer to the reactions of
carbon with oxygen, steam, or carbon dioxide. The industrial
importance of these reactions in a broad range of processes
has resulted in many fundamental studies of carbon
gasification with carbons ranging from graphite to numerous
different types of non-structured chars. Certainly in terms
of the number of investigations and of our basic
understanding of the gasification reactions, this is a well
developed research area. However, an approximate
understanding of the surface reaction mechanism has not yet
been obtained, and a quantitative understanding of the
primary variables that determine the reactivity of a specific
carbon and how this reactivity changes with conversion are
still unknown. The determination of a reaction mechanism is
difficult because of the inability to measure surface
intermediates during reaction and to unambiguously interpret
the limited data available. 1In comparison, the measurement
of overall char reactivity as a function of the physical
properties or chemical composition of the solid is much more
amenable to engineering studies. Such studies have recently
focused primarily on the effect of inorganic elements or
compounds on carbon reactivity because of the large increase

in reactivity often obtained by the addition of small amounts
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of certain compounds to carbon. This increase may approach
three or four orders of magnitude in some cases.

The large catalytic effect of certain inorganic elements
has resulted in studies to determine such factors as the
chemical state of the inorganic elements and _-he degree of
dispersion on the carbon substrate in an effort to understand
the mode of action of the catalyst. So far, however, there
has been limited success in explaining why many inorganic
elements can have such a significant effect on carbon
reactivity. Studies of carbon catalyis have also attempted
to quantify the increase in reactivity resulting from
catalyst addition; however, almost all of the studies have
been conducted over a limited carbon conversion range and at
quite slow reaction rates to insure completely intrinsic
kinetics. As a result, there still exists an uncertainty
about the range of conditions for which catalysis is
effective.

For the class of non-structured microporous chars, which
includes coal chars and petroleum cokes, the two elements
that have been principally studied as catalytic additives are
potassium and, to a much lesser extent, calcium. The main
reason for the current interest in the role of potassium
during carbon gasification was the development of the Exxon
catalytic coal gasification process (Lang and Neavel, 1982;
Nahas, 1983). This process utilizes potassium salts both to
catalyze the methanation reaction and to increase the
gasification rate of the carbon. It was largely this
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development that provided the impetus to study the
fundamentals of a solid catalyzed gas-solid reaction and to
consider how to exploit either the catalytic behavior of
inorganic species towards carbon or any secondary reactions
of the inorganic species with the reaction products in a coal
conversion process. Calcium is of interest because it is
this element that contributes to the formation of inherently
more reactive chars. It is widely present in many coals and
0il shales, either as calcium carbonate or ion exchanged onto
the organic matrix. In addition, calcium is potentially an
inexpensive additive tor the modification of reactivity or
other properties of the char.

Although much emphasis has been placed on increasing
carbon reactivity in the literature, it is not obvious
exactly what advantages this will provide in a specific
process. From an engineering standpoint, the carbon-oxygen
reaction generally occurs under conditions where the rate of
mass tranport of the gas to the solid will largely govern the
design of reactors. An increase in carbon reactivity, unless
it is quite large, may not greatly alter the regime of mass
transfer control. For the steam and carbon dioxide-carbon
reactions the reaction kinetics can affect the reactor size
or the process design. These reactions are endothermic, and
therefore, the rate with which heat is converted to chemical
‘energy will be a function of the char reactivity.

Beyond any direct application for improving the

efficiency of a gasification process, a basic understanding

71



of intrinsic carbon reactivity is necessary for the
development of mechanistic models that can accurately predict
the reaction rate under complex conditions where mass
transport effects are important.

Finally, it is possible that the presence of certain
inorganic elements may be beneficial in a manner independent
of any effect they may have as catalysts for the gasification
reactions. For instance, the inorganic elements may act as a
methanation catalyst as in the Exxon process, or they may
possibly be very actfve for sulfur removal or NOy reduction.

This study was undertaken to determine the effect of
calcium on the intrinsic reactivity of a non-structured high
surface-area carbon and to study the details of a gas-solid
reaction involving a highly microporous solid. The kinetic
measurements were obtained over the entire conversion range,
over a wide temperature range, and at various reactant gas

concentrations.
2.2 BACKGROUND AND LITERATURE REVIEW

2.2.1 The Reactivity of Carbons

Many of the quantitative kinetic studies that have been
made over the past two decades are summarized in a number of
reviews (Essenhigh, 1981; Smith, 1982; Laurendeau, 1978).
These compilations show that there is a significant variation
in reactivity among chars. The differences in reactivity are
usually attributed to char properties such as the extent of
grapnitization, the pore structure of the solid, and the

72



presence of inorganic species. 1In particular, the measured
activation energy and reaction order for graphite and
microporous chars are often significantly different. To
date, the differences in the kinetic parameters of these two
types of carbon have been inadequately characterized with
respect to the physical properties of the two carbons;
however, it is the inclusion of both graphite and microporous
chars in a common list of carbon reactivity data that has
amplified the variations in reactivity among carbons.

Except for the difference in reactivity between graphite
and microporous chars, catalysis of the carbon reaction by
inorganic species may well be the primary factor responsible
for variations in reactivity. Within either class of carbons,
reactivity can be altered by a few orders of magnitude when
catalysts are present. For example, Hastings (1984); Jenkins
et al. (1973), and Hippo (1975) all emphasize the importance
of mineral matter in determining the reactivity of coal

chars.

2.2.2 Catalysis of the Carbon Gasification Reactions

The substantial literature in which the catalytic effect
of many different elements on char and graphite reaction
rates has been investigated has been reviewed by Walker et
al. (1968); Wen (1980); McKee (1981); and Wood and Sancier
(1984). Although the term catclysis is usually applied to
this phenomena, the situation is different from the usual

catalytic reaction system, since one is already dealing with

73



a heterogeneous reaction system. 1In addition, the catalysts
may be altered or undergo severe changes as the carbon is
removed.

What is evident from these reviews is the wide range of
elements that can act as gasification catalysts. Many of the
catalysts accelerate char reactivity under both reducing and
oxidizing conditions. (Hydrogenation catalysts were not
considered in this study.) Catalytic studies usually compare
the differences in reactivity between a specific carbon both
with and without a catalyst. Thus, differences in carbon
structure (e.g. Spiro et al., 1983) are usually not strongly
considered by investigators when the catalytic effect of a
specific element is evaluated or when a mechanistic
explanation for the catalytic effect is established. McKee
has summarized the experimental data by categorizing the
results with respect to elements of the same groups in the
periodic table. He notes that the alkali and alkaline earth
elements, transition elements, noble metals, and certain
miscellaneous compounds are all effective oxidation
catalysts. For the gasification reactions, the alkali and
alkaline earth elements and the metals of the iron and
platinum group are identified as the most active.

Attempts to explain the catalytic activity in terms of a
chemical mechanism have been directed toward establishing a
broad ranging explanation that encompasses the numerous
species that act as catalysts. The two most widely supported

explanations to date are the electron transfer and the oxygen
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transfer mechanisms. The electron transfer mechanism, the
details of which were originally proposed by Long and Sykes
(1950), postulates that the catalyst affects the general
energy level of the solid. It proposes that the catalyst
acts by withdrawing a mr-electron from the graphitic
structure. Calculations with molecular orbital theory show
that such an electron deficient ring would induce a stronger
carbon-oxygen bond and weaken the adjacent carbon-carbon
bonds. Long and Sykes suggest that transition elements,
which have unfilled d-bands, could withdraw a w-electron from
the ring structure and that the alkali and alkaline earth
elements could form covalent bonds at points of high electron
density and thereby withdraw a m-electron. This mechanism
does not require the catalyst to be situated directly at a
reactive site; the catalyst only alters the electron
distribution of the carbon substrate.

The oxygen transfer mechanism proposes that the catalyst
undergoes oxidation reduction cycles with the reactant and
the carbon and thereby acts as an intermediate to supply
oxygen to the carbon. McKee (1981) lists as support for this
mechanism the observation of Amariglio and Duval (1966) who
suggest that only metals that can oscillate between two or
more oxidation states can act as oxidation catalysts. McKee
also notes that transition elements that can be reduced by
carben at temperatures below 1000C are active catalysts,
whereas stable oxides such as those of aluminum, silica, and

tungsten are not. Further evidence for this mechanism are
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the CAEM (controlled atmosphere electron microscopy)
experiments, which usually show mobile catalyst particles on
the carbon surface and extensive pitting of the carbon near
'the particle. This phenomena is interpreted as evidence of
cyclic oxidation and reduction of the catalyst particle as it
migrates across the carbon surface (McKee, 1983). For the
alkali and alkaline earth elements, evidence for this
mechanism are the observations that carbon accelerates the
decomposition of the carbonate to the oxide and that the
oxide form is the active species during the catalyzed
carbon-oxygen reaction. McKee {(1981; 1983) suggests that a
possible reaction sequence involving these elements could be:
MpCO3 + C + 0, —> M0 + 2CO0,

MZO + 1/2 02 9 M2 02

2 M202 + C —> 2M20 + co2

where the active intermediary compound is a peroxide or
higher oxide. M is assumed to be any group IA element.

It is proposed that the oxygen transfer mechanism is also
operative during the catalyzed'carbon dioxide and steam
reactions. Walker et al. (1968) in their study of graphite
gasification by group VIII metals (Fe, Ni, Co) present a
phenomenological argument for a mechanism that involves
dissociative chemisorption of CO; at the metal surface to
form CO and a labile oxygen atom that can react with the
carbon tc form CO. McKee (1981; 1983) suggests a similiar

type of mechanism for the group IA elements based on the
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observation of alkali metal vapor during the carbon catalyzed
reaction. The proposed sequence involves the carbothermic

reduction reaction to form metal vapor:
MyCO3 + 2 C —> 2 M + 3 CO

The alkali can then participate in a dissociative
chemisorptidn mechanism in the same manner as the group VIII
metals. Wood et al. (1983) have verified the occurrence of
the carbothermic reduction reaction using Knudsen cell mass
spectrometry.

Based on experimental data which show the alkaline earth
elements to behave analogously to the group IA elements as
carbon catalysts, McKee (1979; 1980) suggests that an
analogous mechanism applies to these elements. However,
extension of the mechanism is problematic since reduction to
the metal is unlikely to occur for the group llA elements
because of the greater stability of the oxide.

Wood and Sancier (1984) point out that much of the recent
experimental data support a mechanism whereby the catalyst
acts to supply oxygen to the carbon but indicate that there
is insufficient data to establish a possible reaction
sequence. Evidence for a mechanism involving oxygen transfer
is based to a large extent on Wood's study of the
carbon-alkali reaction and on the work of Mims and Pabst
(1980). Mims and Pabst have clearly demonstrated that K2CO3

will react with the carbonaceous substrate to form a stable
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and distinct surface salt complex, which is assumed to be

analogous to a phenolate salt (Mims et al., 1982):

Their data provide strong evidence that the surface complexes
participate directly in the catalytic reaction. They
postulate that these surface salts accelerate the reaction by
acting as oxygen transfer sites. Mims and Pabst argue that
catalysis occurs because the catalyst increases the number of
active sites on the carbon. Their studies, however, were
concerned only with the steam and carbon dioxide reactions.
Objections to the oxygen transfer mechanism have been
pointed out by a number of researchers. Walker et al.
(1968) note that the mechanism tacitly assumes that the
rate-controlling step for the non-catalyzed reaction is
oxygen chemisorption or that the catalyst particle acts as an
active site center. Long and Sykes (1950) conclude that
since this mechanism consists of a series of steps completely
different from those occurring in the non-catalyzed reaction,
it would be expected that the kinetic parameters of the
catalyzed reaction be widely different. This is usually not

observed.
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2.2.3 Calcium as a Gasification Catalyst

Most of the recent studies of carbon catalysis with
microporous chars have involved the grcup IA elements,
principally potassium. (Fuel 62, February, 1983 and Fuel 63,
August, 1984 present a summary of the papers presented at the
International Symposium, "Fundamentals of Catalytic Coal and
Carbon Gasification", Amsterdam, The Netherlands, Sept. 1982
and at the Conference on "Carbon and Catalysis", London, Dec.
1983, respectively.) The interest in potassium is probably
related to the potential commercial application of this
element in coal conversion processes. In addition, potassium
catalyzed chars are relatively simple to prepare. Mims and
Pabst (1980) have demonstrated that the catalytic activity is
relatively independent of the method of preparation. Whether
potassium addition is by wet impregnation, dry mixing, or ion
exchange, the linear relationship between potassium loading
and reactivity is about the same.

In contrast, studies with calcium have been much more
infrequent. In part, this is due to the uncertainty in the
past of the effectiveness of calcium as a catalyst. Marsh
and Adair (1975) added various metal nitrates, including
CaNO3, to solutions of furfuryl alcohol, which were
subsequently polymerized and charred. No increase in the
reactivity of the calcium-added char is observed although the
other metal nitrates all cause an increase in char
reactivity. Tomita et al. (1977) added CaCO3 as a dry

powder to a char and found no effect. Haynes et al. (1973)
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have investigated many different compounds for catalytic
potential and found that Ca(OH); has only a minor effect.
However, a number of investigators (Hippo, 1977; Radovic,
1982; and Lang and Neavel, 1982) ion-exchanged calcium onto a
carbon substrate or removed calcium by demineralization of
coal char and found a significant change in reactivity. Otto
et al. (1978) also have found an increase in reactivity
after impregnating graphite and chars with a calcium acetate
solution. (This method of impregnation, however, may have
resulted in ion exchange occurring with the carbon surface.)
In another study, McKee (1979; 1980) mixed CaCO3 with
graphite and observed an increase in reactivity. CAEM
investigations (Cairns et al., 1977) indicate that calcium
oxide particles are mobile on a graphite surface and that
accelerated pitting of the surface occurs in the vicinity of
the particle.

In summary, these studies indicate that calcium is an
active catalyst, but that the method of impregnation and the
degree of dispersion are important in determining the extent
of activity. Furthermore, it is the ion-exchanged calcium
that is responsible for the inherently higher reactivity of
some coal chars. Potassium is usually present in much
smaller amounts than calcium in coals, and when present, it
is usually tied up in an inactive state with the
alumina-silicate minerals in the ash (Lang and Neavel, 1982).
Hippo (1977) has shown that carbon reactivity responds
linearly to the amount of ion-exchanged calcium.
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Calcium oxide can react with carbon dioxide to form
calcium carbonate, or the carbonate can readily decompose to

form calcium oxide:

CaCO3 =—= Ca0O + CO2

The direction of the reaction depends on the temperature and
the local CO, partial pressure. The equilibrium diagram for
this reaction is given in Figure 2.2-1. The variance of this
system is one (Meissner, 1971); therefore fixing both the
temperature and CO; pressure below the equilibrium line
results in the formation of only a single phase, CaCO3,

whereas above the line only CaO is present.

2.2.4 Properties of the Carbon Surface Oxides

Surface oxides on the carbon may be important to the
interaction between the carbon and the alkali or alkaline
earth elements. Sears et al. (1980) show that the
reactivity of certain lignites correlates with the oxygen
content of the char as well as with the calcium content, and
Lang and Neavel (1982) also present evidence that the ability
of calcium to enhance carbon reactivity depends on the oxygen
content of the char. 1In addition, surface oxides are
important in the ion exchange propertieé of the carbon
surface (Schafer, 1970).

Puri (1970) has extensively studied the surface oxides of
sugar charcoal and has identified two types of surface oxide

complexes. H surface complexes are formed by exposing chars
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Figure 2.2-1. Effect of temperature on the equilibrium
constant for the reaction CaCO3 & CaO + CO, .
(—) Squires, 1967; (---) Turkdogan et al,
1973; (-+-) Campbell, 1978, experimental data.
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that had been previously heated to 1000C to oxygen at room
temperature. L complexes are formed by exposure of the char
to oxygen at 200-400C or with aqueous oxidizers. These two
surface oxides show quite different behaviors: H carbons can
raise the pH of a neutral solution and are hydrophobic, L
carbons lower the pH of a solution and are hydrophillic
(Mattson and Mark, 1971).

Puri (1957) has shown that the L carbon behave like
insoluble acids and that they react with alkalis in a
neutralizing reaction where the salt is associated with the
insoluble solid phase. The results of his work have shown
that the acid behavior of the carbon is associated with an
oxygen complex on the carbon surface that is released as COj
upon heating. Alternatively, oxides that leave the surface
as CO or H20 do not contribute to the acidic behavior of the
solid. Furthermore, since one mole of CO, is released for
every two equivalents of base neutralized, he asserts that
the COz cannot be associated with a carboxylic acid group
because in that case one mole of CO; would be formed for each
equivalent of base that is neutralized (Puri, 1965).

In summary, his data indicate that the oxygen is present
in distinctly different funétional groups and that it is only
the oxygen released as CO2 upon heating, which is responsible
for the acidic and thus ion exchange property of the char.
Furthermore, the presence of an adequate number of these
acidic oxygen groups is probably necessary to obtain

significant loadings of a self dispersing catalyst such as
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potassium. Puri (1957) also shows that the acid sites on the
surface can bring about the decomposition of CaCO3 in a
manner analogous to other aqueous acids. By refluxing a
solution of CaCO03 and sugar char, he has found that the
amount of CaCO3 that is decomposed corresponds closely to the

acidic value (CO2 complex equivalent) of the char.

2.2.5 The Gasification Reactions of Carbon

The gas reactions of carbon and the effect of diffusion
in the porous solid on the reaction rate have been summarized
and reviewed in a number of articles. The review by Walker,
Rusinko, and Austin (1959) is still considered a classic in
this field. More recent reviews by Essenhigh (1981) and
Laurendeau (1978) include the numerous investigations and
developments reported in the field since Walker's
publication.

The gasification reactions refer to the reactions of
carbon with oxygen as well as with carbon dioxide or steam.
In all cases, the reactions transfer oxygen to the carbon,
even though in terms of the gas phase one condition is
oxidizing and the other is reducing. Although the thesis
title refers to this entire group of reactions, in general
usage the term gasification refers only to the carbon dioxide
or steam reactions. The principal gasification reactions are
summarized in Table 2.2-1. The two reactions of interest in
this study are the carbon oxygen and the carbon-carbon

dioxide (Boudouard) reactions.
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Table 2.2-1. The Gasification Reactions of Carbon

Carbon-0xygen
C + O2 —_ CO2 AH=-=94.0 kcal
C + 1/2 0, —> CO =-26.6 kcal
Carbon-Water
C +.H20 —> CO + Hz AH=+31.1 kcal

Carbon-Carbon Dioxide

(Boudouard)

C + CO2 ——> 2 CO AH=+40.8 kcal

85



Carbon dioxide and carbon monoxide are apparently both
primary products of carbon oxidation. The CO/CO2 ratio seems
to increase sharply with temperature, but there is still much
uncertainty about the fundamental aspects of this reaction
and the carbon oxide ratio of the primary reaction products.
Walker et al. (1967) has made a number of studies of surface
oxide formation during the carbon-oxygen reaction and have
concluded that oxygen is dissociatively adsorbed and that
product formation upon desorption could probably be

represented by the following reactions:
C(0) —> Co
C(0) + C(0) —> COp + Ce

where C(O) is an adsorbed oxygen atom and Cf is an active
site. The concept of an active site proposes that the
reaction (adsorption or desorption) cccurs at specific
favored sites on the surface. Laurendeau (1978) suggests
that these sites are associated with carbon edges or
dislocations, inorganic impurities, or hydrogen or oxygen
functional groups.

The Boudouard reaction is a reversible reaction and under
appropriate conditions disproportionation of CO to carbon and
CO2 can occur. The equilibrium diagram for this reaction is
presented in Figure 2.2-2, The rate of reaction, however,
generally becomes appreciable only at temperatures above

about 1100K.
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constant for the reaction C-+002 —> 2 COo.
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The overall reaction rate of carbon is usually described
in terms of the intrinsic reactivity of the carbon surface

and the total surface area of the so0lid:

r =7 Ag[ p(CisCp,T)]

wvhere: r is the rate of reaction (gmole C/sec - gmole C); n
is an effectiveness factor defined in an analogous way to the
effectiveness factor used in heterogeneous catalysis; Ag is
the surface area of the solid (cm?/gmole); and

Q(Ci, Cr) is an intrinsic rate expression (gmole/cm2-sec)
that is a function of the local gas concentration (Cj), the
number of active sites on the carbon surface (Cp), and
temperature. Its functional form may be either a power law
or a Langmuir-Hinshelwood expression.

The functional form of 4 is determined from a mechanistic
model for the surface reaction. For the oxidation reaction,
rno generally agreed upon mechanism exists, and therefore, a
power law expression is generally used. Laurendeau (1978)
suggests that the reaction order lies between 0 and 1 and
that it is a function of temperature. The stoichiometry of
the reaction is usually determined experimentally, or it can
be calculated from some correlation (e.g. Arthur, 1951).

The kinetic data for the Boudouard reaction can be
successfully correlated by a Langmuir-Hinshelwood rate

expression (Walker, 1968):
Q _ kzkl[CT][cozl
k, + k_;[COT + k,[CO,]
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where the k's are rate constants for the individual reaction,
Cr is the concentration of active sites, and the brackets
denote concentration. Although there are a number of
different mechanistic formulations that will give the same
kinetic expression, experimental evidence has accumulated to
indicate that oxygen exchange is one of the steps in the
mechanism. - Inhibition of the reaction does not seem to be
due to CO adsorption on active sites. A simple two step

model that will give the appropriate rate expression is:

k

co, + ¢ -E%l co + c(0)

ky
c) —2> Co

Application of the usual steady state assumption to C(O)

yields the general form of the rate equation:

ki [CO2]
ko+ k-1[CO] + k1 [CO2]

c(o) =

Ergun and Mentser (1965) have shown that at typical
experimental reaction conditions ki[CO2] > k2. For some
conditions, the k-1[CO] term dominates, and one obtains a
relatively simple form for the rate expression:

kyk, [Cpl{CO,]
R~ k_, [CO]

2.2.6 Surface Area Measurements of Chars and Surface Area
Models

The rate expressions presented in Section 2.2.5 are a
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function of the surface area of the solid on which the
reaction takes place. The determination of the intrinsic
reactivity from experimental data, therefore, requires
knowledge of the reactive surface area of the solid. The
calculation of char surface areas is at present not a routine
analysis. The basis of the analysis is usually an
experimental isotherm, but the determination of the monolayer
coverage from the adsorption data is usually not straight
forward and cannot be made without regard to prior experience
and consistency of value as determined from different
adsorption isotherms. Complications arise because chars
often tend to exhibit either micropore filling or activated
diffusion (Lamond and Marsh, 1964; Marsh and Wynne-Jones,
1964). These two opposite phenomena generally do not both
occur within a class of other materials. Pore filling
results when molecules f£ill the micropores at low relative
pressures. Analysis of the adorption data will then result
in the determination of po.se volume rather than surface area.
Activated {or restricted) diffusion occurs when the adsorbate
requires extra energy to pass through a restriction or into a
very narrow pore. Activated diffusion can be checked for
experimentally by measuring the time to achieve adsorption
equilibrium; however, micropore filling will only become
apparent when unrealistically high values for the surface
area are calculated.

It has been shown experimentally that CO5 adsorption

isotherms will not exhibit either of these phenomena as
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strongly as nitrogen adsorption isotherms, presumably because
the carbon dioxide isotherms can be obtained at temperatures
between 195 and 295 K rather than at 77 K. Calculation of
the monolayer coverage from the adsorption data at very low
relative pressures (i.e. from isotherms obtained at 273 or
295 K at CO2 pressures below 1 atm.) requires analysis by
thé Dubinin-Polanyi equation (Gregg and Sing, 1976). That
the Dubinin-Polanyi equation will yield a value for the
micropore surface area rather than the pore volume when
applied to the low pressure CO2 adsorption data at 273-295 K
has been demonstrated by Lamond and Marsh (1964). They also
give some phenomenological arguments as to why this could be
expected. Application of both the BET equation and the
Dubinin-Polanyi equation to the nitrogen and CO; adsorption
isotherms obtained with various polymeric chars was
demonstrated in their study. The standard BET eguation
(Adamson, 1976) is usually used to calculate surface areas
from adsorption data obtained at relative pressures up to
about 0.3. More recently, Nenninger (1982) and Hurt (1985)
have calculated surface areas from carbon dioxide and
nitrogen adsorption data using these two equations.

A number of theoretical models have been formulated to
predict changes in the internal surface area of a porous
solid with conversion, and thus to determine the variation in
reactivity of the solid with conversion. This of course
assumes that the changes in reactivity are caused only by

variations in the surface area of the solid. 1In all cases,
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the models assume that the reaction rate on all pore surfaces
is uniferm and that the porosity of the particle is uniform.

The pioneering effort in the development of a surface
area model for a porous solid that is consumed during
reaction is the random capillary model of Petersen (1957).
This random pore model approach to predicting surface area
evolution and the frequency of pore intersections has been
placed on a firm mathematical basis by Gavalas (1980), who
developed a model using a Poisson process to describe the
probability density function of randomly orientated lines in
space that represent the pores of a solid. The model is
discussed in detail in Section 51-3 An identical random
pore model has been developed by Bhatia and Perlmutter (1980)
who use the relationship of Avrami (1940) to relate the pore
volume of a non-overlapped system of pores to the pore volume
of an actual solid in which overlap will occur.

Another statistical model is the pore tree model of
Simons and Finson (1979) and Simons (1982). This model also
considers a distribution of pores in space, but it assigns an
aspect ratio to the pores. This results in a model where
constant downsizing of pores occurs, and a pore structure
resembling a tree or river system is envisioned.

Hashimoto and Silveston (1973) have developed a model
using the population balance equations to describe pore
formation, pore intersections, and pore coalescence. The
resulting model equations, however, can only be solved

numerically, and the system of equations have a number of
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adjustable parameters. As a result, it is difficult to apply
the model in a discriminating manner in practice.

These structural models have also been used to determine
the pore diameter and thus the effective diffusivity of a
solid when intra-particle diffusion is significant (regime II
kinetics). Application of the random pore model to this case

is considered by Gavalas (1981).
2.3 OBJECTIVES AND OUTLINE OF THE THESIS

The principal objective of this thesis was to investigate
the effect of calcium on the intrinsic reactivity of a
non-structured microporous char and to obtain insight into
the mode of action of the catalyst by comparing the catalyzed
and non-catalyzed reaction rate data. The study also
considered, in some detail, the change in reaction rate with
conversion of a microporous char particle.

The experimental basis of this study was the measurement
of reaction rates with a thermogravimetric analyzer (TGA)
over a wide range of conditions. The TGA is described in
detail in Chapter 3. A novel wmcdification of the reactant
flow system in the TGA allowed the measurement of weight
changes smaller than 1.0 pg at typical operating conditions.

The char used in this study was manufactured from sucrose
to provide an ash free material to which calcium could be
added in a controlled manner. A model char was used in this
investigation to eliminate any effects on the catalyst that

could be attributed to the mineral matter or hetero-atom
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content of the char.

The specific experimental tasks of this study included:

1. The manufacture of model chars from polymeric precursors
and thevdevelopment of techniques for the inclusion of
calcium in these chars in different amounts and in various
states of aggregation. The primary reason for using model
compounds was to obtain some control over the properties of
the solid and to allow the composition of the solid to be

systematically varied.

2. The determination of the effectiveness of calcium as a
catalyst for different initial dispersions and amounts of

calcium in the char.

3. The measurement of reaction rate data for both the
calcium-free and calcium-added chars over a wide range of
conditions to ascertain the effectiveness of the catalyst.
Measurements were made both at intrinsic reaction conditions
and at conditions where intra particle diffusion begins to
become significant. Reaction rates were measured over the
complete conversion range to compare changes in reactivity
with conversion of both the catalyzed and non-catalyzed
chars. Kinetic data were obtained with carbon dioxide and

oxygen and at different oxygen partial pressures.

4. The measurement of changes in catalyst dispersion with

respect to conversion from an analysis of the rate data and
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from carbon dioxide chemisorption measurements at 25 and 425

C.

5. The measurement of surface area and char porosity as a
function of conversion. These values were determined from

nitrogen adsorption and desorption isotherms obtained at 77 K.

6. The determination of the chemical (carbon, hydrogen, and

oxygen) composition of the char as a function of conversion.

The results of the experimental measurements are
summarized and presented in Chapter 4. The results are
discussed in Chapter 5 and cover the main objectives of this

thesis:

1. To determine how the relative effectiveness of calcium as
a catalyst depends on the method and amount of calcium

addition and the degree of dispersicn.

2. To determine the effects of reaction conditions on the
activity of calcium as a catalyst for the gasification
reactions by measuring char reactivity over a wide range of

conditions.

3. To critically evaluate proposed catalytic mechanisms
against the data obtained in these experiments. The results
indicate that the catalyst probably affects the energy
distribution of the electrons in the solid, thereby making it

more reactive; neither a mono-energetic active site model of
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the catalyst nor an oxidation-reduction cycle involving the

catalyst are consistent with the experimental data.

4. To compare the rate versus conversion data with the
surface area and porosity variations of the char with respect
to conversion. 1In a complementary study, the rate versus
conversion data were compared to theoretical models that
predict surface area variations with conversion. An
extension of the random pore model is described that includes
the opening of inaccessible porosity during the reaction of a
microporous char. Experimental measurements showed that new
surface area must become available as carbon conversion

proceeds.

The conclusions are summarized and recommendations for

further research are listed in Chapter 6.
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Chapter 3. EXPERIMENTAL EQUIPMENT AND PROCEDURES

Reaction rate data were obtained by measuring the change
in weight of the solid as a function of time with a Cahn
Model 113 thermogravimetric analysis system. Modifications
of the analyzer's gas flow system were made which allowed the
acccurate measurement of weight changes smaller than 1 ug.
This made operation possible with sample amounts as small as
50 pug. As a result, it was possible to obtain true kinetic
data for characteristic reaction times approaching 30 sec.
without the need to correct for bulk phase heat or mass
transfer effects. These modifications and the
thermo-gravimetric analyzer (TGA) are described in Sections
3.3.1 and 3.3.2. 1In Section 3.3.3, the experimental
procedures are described.

The chars used in these experiments were manufactured
from polymeric precursors and were a high surface area
non-structured carbon. The surface area and total porosity
of the model chars are similar to values typical of many coal
chars. Char manufacture and characterization are discussed

in detail in Section 3.1 of this chapter.
3.1 MANUFACTURE, PREPARATION, AND ANALYSIS OF THE CHARS

3.1.1 Introduction
Chars were made from a number of different organic
precursors to provide a model substance with respect to the

mineral matter content and chemical composition of the char.



The chars were made from sucrose, polyvinyl chloride (PVC),
and furfuryl alcohol. Experimental techniques were developed
for the addition of calcium in various states of aggregation
to either the precursor or directly onto the char.

Kinetic measurements, however, were only made with the
sucrose char both with and without calcium addition. A
number of rate measurements were also made with Spherocarb
because this carbon has been used by other investigators as a
model material. Spherocarb (Analabs Inc., North kaven, CT)
is a commercially available high surface area carbon

molecular.

3.1.2 Sucrose cChar

The sucrose char was made by pyrolyzing reagent grade
sucrose (Mallinckrodt, Inc., Paris, KY), which contained less
than 70 ppm residue after ignition, in a small stainless
steel furnace under a steady flow of nitrongen. The pyrolysis
furnace is described in Section 3.1.6. Between 50 and 75 g
of sucrose (~1 mm size particles) were pyrolyzed in each run.
The sucrose was heated at a rate of 7 K/min to approximately
925 K and then held isothermally for 15-30 minutes at the
maximum temperature. Char vield was approximately 30%.
Pyrolysis of the sucrose resulted in the formation of large
but thin and brittle cenospheric char structures that
completely filled the reactor volume. Individual char
particles, generally less than 250 um in size, were obtained

by lightly crushing the expanded char. The crushed char

98



particles from a number of pyrolysis runs were subseqguently
heat treated for a second time in the furnace. The char was
heated to 900 K in 1 hr but not held isothermally at the
maximum temperature during the second heat treatment. The
heat treated char was dry sieved to narrow size cuts using
standard Tyler sieves and a Roto-tap machine. Oversized
particles were crushed by mortar and pestle to increase the
yield of the desired size fraction. The nominal particle

size used in these experiments was S0-106 um.

3.1.3 PVC char.

The PVC char was made from PVC powder obtained from
Aldrich Chemical Co., Milwaukee, WI. Pyrolysis of the PVC
was accomplished in two steps. The sample was initially
heated to 500 K and held at that temperature for about 120
minutes to complete the initial decomposition of PVC, which
results primarily in the evolution of HCl. Over 90% of the
chlorine content of the PVC is lost as HCl at this
temperature (Winslow et al., 1956). The residue was then
heated to 900 K in 60 minutes and held isothermally at 900 K
for an additional 30 minutes. This results in the evolution
of the residual chlorine, some of the hydrogen, and various
volatile hydrocarbons including tars (Gilbert and Kipling,
1962). Final char yield was about 13%. The resulting char -
consisted of small individual particles; swelling and |

agglomeration of the char was minimal. The char composition
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is carbon and hydrogen; it contains only trace guantities of

oxygen and chlorine.

3.1.4 PFA Char

Polyfurfuryl alcohol polymer (PFA) was made by adding 0.6
ml of 0.1 N nitric acid to 100 ml of furfuryl alcohol in a
stainless steel beaker and heating the alcohol in a forced
convection oven at 420 K overnight. Subsequent removal of
the resinous polymer from the beaker was best done by cooling
the beaker in liguid nitrogen and fracturing the polymer with
a small hammer. The polymer chips (~60 pg) were pyrolyzed in
the furnace at a heating rate of 5°C per minute to 900 K and
held at that temperature for 30 minutes. Char yield was
about 40%. The char had a rather glassy appearance; no
significant swelling of the char precursor occurred during

pyrolysis.

3.1.5 Sucrose Char, Calcium Added

Three different technigques were used to incorporate
calcium into the sucrose char. Calcium was added prior to
pyrolysis by dissolution of Ca0 in a sucrose solution and by
incorporation of CaCO3 particles in sucrose recrystallized
from solution. Calcium was also added directly to the char
by ion exchange.

Although calcium oxide is practically insoluble in water,
it is highly soluble in a sucrose solution. A mixture of
calcium oxide and sucrose forms what is known as a saccharate

(Honig, 1953). It is likely that the behavior of the sucrose

100



as a weak acid towards the hydroxide results in the extensive
solubility of CaO in a sucrose solution. Upon evaporation of
excess water at a temperature of 360 K, the saccharate
residue forms a caramel-like substance in which the calcium
is atomically dispersed. Experimentally, calcium oxide
(reagent powder, MCB, Cincinati, OH) was added to 150 ml of a
40 weight percent sucrose solution and the solution was
stirred until the calcium oxide was completely dissolved.
Dissolution of the Ca0 was slow. Between 0.3 and 2.0 g of
calcium oxide were added depending on the desired calcium
loading in the char. The mixture was then heated on a hot
plate and continuously stirred until sufficient water had
evaporated to form a syrup-like residue. At this point, the
mixture was stirred manually and further heated until a very
viscous caramel-like residue was obtained. This residue was
readily removed from the beaker by freezing it with liquid
nitrogen. The saccharate was pyrolyzed in the same manner as
the sucrose; however, the saccharate did not swell as
severely as the sucrose during pyrolysis. The saccharaﬁe
char was not pyrolyzed a second time.

In comparison to calcigm oxide, calcium carbonate is not
soluble in a sucrose solution. Small calcium carbonate
particles in a sucrose solution will form a uniform
dispersion when the solution is agitated. Experimentally, 12
g of calcium carbonate (primary standard powdef,
Mallinkcrodt) were added to a solution of 250 ml distilled

water and 200 g of sucrose. The mixture was continuously

101



stirred and heated until all the water was evaporated. The
dispersed calcium carbonate particles became incorporated in
the sucrose as it recrystallized from solution. The
recrystallized sucrose was pyrolyzed in the same manner as
the sucrose. Its behavior during pyrolysis was the same as
that of the sucrose.

The final method of calcium addition was ion exchange of
calcium onto the char. Data reported by Puri (1957)
indicates that the ion-exchange capacity of the sucrose char
- should be quite high; however, in the present experiments it
was only possible to exchange small amounts of calcium onto
the pyrolyzed char. Pre-oxidation of the pyrolyzed char at
675 K for 90 minutes in 1 atm air (6% conversion) was
necessary to obtain sufficient exchange capacity. A previous
attempt to pre-oxidize the char at 325 K for 12 hours did not
result in a significant increase in the number of
exchangeable sites on the original pyrolyzed char. The
experimental procedure was as follows: 180 mg of the
pre-oxidized char were added to 230 ml of a 0.1 M calcium
acetate solution to which a small amount of calcium hydroxide
had been added to raise the initial pH to 10. The mixture
was continuously stirred on a hot plate unit, and the
approximate rate of exchange was monitored by measuring the
pH of the solution (see Appendix 1L ). The reaction was
conducted with a large excess of calcium acetate so that
appreciable exchange could occur before the solution pH

decreased significantly. The calcium ion exchange reaction

102



is apparently facilitated at pH values between 7 and 8.5
(Schafer, 1970). The reaction was conducted at 298 K. The
char was kept in solution for about 6 hours, but even after
that time, a small fraction of the char did not wet
completely. At the end of the reaction, the mixture was
vacuum filtered across a medium grit (30 pm) fritted glass
funnel and rinsed with 0.7 £ of distilled water. The
exchange solution was saved and back titrated with 0.1 N
sodium hydroxide to determine the amount of calcium exchanged
onto the char. The pH of the rinse solution was monitored to
assure complete removal of the calcium acetate solution from
the char. The char and the the fritted disc funnel were

vacuum dried in a small oven at 310 K.

3.1.6 Low Temperature Pyrolysis Furnace

The pyrolysis furnace is shown schematically in Figure
3.1-1. The stainless steel vessel is approximately 8 cm in
diameter and 20 cm high and is fitted with a quick release
cap. A stainless steel screen retainer is mounted inside the
vessel to prevent the sucrose char from expanding into the
cooler upper section of the chamber during pyrolysis and
plugging the gas outlet. The char precursor was placed in a
crucible inside the vessel. The gaseous and condensable
pyrolysis products exiting the vessel were passed through a
glass wool filter, bubbled through a water scrubber, and
passed through another glass wool filter before being vented.

The nitrogen flow rate through the pyrolysis vessel was

103



*9deuIng STSAToxAqd @anjeasadwsl MOT *T-TI°¢€ aanbtg

aoeuIny _ -
am *\i x.wﬁnﬂosuo
T@ssaa mﬁmmaoumm.lllllszmW\liﬁHMLmWW\ « Ty
o
I9qQnIos # -

— usaI0s wwu -

_ S - | s~
! ~ I933WMOTd
= | e

Ll . N

_r Y

Wl \ — it 7
S~ 7 CrSS—

SI93TT3F aTdnooowaayy,

104



approximately 0.7 P/min. The furnace was constructed from
four half circular high temperature electric heating
elements. The temperature was monitored with a type K

thermocouple and was controlled manually with two variacs.

3.1.7 Elemental Analysis

The elemental composition and the calcium content of the
chars were determined by a commercial analytical laboratory
(Huffman Laboratories, Wheatridge, CO and Galbraith
Laboratories, Knoxville, TN). The calcium content of the
chars was also determined using a Perkin Elmer Model 360
Atomic Adsorption Spectrophotometer from samples prepared
from the ash residue at the conclusion of a TGA run. In
general, the analysis technigue develdped in-house gave more
consistent results than the results reported by the

commercial laboratories.

A. Carbon, Hydrogen, and Oyxgen Analysis

Carbon, hydrogen, and carbonate carbon analyses were
performed by Huffman Laboratories. It was requested that the
samples be vacuum dried at 600 K for 15 minutes prior to
analysis, and that all subsequent sample transfers be done
under dry nitrogen. A temperature of 600 K was chosen to
assure decomposition of any calcium hydroxide (Mess, 1985)
and to remove any physically adsorbed gases on the char bhut
to minimize the decomposition of chemisorbed oxygen. The
carbon, hydrogen, and oxygen contents (oxygen was determined

by difference) are based on the weight of the vacuum dried
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sample. The oxygen content of the calcium added char was

determined as follows:

1.4 Xca.l
x, =1- [(xc-xcc) Xyt X f T (3.1.1)

°© 2 (l—x)_j

where xo is the weight fraction of oxygen; x. is the weight
fraction of total carbon; xccr is the weight fraction of
carbonate carbon; xy is the weight fraction of hydrogen; XCOg
is the weight fraction carbonate carbon dioxide; xcy is the
original weight fraction calcium in the (unreacted) char; and

X 1s conversion.

B. Calcium Analysis

For the in-house method, the residue remaining on the
sample pan after a TGA run was dissolved in 5 ml of 1 N HCl.
The sample pan was removed from the solution using
pre-cleaned tweezers and rinsed with 5 ml of distilled water,
which was added directly to the HC1l solution. The sample jar
was a glass stoppered weighing jar that had been carefully
cleaned and rinsed with dilute HCl1l and distilled water.
Prior use of regular capped jars found that the HCl could
leach calcium from the cap liner and that fingerprints could
cause significant contamination of the glassware. The
calcium content of the solution was determined with a
Perkin-Elmer Atomic Adsorption Spectrophotometer in an
air-acetylene flame at 422.7 nm. The instrument was
calibrated with a blank solution and with a 20 pg/ml standard

solution diluted by 50% in 1 N HCl. All measurements were
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made at calcium concentrations less than 10 ug/ml, for which
the instrument signal was linear.

Analysis by the commercial laboratories was done on the
char, which required decomposition of the sample prior to
analysis. This was done by the analytical laboratory using

their standard techniques.

3.1.8 X-ray Diffraction Analysis

X-ray diffraction patterns were measured on selected char
samples to determine the presence of calcium crystallites and
the size of these crystallites. The diffraction measurements
were made with a Diano vertical axis x-ray diffractometer
using CuKa radiation (35 KV, 15 ma, and a nickel filter), a
0.1 degree receiving slit, and a 1.0 degree source slit.
Peak intensity measurements were made at a step-through rate
of 0.02 28 degrees every 15 sec. The integral peak widths of
the Ko, peak were obtained from the intensity versus 20
degree data using the x-ray diffraction data interpretation
program of Snow (1985). Instrument broadening was determined
by a silicon standard. Crystallite size was calculated from
the Scherrer equation (Azaroff and Buerger, 1958): t =k\/(Bcos#8),
where t is the grain size; 9 is the position of the 28 peak; ) is

the radiation wavelength; B is the peak width in radians; and K is
a constant with a value close to unity.

3.2 GAS ADSORPTION MEASUREMENTS

Nitrogen adsorption isotherms were obtained at 77K for

various chars that had been heat treated or reacted to
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different extents of conversion. Measurements were obtained
with a volumetric gas adsorption apparatus. It was possible
to obtain adsorption data with samples as small as 6 mg.
Accuracy with such small samples depended primarily on a
correct weighing of the sample; the volumetric measurements
had sufficient accuracy provided the samples had a relatively

high surface area.

3.2.1 Volumetric Adsorption Apparatus

The volumetric apparatus is shown schematically in Figure
3.2-1. It consists of a calibrated volume (A) that is
connected to a gas storage volume (C) and the vacuum manifold
(D) via a three way stopcock (V-1). Connected tc the known
volume is a pressure transducer (E), a second calibrated
volume (F) and the sample bulb (B). The pressure in the
system was maintained below 0.005 torr by a small mechanical
vacuum pump and a liquid nitrogen trap. No diffusion pump
was utilized in this system. The system vacuum was monitored
by a McLoed Gauge (G). The pressure in the calibrated volume
and sample bulb was measured by a Barocell Type 590 pressure
transducer (Datametrics, Wilmington, MA). The transducer has
an accuracy of +/- .005 mm Hg plus 0.15% of the reading when
the transducer is maintained at a constant temperature. The
output is linear over the pressure range of 0 to 500 mm Hg.
The volume displacement of the diaphragm is 0.16 cc at 500 mm
Hg. (This volume change was not taken into account in the

volumetric calculations.) Helium and nitrogen from gas

108



To Liquid

Nitrogen McLeod Gauge
Trap

and D

Vacuum Pump 1\ —

S | |

!
1 |

—— = T T T
N, or Helium — l I
. i | E [
| | .
- ——_____’$| ,—%\ ”j}
— A J \ g
] v-1 | i 3 !
- O l I
— A/’i J -
- B |
- —
5 O ¢ -
s =
— TP T I T P TII L b 1

///;7

Insulated -

Isothermal

Box

Figure 3.2-1. Volumetric Gas Adsorption Apparatus.

109



rylinders (Matheson, ultra high purity) were delivered via
two low pressure (pancake-type) regulators to a manifold from
which either gas could be admitted to the evacuated storage
volume (C). Prior to each run, the manifold and regulators
were carefully purged to displace any air that may have
diffused into the system. This generally involved flushing
nitrogen and helium through the lines and regulators for 5
minutes and then evacuating the connecting lines between the
manifold and the volumetric apparatus. The volumetric
adsorption apparatus is mounted inside an insulated constant
temperature box that is based on the design of Mahajan and
Walker (1978). Two light bulbs are used to supply heat and
the temperature is controlled by a thermo-regulator. A small
fan circulates air in the box to maintain temperature
uniformity. A constant temperature within 0.1°C can be

maintained in the box even after repeated door openings.

3.2.2 Experimental Procedure

Volume changes as small as 0.1 cc can be accurately
measured with the apparatus. This allows surface area
measurements with less than 10 mg of sample, provided the
matérial has a high surface area. Accuracy with such small
samples depends primarily on a.precise weighing of the
sample. Sample weights were obtained both before and after
the adsorption measurements, since it was observed that the
sample weight was slightly less after the sample was

outgassed. Outgassing the char under vacuum was a tedious
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procedure that required many more outgassing steps than the
number calculated based on the dead volume of the sample
bulb. Apparently the chars will physically adsorb a
substantial amount of gas at room temperature. Outgassing
needed to be done carefully and slowly to avoid blowing the
char out from the sample bulb., Prior to an adsorption
measurement the sample was heated under vacuum at 160 C for
about four hours. During this time, it was necessary to keep
liquid nitrogen in the cold trap to prevent back diffusion of
vacuum pump oil to the heated sample bulb. After the sample
was placed in the sample bulb, which was weighed before and
after a run, the operating procedure was as follows. A small
amount of nitrogen (or helium in the dead volume
measurements) from the storage volume was admitted into the
calibrated volume (A). After an equilibration time of
approximately 5 minutes, valve (V-2) was opened and the gas
was admitted to tﬁe sample bulb. From the pressure reading
after a suitable equilibration time and the previously

determined dead volume, the amount of gas adsorbed can be

calculated:
P1V; P,y (V] + V,)
Noge o — - . (3.2.1)
ads = Rrmy RT, r

where V4, is the calibrated volume; V5 is the dead volume of
the sample bulb; P; is the initial pressure; P is the final
pressure; T; and Ty are the temperatures at each pressure
measurement; R is the gas constant; N is the number of moles
of gas remaining in the sample bulb, if any, from the
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previous adsorption measurement and Nzgs is the number of

moles of gas adsorbed.

The adsorption measurements as a function of pressure
were made in a cummulative manner. Desorption measurements
were obtained by reducing the pressure in the calibrated
volume to below the equilibrium pressure in the sample bulb
and thereby outgassing the sampie. Use of the larger (F) or
both calibrated volumes allowed a greater amount of gas to be
desorbed with each step. The liquid nitrogen level in the
dewar surrounding the sample bulb was maintained at a
constant level throughout the experiment by monitoring the
temperature near the top of the dewar with a type T
thermocouple. When the liguid nitrogen level dropped just
enough to completely expose the thermocouple, a rapid
increase in temperature was observed. This point was taken

as the set point for the liquid nitrogen level.
3.3 REACTION RATE MEASUREMENTS BY THERMOGRAVIMETRIC ANALYSIS

3.3.1 The Thermogravimetric Analyzer

The kinetic measurements were obtained with a Cahn
thermogravimetric analyzer (TGA). A schematic of the TGA
system is shown in Figure 3.3-1. The microbalance is mounted
inside a Pyrex glass housing. The balance is an
. electro-mechanical transducer that measures the force applied
onto the balance beam by the current a motor coil needs to
counterbalance the applied torque. The ultimate sensitivity

of the balance is about 0.1 pg. The cylindrical glass
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chamber housing the balance is approxzimately 13 cm in
diameter and 30 cm long. It is fitted on one end with an
aluminum end cap with an o-ring seal. Electrical connections
to the balance and a port for a purge gas are provided on
this cap. Underneath the balance chamber are two large
o-ring glass joints that allow either end caps or the reactor
tube assembly to be connected to the housing. An endcap,
which encloses the counterbalance pan, is attached to the
right hand side o-ring joint underneath the balance chamber.
Connected to the left-hand o-ring joint is a transition piece
that provides a connection between the o-ring joint and a
section of 1" heavy wall glass tubing. The inlet port for
the reactant gases is attached onto this transition piece and
an alternative inlet for the purge gas is available at the
top of the transition piece. A flow restrictor .is situated
around the hangdown wire to minimize mixing by free
convection of reactant gases with the large volume of gas in
the balance chamber. The transition piece is shown in detail
in the enlargement in the figure. The quartz tube is
connected directly to the 1" glass tubing of the transition
piece by a water-cooled Cajurn o-ring vacuum connector. The
connector is cooled by 1/8" copper tubing wrapped around and
soldered to the body of the fitting. Both the water cooled
connector and the radiation shield between the furnace and
the balance are needed to prevent thermal gradients caused by
the hot furnace from affecting the performance of the balance

inside the housing. The quartz furnace tube is 1" in
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diameter with a 1 1/2" section of heavy wall 26 mm quartz
tubing attached to one end. This end was precision ground
and polished to the correct outside diameter to provide a
tight connection to the o-ring fitting. 1Inside the furnace
tube is a quartz glass baffle. This baffle is supported by a
lip inside the body of the fitting. The baffle was supplied
by Cahn and is intended to minimize free convection currents
inside the vertical furnace tube. Two thermocouples are
mounted through the bottom of the furnace tube. The type K
thermocouple provides the input signal for the temperature
controller. The type S thermocouple is used solely as a
check. The alumina protection tube for the thermocouple
wires is used to support a honeycomb ceramic baffle located
just below the sample pan. The purpose of this baffle is
also to minimize free convection currents in the furnace tube
and to assure that the section of tube near the sample pan
remains isothermal. The sample pan is supported by a
hang-down wire of 0.1 mm nichrome. Before installation, the
wire was straightened and stiffened by passing an electric
current through the wire until the wire glowed a bright red
to almost yellow color. The 8 mm diameter sample pan was
constructed from a thin piece of platinum. In some runs an
alumina pan (an 8 mm disc of alumina paper) was used instead.
The gas flow system is shown schematically in Figure
3.3-2. It consists of a reactant gas mixing system and a
separate inert gas line. Both of these lines are directed to

the inlet port of the TGA via a 4-way ball valve. Switching
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the valve directs either the reactant gas or the inert gas to
the TGA while the alternate gas is vented. Product gases
exit the TGA at the bottom of the furnace tube. (The TGA
reactor can be considered a differential reactor.) The gases
leaving the TGA are vented across a critical flow orifice to
a hood. The pressure downstream of the valve is maintained
at a sufficiently low pressure by a mechanical vacuum pump to
achieve critical flow. Since the inlet gas flow is also
metered across an orifice at critical flow conditions, this
arrangement effectively isolates the gas flow in the reactor
from any ambient aerodynamic disturbances. The pressure in
the TGA is monitored with a water manometer that has a safety
release at 24 cm H30.

The gas mixing system consists of four ports that are
connected into a mixing tee and four alternate bypass lines
that are connected to a vent. The entire system is
constructed from 1/8" stainless steel tubing; the on-off
valves are ball valves, and the control valves are Nupro fine
metering valves. Flow rates are adjusted manually and are
measured with Brooks Model 5810 thermal mass flowmeters
located on the high pressure side of each control valve. The
flowmeters were calibrated against a standard laboratory
bubble meter. Reactant gases were obtained from Matheson and
were ultra-high purity nitrogen (<3 ppm O2; <3 ppm H20);
Anaerobic grade carbon dioxide (<10 ppm 02); and air, CO3
free. Except for the COp, no additional purification of the

gases is made. The CO2, however, was passed through a silica
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gel column. Two stage (except CO2) high purity regulators
were used with each cylinder.

The furnace tube is heated with a standard resistance
furnace. The temperature is controlled with a Micricon 823
process controller. Up tc 40 individual ramp and isothermal
steps can be programmed into the controller. The controller
is able to maintain a steady state temperature within 10C of
the set point.

The weight versus time data were recorded on a
Bascom-Turner model 4110 digital recorder and data storage
system. The maximum data acquisition rate is 100
milliseconds per datum point. The derivative of the TGA data
(weight vs. time) was calculated using software available in
the B&scom-Turner operating program. Smoothing of the
derivative data was done using a 5 point moving average
routine also available in the software. A visual best fit
curve was drawn through the smoothed data and numerical
values for the rate were determined directly from the graph
paper. _

The TGA system described above was modified from the
factory design. The original connection between the furnace
tube and the transition piece was a ground glass joint.
Ambient air was able to infuse through this joint into the
reactor vessel even when the pressure in the system was
slightly above ambient (~10 cm H20 above atmospheric).
Leakage can occur vwhen the system pressure is above ambient

if the pathways for diffusion are in the Knudsen regime or if
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surface diffusion is significant. Replacement of this joint
with the o-ring fitting eliminated this problem. No leaks
could be detected at any connection in the system with a
helium-leak detector after this connection was changed.

The addition of the critical flow orifice at the gas
outlet significantly improved the stability of the balance by
isolating the gas flow in the reactor tube from any ambient
pressure fluctuations. During initial testing of the
balance, it was observed that minor change in the ambient
pressure of the laboratory were primarily responsible for the
low frequency but high amplitude noise in the output signal.
Isolation of the flow system between two critical flow
orifices resulted in a dramatic improvement in the

performance of the balance.

3.3.2 Characterization of the TGA Reactor

Kinetic experiments were made with samples weighing from
0.1 to 3.0 mg, depending on the temperature (i.e., the
reaction rate) at which the measurement was made. Sample
size was modulated to minimize the effects of bulk phase heat
and mass transfer at different reaction rates. The nominal
sample size was 0.3 mg. The char sample was dispersed as
much as possible over the area of the sample pan so that the
bed depth at any single point was less than 3 particles.
Calculations presented in Appendix 2 show that heat and mass
resistances are minor at reaction rates below ~ 0.2 mg/min.

Therefore, with a 0.1 mg sample, it is possible to obtain
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kinetic data at a characteristic reaction time of 0.5
minutes.

Gas flow through the vertical furnace tube is in a mixed
laminar free-convection regime. At 1000 K and a flowrate of
200 cc/min of air, the Reynolds number based on the inside
tube diameter, is 5.4. Because of the baffle in the furnace
tube, exact calculation of the Raleigh number is difficult.
The characteristic length and the temperature differential
over the distance is not easily estimated. If one assumes a
temperature differential of 100 C and a length ¢f 5 cm, Ra =
8000. These values place the flow well within the mixed
laminar free-convection regime (Eckert and Drake, 1972).
Thus, small changes in the gas velocity will not .
significantly alter the mass transfer between the solid and
the fluid. This was observed experimentally by Wigmans et al.,
(1983 ) who report that the mass transfer rate does not change
significantly if the flow direction in the reactor tube is
changed.

It was noted in the previous section that small pressure
fluctuations in the laboratory result in a significant
increase in the signal noise from the TGA. The pressure
changes cause small changes in gas velocity in the reactor
tube. This in turn alters the aerodynamic drag (.3
pg/cc/min) on the hang-down wire and sample pan thus changing

) the effective weight. Because of the large capacitance in
the system (due to the gas volume of the balance housing) the

gas velocity fluctuations will have a low frequency. The
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signal noise is accentuated when the TGA is operated at
elevated temperatures. As a result, venting the exit gas
across a critical flow orifice gave a much more significant
improvement in performance at high temperatures than at room
temperature. The output signals obtained with and without
the critical flow orifice are compared ih Figure 3.3-3.

The temperature in the reaction zone near the sample pan
is nearly isothermal. Temperature measurements with a dual
bead thermocouple assembly (ratio of bead diameters = 5)
showed that the effective wall temperature and the gas
temperature are approximately the same at gas velocities
below 300 cc/min. The data are presented in Figure 3.3-4.
Figure 3.3-4 also presents the axial temperature profile in

the sample pan region.

3.3.3 Experimental Procedure .

The general experimental procedure was as follows: the
furnace tube was carefully removed at the o-ring connection
and the sample pan was removed from the support stirrup with
a pair of tweezers. A small amount of sample was dispersed
on the pan by either lightly tapping the pan or with the aid
of a small needle or brush. The end of the furnace tube that
fits into the o-ring connector was carefully cleaned with
acetone, and any electrostatic charge on the glassware was
removed with a small ionization strip. Care was taken to not
directly touch any of the glassware to prevent electrostatic

charges from affecting the hangdown wire. While the furnace
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Figure 3.3-3.

TGA signal with (top) and without (bottom)
critical flow orifice in place at the gas
exit port. Gas flow 200 cc/min; signal
obtained at 298 K.
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tube was removed, the purge gas flowrate was set at about 300
cc/min and the flow of inert gas to the inlet port was left
on to prevent any air from diffusing into the large volume of
the balance housing. This gas flow was continued through the
TGA system for 30-40 minutes after the system was reassembled
and before a run was started. At the start of a run, the
purge gas flow was stopped and the inert gas flowrate was set
at about 200 cc/min. The sample was heated to the
pretreatment temperature and then brought directly to the
reaction temperature. The samples were always reacted
immediately after heat treatment; the samples were never
exposed to air between heat treatment and reaction. Heat
treatment of the samples prior to an oxidation reaction rate
measurement followed one of two modes: the sample was heated
to 1100 K in 20 minutes and held isothermally at 1100 K for 8
minutes, or the sample was heated to 1300 K in 27 minutes and
held at that temperature for 5 minutes. If the reaction
temperature is widely different from the heat treatment
temperature, it is necessary to wait approximately 5 minutes
to reach an effective equilibrium weight once the furnace is
cooled to the reaction temperature. The run was started by
switching the 4-way valve from the inert gas to the reaction
gas.

Heating the sample causes a change in the effective
weight of the sample by about 0.2 mg. This is the result of
a change in the aerodynamic drag on the hang-down wire and
sample pan. Switching the gas composition from nitrogen to
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air results in a small 35 sec. transition in the effective
sample weight. The maximum weight change of this transient
is +3 pg. The difference in the effective weight at steady
state is approximately +1 pg. Switching from nitrogen to
carbon dioxide results in a transient of about the same
duration but with an amplitude of -5 pg. However, there is
no steady state difference in weight.

The char samples used in these experiments are listed in
Table3.3-. The calcium content is based on a number of
analyses, and it has an accuracy of about +/- 5%. The
calcium in the calcium added chars reacted with carbon
dioxide during the reaction to form calcium carbonate.
Carbon conversion for these chars was calculated based on the
assumption that recarbonation increased linearly with

conversion:

w + x(wcc) 7
X = wc or X = w—‘_ W (3.3.1)

- where w is the measured weight change; wc is the total weight
of the ash free char, wgc is the total amount of CO; added by
the end of the run; and x is conversion. The total ash free
char weight was calculated as follows:

(1+1.4xc,)

W = (3.3.2)

vhere wi is the total weight change during a run; wy is the
sample weight remaining at the end of a run; and xcz is the

calcium content of unreacted char.
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Table 3.3-1 Char Samples

DESIGNATION | DESCRIPTLON e o /sgNggfgon %)
Cc-0 . sucrose char 0
c-1 saccharate char 0.97
C-3.6 saccharate char 3.6
C-6.2 . saccharate char 6.2
C-CaCoO3 sucrose, with ium calcium 6.8

carbonate particles, char

C-ion - sucrose -char - ion exchanged 2.3
in a calcium acetate solution

Spherocarb 0
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Section 4. RESULTS

The experimental results are summarized as follows:
Section 4.1, kinetic data for the carbon-oxygen reaction;:
Section 4.2, kinetic data for the carbon-carbon dioxide
reaction. 1In Section 4.3, physical property and chemical
composition data are summarized. Section 4.4 contains the
results of the carbon dioxide chemisorption and x-ray
diffraction experiments that were made to measure calcium

dispersion in the char.

4.1 Carbon-Oxygen Reaction
Most experiments were conducted in 79% nitrogen and 21%

oxygen: additional experiments were made with oxygen
concentrations between 5 and 21% and with 2-10% carbon dioxide
in the gas. All experiments were conducted at 1 atmosphere
total pressure. Reaction rates were determined directly from
the derivative of the TGA data. The measured sample weight,
however, is the difference between weight loss due to reaction
and any weight gain because of oxygen chemisorption on the char
and the reaction of carbon dioxide with the calcium oxide of the
catalyzed chars. In the conversion range of 5-90%,
chemisorption and recarbonation have a negligible effect on the

rate of weight loss since the rates of these two processes are
amall in comparison to the rate of carbon gasiffcation. As a
result, the rate of total weight loss as measured by the TGA
will be equivalent to the rate of char oxidation in this

conversion range. At the beginning of a run, however, oxygen
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chemisorption is rapid compared to carbon conversion. Although
the weight increase at the start of a run is small, the initial
rate of oxygen chemisorption is sufficiently fast to obtain an
induction period in the weight versus time curve. Complete
conversion curves, which illustrate the initial induction
period, are presented in Appendix 4. After this initial
increase in oxygen level, the oxygen content of the char
continues to increase but at a slower rate. Calculation of the
exact reaction rate and the correct carbon conversion from TGA
data during the initial reaction time will require additional
information on the rate of oxygen adsorption. For the
calcium-added chars, the induction time at the start of a run
was generally somewhat longer.

All samples were heat treated in situ at 1100 K for 8
minutes or at 1300 K for 5 minutes prior to a run. The samples
were heated at a rate of 25 C/min to the final heat treatment
temperatures. Samples were not exposed to air at room
temperature between heat treatment and reaction.

Any calcium initially present as calcium carbonate will
decompose to calcium oxide at those temperatures. At reaction
conditions, the calcium oxide can recarbonate if the local CO2
partial pressure exceeds the equilibrium CO2 pressure for the
recarbonation reaction. Also, calcium that is initially
atomically dispersed on the carbon will remain as either calcium
oxide or calcium carbonate as the carbon is gasified away. At

temperatures below 725 K, the equilibrium CO, partial pressure

2
for the calcination reaction is less than 20x10-6 atm (see
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Figure 2.2-1). The local CO2 concentration during combustion of
the char was probably greater than this in most of the runs, and
indeed, calcium carbonate was present at the conclusion of
nearly all runs.

Gas concentrations were measured in a few runs, but because
of the low product gas concentrations, analysis was problematic.
In all measurements that were made, both carbon monoxide and
carbon dioxide were present. Data were not collected over a

is a

sufficient range of conditions to determine whether the CO2

primary reaction product or the result of secondary CO
oxidation.
Carbon conversion is defined on an ash free basis. For the

calcium added chars, conversion is calculated as:

(4.1.1)

where wc is the initial amount of char (ash free): wCOZ is the

total weight of CO, added by the end of the run; and w is the

2
sample weight at conversion x. This equation assumes that if
recarbonation of CaO occurs during reaction, the amount of
carbonate formed increases linearly with conversion. The sample

weight, w, was not corrected for any variation in oxygen content

of the char with conversion.

4.1.1 Reaction Rate of the C-O, C-1, and C-3.6 Chars
Figures 4.1-1 through 4.1-6 present Arrhenius plots of log k

vs. 1/T for the reaction of the sucrose and saccharate chars
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containing 0 wt% calcium (C-0), 1 wt% (C-1), and 3.6 wt% (C-3.6)
with air at conversions of 10, 20, 40, 60, 80, and 90%. The
rate constant is defined as:

(min - atm 02)°1
k= Mo 0, (4.1.2)

where r is the measured rate of weight loss (mg/min), m is the

initial sample weight (mg - ash-free char), and Po is the

2
oxygen partial pressure (atm). P is egual to 0.21, except if

o]
stated otherwise. The data are pr:aented on a mass basis rather
than a surface area basis; however, because the total surface
area of the catalyzed and non-catalyzed chars differ by about
15%, a comparison on such a basis, if desired, will not be
significantly different. Surface area data are presented in
Section 4.3.2. The reactivity of the sucrose char is similar to
the reactivity of a demineralized lignite char (Radovic, 1982)
on either basis. The surface areas of typical lignite chars are
comparable to the surface areas of the sucrose and saccharate
chars used in this study.

Activation energies and pre-exponential factors calculated
by a linear least squares regression of the data are summarized
in Table 4.1-1. The reported values are for the low temperature
portion of the data. The line drawn through the data points
that deviate from the straight line representing the low
temperature data only indicates the trend of the data. The
kinetic parameters are reported in units of concentration rather

than partial pressure. The activation energy for the reaction

decreases slightly with increasing calcium content. Variations
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Table 4.1-1.

Activation Energies and Pre-Exponential Factors

for the Carbon-Oxygen (0.21 atm) Reaction;
90-106 um particles; 1100 K heat treatment

temperature.

Conversion Pre-Exponential Activation
i Factor Energy
(%) (cc/gmole-sec) (cal/mole)
C-0 Char (0 wt$ Ca)
10 7.42 x 1010 31,500
20 1.67 x 1011 32,604
40 3.44 x 1011 33,811
60 3.76 x 1011 34,402
80 2,98 x10t1 34,872
90 2.075 x 101 35,161
C-1 Char (1.0% Ca)
10 | 5.90 x101° 27,600
20 1.29 x 1011 28,412
40 5.75 x 1011 29,739
60 7.40 x 1011 30,165
80 1.97 x 1012 32,283
90 4.66 x 1012 34,575
C-3.6 Char (3.6% Ca)
10 3.90 x 10-+ 28,700
20 1.19 x 1012 29,641
40 7.24 x 1011 28,655
60 8.81 x 1020 26,175
80 2.19 x 1020 25,329
50 1.70 x 10?1 29,350
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in activation energy with respect to conversion are almost
negligible for the calcium-free char but are significant for the
catalyzed char. This must reflect a change in the activity of
the catalyst over the course of the reaction. At conversions
above 80%, the catalyzed char data exhibit more scatter than the
data of the C-0O char.

The change in slope at a rate of 1.5 (min-atm 02)-1 is
assumed to indicate the onset of intra-particle diffusion in the
chars. This change in slope persists to 90% conversion, which
i8 unexpected since the pores of the solid should widen with
conversion and thereby decrease diffusion resistance. The data
are analyzed with an isothermal first order reaction-diffusion
model in Appendix 3 and the results are further discussed in
Section 5.1.4. The change in slope of the Arrhenius diagram
occurs at approximately the same reaction rate for both the
catalyzed and non-catalyzed chars. In terms of a first order
reaction-diffusion model, this can only occur if the effective
diffusivity for each char is the same. This implies that the
catalyst must be active in all the pores of the char and must be
uniformly distributed throughout the char particle.

In Figures 4.1-7 through 4.1-9, the rate normalized to the
maximum rate during conversion is plotted with respect to time
normalized by the time at 50% ccnversion. Plotted in this
manner, it is possible to follow the relative changes in rate
with reaction time at different temperatures. As shown in
Section 5.1.2, all the data should lie on a single common curve

if the kinetics can be characterized by a single rate constant
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over the entire conversion range. The shape of the curve,
however, will depend on the specific properties of each char.
The data, in general, do conform approximately to a single
curve. With respect to temperature, the curves for the C-0 char
are shifted to the right, and the maximum rate occurs at a later
relative time with increasing temperature. A similar shift is
observed for the calcium added chars at t below 0.8. Above

0.5
equal to 1.2, all the data approximately coincide. The

0.5
rate versus time curves for the catalyzed chars are not greatly
different from those of the calcium-free char although there is
some difference in detail. The maximum rates for the C-1 and
C-3.6 chars occur at a later relative time and are shorter in
duration than for the C-O char. The slight concave shape of the
catalyzed char data reflects the more pronounced sigmoidal shape
of the weight loss curves obtained with the catalyzed char. 1In
general, the data do not extrapolate through the origin
reflecting the induction time at the start of a run. All the
normalization factors are listed in Appendix 8.

Data of rate versus conversion are presented in Figures
4.1-10 to 4.1-12. All the data should likewise fall on a single
curve if the kinetics can be characterized by a single rate
constant. Plotted in this more conventional manner, variations
in the burn-out curves at different temperatures become less
distinct since the conversion is the integral of the rate versus
time data. On the other hand, differences between the catalyzed

and non-catalyzed chars are easier to compare when the data are

summarized in this manner. For the C-0 char, above
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Figure 4.1-10 Reaction rate normalized by the maximum
rate versus conversion. C-0 char - oxygen
(0.21 atm) reaction; 90-106 um particles;
1100 K heat treatment temperature.
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Figure 4.1-11 Reaction rate normalized by the maximum
rate versus conversion. C-1 char - oxygen
(0.21 atm) reaction; 90-106 um particles;
1100 K heat treatment temperature.
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Figure 4.1-12 Reaction rate normalized by the maximum
rate versus conversion. C-3.6 char - oxygen
(0.21 atm) reaction; 90-106 um particles;
1100 K heat treatment temperature.
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approximately 5% conversion the difference between the maximum
and initial rates is less than 50%: this difference is even
smaller for the data obtained at the lowest reaction temperature
(725 K). Between 15 and 40% conversion, the rate is
approximately constant. For the catalyzed chars, the difference
between the initial and maximum rates is much greater, the
maximum rate occurs at a higher conversion, and an extended
period of constant rate is not observed. Above 60% conversion,
the data for the catalyzed chars all fall on approximately

straight lines that pass through 100% conversion.

4.1.2 Reaction Order of the C~0 and C-3.6 Chars

The effect of oxygen concentration on the reaction rate of
the C-0 and C~3.6 chars is summarized in Figure 4.1-13. All
experiments were conducted at 1 atm. total pressure with
nitrogen as the diluent gas. For the C-0 char, the rate
dependence on oxygen concentration is the same at both 725 and
875 K. The rate increases nearly linearly with oxygen partial
pressure up to a pressure of about 0.18 atm; at higher partial
pressures, the rate deviates from a first order dependence. The
C-3.6 char, however, is first order in oxygen concentration over
the entire range of oxygen pressures investigated. Graphs of
rate versus normalized time are presented in Figures 14.1-14 to
~-14.1-16. The rates for the C-0 char are proportional over the
entire time scale; if the data had been normalized with respect
to the maximum rate, all the points would coincide. For the

catalyzed char, the rates are identical over the entire
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conversion range. This result suggests that the kinetic
mechanism for the oxidation reaction does not depend in a
complex manner on the oxygen partial pressure. The rate data
can be scaled by a single constant that is a product of a rate
constant and a concentration term over the complete conversion
range. In a few experiments, 2 - 10% carbon dioxide was added

to the gas. The addition of CO2 had no effect on reactivity.

4.1.3 Reaction Rate of the C-ion and C-CaCO3 Chars
Arrhenius diagrams for chars in which calcium is added by

ion exchange (C-ion) or by incorporation of 1 um CaCO, particles

3
(C-Caco3) are shown in Figures 4.1-17 to 4.1-22 at conversions
of 10, 20, 40, 60, 80, and 90%. The C-O char data are included
in these figures for reference. The addition of micron-size
calcium particles promotes char reactivity very little. This
char is about twice as reactive as the non-catalyzed char.
However, the ion-exchange char is about 100 times as reactive.
The single datum point at 725 K suggests that intra particle
diffusion in the C-ion char may become important at a lower
reaction rate than for the C-3.6 char. This implies that the
calcium was not as uniformly distributed in all the pores of the
ion exchange char as in the C-3.6 char.

Activation energies are summarized in Table 4.1-2. 2Above
70% conversion, accurate activation energies could no longer be

obtained because the log k versus 1/T data showed appreciable

scatter.
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Table 4.1-2. Activation Energies and Pre-Exponential Factors
for the Carbon-Oxygen Reaction.

. Pre-Exponential Activation
Conversion Factor Energy
(%) (cc/gmole-sec) (cal/mole)
C-ion Char (2.3 wt$% Ca)
10 8.04 x 1012 32,200
20 ~ 9.12x10%? 31,900
40 9.70 x 1012 31,100
60 4.16 x 1012 30,700
C-CaCO3 Char (6.8 wt% Ca)
10 2.57 x 10%1 32,300
20 5.79 x 1011 33,300
40 5.23 x 1011 33,000
60 1.34 x 10t 31,000
Spherocarb
20 1.30x 1013 41,600
40 1.94 x 107> 42,000
60 1.34 x 1043 41,400
80 5.36 x 1012 | 40,200
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Normalized rate versus normalized time data for the C-ion
and normalized rate versus conversion data for both the C-ion
and C-CaCO3 chars are presented in Figures 4.1-23 to 4.1-25. 1In
general, the ion exchange char data are quite similar to the
C-3.6 data, whereas the C-Caco3 and C-O0 data are more similar to
each other.

The similarity between the C-ion and C-3.6 chars suggests
that the catalytic effect is largely independent of the method
of calcium addition, provided the calcium is atomically
dispersed on the char. This result was unexpected, however,
because a fraction of the calcium in the C-3.6 char is
presumably bound up within the solid and therefore not
acceseible until after some carbon conversion has occurred.

This may imply that the catalyst does not necessarily have to be
on the surface to promote the reaction. Just as with the C-3.6
char, the C-ion data show a low initial rate and the maximum
rate is reached only at about 40% conversion. However, the
reaction rate of the C-ion char falls off sharply above

t0.5 = 1.4 or, when plotted against conversion, at 80%
conversion. The rate appears to approach zero at 80% rather
than 100% conversion. Why the rate falls off so precipitously
before complete conversion was not invesﬁigated. Loss of
contact between the calcium and carbon is perhaps greater for
the ion exchange char at high conversions. This loss in
reactivity is probably responsible for the scatter in the 1ln k

versus 1/T data at and above conversions of 80%.
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Reaction rate normalized by the maximum rate
versus conversion. C-ion (2.3 wt% Ca) - oxygen
(0.21 atm) reaction; 90-106 um particles;

heat treatment temperature 1100 K.

161



1.0
0.8F
o
£ 0.6}
+~
1)
S T
Q
+
1°)
o 0.4r
F
0.2F
r -l
0.0+ 1 1 L N 1 ] 1 1 1 I
0 20 40 60 80 100

Conversion (%)

Figure 4.1.25 Reaction rate normalized by the maximum rate
versus conversion. C-CaCO3 char (6.8 wt% Ca) -
oxygen (0.21 atm) reaction; 90-106 um particles;
heat treatment temperature 1100 K.
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4.1.4 Effect of Calcium Content on Reaction Rate

Reaction rate at 715 K versus calcium content of the chars
at 40% conversion is shown in Figure 4.1-26. The rate increases
linearly with calcium loading up to a calcium content of at
least 6%. The ion-exchange char is a factor of two more
reactive than the calcium added char with the same calcium
content.

The increase in reactivity with calcium loading is
comparable to the results obtained by Radovic (1982) for ion

exchanged calcium on lignite char.

4.1.5 Reaction Rate of Spherocarb

The oxidation rate of Spherccarb was also determined in this
thesis. Spherocarb has been used by Mims and Pabst (1980) and
Lang and Neavel (1982) as a high surface area, non-structured
carbon substrate in studies of catalytic gasification. Thus,
the spherocarb data provide a reference for comparison to data
reported by other investigators. The spherocarb was also heat
treated at 1100 K prior to reaction. Figures 4.1-27 to 4.1-31
compare the reactivity of spherocarb with the C-O0 char. Data
are presented in Arrhenius form at conversions of 20 through
90%. The reactivity of spherocarb is lower at conversions below
60% but becomes comparable to the reactivity of the C-O char at
conversions above 60%. Activation energies as a function of
conversion are presented in Table 4.1-2. The activation energy
decreases considerably at conversions above 80%; however, they

are still about 20% higher than for the C-0O char.
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Normalized rate versus conversion and versus normalized time
are given in Figures 4.1.32 and 4.1.33. The normalized rate
data below 80% conversion all coincide almost exactly onto a
single curve. The maximum rate occurs at a conversion of about
30%, and it is over twice the initial rate. The reaction rate
remains high even as complete conversion is approached; the

residual spherocarb is apparently extremely reactive.

4.1.6 The Effect of Heat Treatment on Reactivity

Reactivity data were obtained with chars that had been heat
treated for various time periods and at different final
temperatures. To reach the final heat treatment temperature the
samples were heated at a rate of 25 C/min from room temperature.
Heat treatment for 5 minutes at 1300 K instead of 8 minutes at
1100 K resulted in a significant reduction in reactivity. The
reduction in reactivity is greater for the catalyzed chars than
for the calcium free char, and it is greater for the
ion-exchange char than for the C-1 or C-3.6 chars. The results
are summarized in Table 4.1-3.

The effect of heat treatment time, after the sample was
heated (25 C/min) to the final heat treatment temperature, on
reactivity is shown in Figure 4.1-35. The logarithm of the rate
relative to the rate for the char at 0 minutes heat treatment at
.the same temperature plotted against time gives a linear
correlation. Heat treatment time did not have an effect on the
reactivity of the calcium free char. Therefore, changes in the
char structure of the non-catalyzed char that results in a
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Figure 4.1-32 Reaction rate normalized by the maximum
rate versus conversion; spherocarb-oxygen
(0.21 atm) reaction.

171



‘uorloeax (wje [Z°0) usbAxo-qaedoasyds
{BWT3] POZTTRWIOU SNSISA 93BI WNWIXeu aYy3 Aq pazTIeWIOU 33eI UOTIDdRdY €£-T°fF =2Inbrg

(UDTSJ3AUOD %0G @ SWT1/3WI}) BWI} PAZTTRWJION

09°7 02’7 08°0 ov'0 00°0
| | B } I l | | o { | { | ] ] |
_ -
¥ o5z O )
B %018 O 70c0
- NGB8 V -
_ 40¥°'0 &
Q
(¢»]
. - ~
B
. (o)
- Hog'o =
3
[ i 3
D
- —08°0
— 4007

172



Table 4.1-3. Relative Reactivity of the Chars at Two Heat

Treatment Conditions.

Char

[%ate(l)(heat treatment at 1300 K

Rate (heat treatment at

1100 K

i

Cc-0 (0 wtg Ca)
C-1 (1 wtg Ca)
C-3.6 (3.6 wtg Ca)

C-ion (23 wt% Ca)

0.50
0.17
0.21
0.081

(1) oxygen reaction (0.21 atm) at 775 K; 40% conversion.
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decrease in carbon reactivity must occur on a time scale that is
shorter than the heating rate used in these experiments.

Further isothermal heat treatment thereafter does not affect the
char's reactivity. For the catalyzed char, heat treatment at
1025 versus 1100 K affects reactivity very differently. A
temperature of 1070 K seems to represent a thermal deactivation
point for the catalyzed char. The failure of the rate constant
to ﬁave an Arrhenius temperature dependence, however, suggests
that the presentation of the data in this manner must be an
essentially empirical correlation.

Reaction rate data of the C-O and C-3.6 chars heat treated
at 1300 K for 5 minutes are presented in Figures 4.1-35 to
4.1-39. Activation energies are summarized in Table 4.1-4; they
are similar to the values obtained at the lower heat treatment
temperature. At conversions above 80%, it was not possible to
accurately determine the activation energy of the C-3.6 char
because of scatter in the data points about a straight-line

correlation.

4.1.7 The Effect of Particle Size on Reactivity

Experiments were conducted with particles 177-212 pm,
90-106 pym, and 45 -53 um in size. Experiments were
conducted with particles that were crushed directly from the
next larger size as well as with the particle sizes obtained in
the original classification of the sucrose char directly after
manufacture. The results were the same in all cases. The

particle shape can best be described as angular. Electron
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Table 4.1-4. Activation Energy and Pre-Exponential Factor
for the Carbon-Oxygen Reaction; 90-106 .um particles.

Heat Treatment Temperature 1300 K

Conversion Pre-?:gggintial AcgiZ?;;on
(%) (cc/gmole/sec) (cal/mole)
C=0 Char (0 wt% Ca) |
20 1.88 x 1011 " 34,200
40 3.33 x 10%! 35,000
60 2.04 x 1011 34,500
80 7.80 x 1010 33,700
90 . 9.00 x 10%° 34,800
C-3.6 Char (3.6 wﬁ% Ca)
20 2.90 x 10%° 26,600
40 5.04 x 1010 27,100
60 2.40 x 1011 30,000
80 5.70 x 1043 39,000
90 2.50 x 1013 39,200
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micrographs of the char particles are presented ané described in
Section 4.3.8.

The reaction rates of the different sized C-O char particles
are not the same even at the lowest temperature at which
measurements were made. The data are summarized in Figures
4.1-40 to 4.1-44. The rate data fall on three straight lines
that tend to separate slightly with increasing reactivity:; the
lines are not strictly parallel to each other. The maximum
difference in rate between the smallest particles and the 100 um
particles is about 20%. With increasing conversion, the
particle size effect remains evident. Since the smaller
particles were obtained by crushing larger particles, these
results indicate that the entire char volume probably does not
participate uniformly in the reaction. However, because the
Arrhenius diagrams are straight lines over almost two orders of
magnitude for each of the particle sizes, a true intrirsic rate
regime apparently does exist. Such a regime is defined as one
where no concentration gradient of the reactant exists inside
the particle. Although not generally considered, a no flux
boundary condition inside the solid will meet this criterion.

If reaction only occurs in a spherical volume of a certain
thickness, the reactivity will be a function of the particle

diameter. The relative reactivities of the three particle sizes

~as a function of the thickness of the reactive volume (measured

from the particle surface) are shown in Figures 4.1-45. A

comparison of the data in this figure to the reactivity data
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Figure 4.1-45 Relative reactivity of three different
particle sizes as a function of the
reaction depth from the particle surface;
( ) - 50 pm/100 pm;

(====) = 100 pym/195 um.
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suggests that reaction takes place primarily in an outside
spherical volume, the thickness of which is about 20 um.

Activation energies for the 45-53 um size particles are
presented in Table 4.1-5. The activation energies are less than
5% higher for the smaller particle.

Reaction rates at 860 K versus conversion and versus
normalized time for the different particle sizes are plotted in
Figures 4.1-46 to 4.1-47. The rate versus conversion data are a
function of the particle size; however, normalization of the
rate data with respect to the maximum rate for each curve would
tend to obscure the differences.

No particle size effect was observed with the C-3.6 char.
Reaction rates for the 45-53 pm size particles are presented in
Arrhenius form at conversions of 20-90% in Figures 4.1-48 to
4.1-51. Rate versus time data at 660 K are presented in Figure
4.1-52. The data of the larger particle are shifted slightly to
the right because a slightly longer induction time is observed
with the larger particle at the beginning of the run. However,
the rate is the same for both particle sizes when compared at
identical conversions.

Spherocarb, crushed to a smaller size, did not react at a
different rate from the orginal particle. This was not
completely unexpected since spherocarb is activated during
manufacture and therefore the original particle is already

extremely porous.
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Table 4.1-5. Activation Energy and Pre-Exponential Factors
for the Carbon-Oxygen Reaction; heat treatment
temperature 1100 K.

45-53 um particle size

Conversion Pre-E;Egzggtial AC;iZi;;on
(%) (cc/gmole-sec) (cal/mole)
10 7.53 x 10ll 34,700
20 2.29 x 10t 32,900
40 1.41 x 10%2 35,800
60 1.51 x 10%2 36, 300
80 5.11 x 10'! 35, 300
90 1.93 x 101! 34,700
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Rate (min-atm Do) ~!

1.0

45-53 um
90-106 um
177-212 um

> O O

Conversion (%)

Figure 4.1-47 Effect of particle size on the rate versus

conversion data of the C-0 char;

oxygen;

860 K;

0.21 atm
heat treatment temperature 1100 K.
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4.2 Carbon-Carbon Dioxide Reaction

All experiments were conducted in pure CO2 at a nominal

pressure of 1 atm. The rate constant reported in this section

is defined as:

(min-atm coz)'l

(4.2.1)

moPCOz
where r is the measured rate of weight loss (mg/min) at 1 atm

CO2 pressure (P ) and m is the initial sample weight (mg).

Cco,

In the CO2 experiments, the heat treatment procedure prior to a
run was different from that used in the oxidation runs. Samples
were heated (at 25 C/min) only to the reaction temperature. The
samples were kept at this temperature for about 20 minutes
before the reaction was started to allow the apparent sample
weight (on the 100 pg TGA range) to equilibrate. The run was
started by switching from an inert gas (nitrogen) to carbon
dioxide. 1In compafiaon to the oxygen data, no induction period
or weight gain at the start of a run was observed. The reaction

rate went immediately to or almost immediately to the maximum

rate of weight loss.

4.2.1 Reaction Rate of the C-0 and C-3.6 Chars

Arrhenius diagrams of log k versus 1/T for the C-0 and C-3.6
chars are presented in Figures 4.2-1 to 4.2-6. The C-0 char
data lie on a straight line that spans almost 1 1/2 orders of
magnitude. The reaction rate at the maximum operating
temperature of the TGA is well below the rate at which a change

in slope of the Arrhenius diagram is observed in the oxygen
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Figure 4.2-1 Arrhenius diagram for the C-O0 and C-3.6 chars
at 10% conversion; carbon dioxide reaction
(1.0 atm); 90-106 um particles.
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Figure 4.2-2 Arrhenius diagram for the C-O and C-3.6 chars
at 20% conversion; carbon dioxide reaction
(1.0 atm); 90-106 um particles.
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Figure 4.2-3 Arrhenius diagram for the C-O and C-3.6 chars
at 40% conversion; carbon dioxide reaction
(1.0 atm); 90-106 um particles.
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Figure 4.2-5 Arrhenius diagram for the C-O0 and C-3.6 chars
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Figure 4.2-6 Arrhenius diagram for the C-0 and C-3.6 chars
at 90% conversion; carbon dioxide reaction
(1.0 atm); 90-106 um particles.
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runs. Therefore, the change in slope in the Arrhenius diagram
of the C-3.6 char is probably not due to the onset of
intra-particle diffusion. Rather, the falloff in reactivity at
temperatures above 1070 K could be the result of more rapid
catalyst deactivation. As previously discussed in Section
4.1.6, heat treatment time causes a significant decrease in the
reactivity of the catalyzed char only at temperatures above
approximately 1060 K. The close agreement between these two
temperatures indeed suggests that catalyst deactivation is
responsible for the change in slope of the Arrhenius line.

At 1 atm. C02, calcium carbonate decomposes at approximately
1170 K. This temperature is well above the temperature at which
the change in slope occurs on the Arrhenius diagram. No abrupt
change in reactivity coincidental to this temperature is
observed.

Activation energies and the pre-exponential factors
calculated by a least squares regression are summarized in Table
4.2-1. The activation energies for the C-3.6 char are for the
low temperature data. The line drawn through the upper points
is only to indicate the trend of the data. The activation
energy is appruximately 20% lower for the C-3.6 char than for
the C-O0 char. The activation energies show considerable
__variation with respect to conversion, particularly for the C-3.6
char.

Graphs of normalized rate versus time and versus conversion
are presented in Figures 4.2-7 and 4.2-8 for the C-0 char and in

Figures 4.2-9 and 4.2-10 for the C-3.6 char. For the C-0 char,
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Table 4.2-1. Activation Energy and Pre-Exponential Factors
for the Carbon Dioxide Reaction; 90-106 um particles.

Conversion Pre-g:gigintial Ac;izg;;on
(%) , (cc/gmole-sec) (cal/mole)
C-0 Char (0 wt% Ca)
10 1.35 x 104 73,900
20 2.29 x 10%3 70, 800
40 4.26 x 1013 70,600
60 9.55 x 1013 73,300
80 1.51 x 10t 75,600
90 1.20 x 10t 76,400
C-3.6 Char (3.6 wt% Ca)
10 2.00 x 1012 51,000
20 - 6.41 x 1012 52,900
40 9.59 x 1013 ' 58,100
60 5.62 x 1013 57,100
80 7.98 x 10%! 49,300
90 7.90 x 10%° 45,800
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Figure 4.2-8 Reaction rate normalized by the maximum rate
versus conversion. C-0 char - carbon dioxide
(1 atm) reaction; 90-106 um particles.
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the data at different temperatures all coincide approximately
onto one common curve. The initial rates are approximately 20%
below the maximum rates, and the rate remains relatively
constant between approximately 10 and 40% conversion. For the
catalyzed char, the data at different reaction temp .ratures do
not coincide as well onto a single curve. The data show a
consistent shift in position with respect to increasing
temperature. 1In comparison to the non-catalyzed char, there is
a larger difference between the initial and maximum rates, and
the maximum rate is reached at a later conversion. The reaction
rate is constant between about 25 and 60% conversion. The rate
versus conversion or time curves are different in detail from
the curves obtained with oxygen. This is particularly true for
the calcium added char. For the C-0 char, the difference
between the two sets of data occur principally at low
conversion. However, the data must be compared with caution.
The TGA data from the carbon-oxygen runs at conversions below
approximately 5% are not precisely identical to the carbon
gasification rate because of oxygen chemisorption on the char at
the start of a run. No appreciable amounts of oxygen are

apparently chemisorbed on the char during CO, gasification

2
(Freund, 1984), so for this reaction the TGA data are equivalent
to the gasification rate.

Reactivity measurements were also made with 177-212 um
particles and with Spherocarb. The data are presented in

Figures 4.2-11 to 4.2-15 at conversions of 20-90%. The

reactivity of Spherocarb is similar to that of the C-0 char.
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Activation energies are listed in Table 4.2-2 and are slightly
lower at all conversions. The larger particles were less
reactive than the 90-106 um particles. The difference in rate
between the two particle sizes approaches a factor of 1.9, which
is greater than was observed with the oxygen reaction. This
result indicates that the thickness of the reaction volume is
less for the CO2 reaction. Activation energies (Table 4.2-2)
are about 15% lower for the larger particle size.

Graphs of reaction rate versus conversion and normalized
time are presented in Figures 4.2-16 to 4.2-17 for the
Spherocarb. The rate decreases almost linearly over the entire
conversion range. The difference between the oxygen and carbon
dioxide reaction conversion curves of the spherocarb is
quite noticeable. The reason for this difference is
discussed in Section 5.14.

Réte versus time data for the two particle sizes are shown
in Figure 4.2-18. The effect of particle size on the rate

versus time data are similar to that observed in the oxygen

runs.

4.3 Physical and Chemical Characterization of the Chars
4.3.1 Surface Area Measurements

Information on the surface area and porosity of the solids
“was determined from nitrogen adsorption isotherms, which were
obtained at 77K. Adsorption and subsequent desorption
measurements were made on the C-O and C-3.6 chars that had been
heat treated at 1100 or 1300 K in the usual manner and then
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Table 4.2-2. Activation Energy and Pre-Exponential Factors for
the Carbon Dioxide Reaction.

Conversion Pre-gzzzgintial Ac;iZiS;on
(%) (cc/gmole-sec) (cal/mole)
C-0 Char (177-212 um)
20 1.40 x 1012 63,100
40 | 7.50 x 101! 61,400
60 3.40 x 101! 60,000
80 1.30 x 10M 58,600
90 4.24 x 1010 57,000
Spherocarb
20 1.71 x 10%3 67,200
40 1.33 x 1013 67,000
60 2.10 x 10%3 68,900
80 8.40 x 10%2 67,700
90 2.52 x 1012 65,600
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Figure 4.2-16 Reaction rate normalized by the maximum rate
plotted against normalized time. Spherocarb-
carbon dioxide (1 atm) reaction.
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reacted with air to different extents of conversion. Samples
were prepared in either a tube furnace or in the TGA at 760 K
for the C-O0 char and at 615 K for the C-3.6 char. Reaction
rates were slow enough at these temperatures to allow the
manufacture of a sufficient quantity of sample in a single run.
At the end of a run, the gas was switched to nitrogen and the
sample was cooled to room temperature. One sample (C-0 char;
1100 heat treatment; 40% conversion) was reheated to 1100 K after
partial reaction. Reheating the sample resulted in a
significant weight loss due to the removal of residual surface
oxides (see discussion in Section 4.3.6). The surface area of
the outgassed sample is about 25% higher than for the other
samples. The reported conversion is in all cases with respect
to the final weight of the sample on which the measurement was
made.

The adsorption isotherms of the chars, heat treated at two
different temperatures and reacted to conversions between O and
60%, are shown in Appendix 5. All the isotherms are similar in
appearance and correspond to a Type I isotkarm in the
classificiation of Brunauer (1945), which is characteristic oif a
microporous solid. Except for the chars at 0% conversion, no
hysterisis between the adsorptior. and desorption curves was
observed. It was not possible, however, to desorb all of the
nitrogen from the char at 77 K. Even after numerous desorption
steps (see for example Figure 4.3-1), appreciable nitrogen
remains on the char. The amount remaining corresponds to a
quantity just less than the amount at which the isotherm bends
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Figure 4.3-1. Nitrogen adsorption and desorption isotherms
' at 77 K for the C-0 char a¢+ 22 and 55%
conversion. (0 )-adsorption; (A )-desorption.
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over. The equilibrium adsorption pressure for the nitrogen that
was adsorbed in each step below the amount corresponding to the
final desportion point is approximately the same. This can be
interperted to mean that there is a strong interaction between
the adsorbate and adsorbent and that mono-layer coverage is
approximately complete prior to multi-layer formation.
Therefore, the nitrogen remaining after the last desportion
point should correspond closely to a mono-layer coverage.

In a number of experiments, a single point adsorption
measurement was also made. 1In every case, the amount adsorbed
at the equilibrium pressure was the same as that obtained by
multi-step adsorption.

Except for the chars at 0% conversion, the time regquired to
reach equilibrium at each adsorption step was about 15 sec. A
typical plot of pressure versus time is given in Figure 4.3-2.
The equilibration time was about the same as that obtained with
a non-porous carbon »lack: however, the equilibrium time was
significantly longer than that corresponding to pressure
equilibration resulting from a volume expansion (measured with
helium at 77K). Equilibration times with helium were typically
less than 2 sec. (Figure 4.3-2). Estimation of a characteristic
diffusion time from the adsorption transient is not possible
since heat effects accompany adsorption, and the 15 second
equilibration time may largely reflect heat transfer limitations
(Hurt, 1985). This would explain why the equilibration time for
the nonporous carbon black was found to be about the same as for
the microporous chars. Rapid equilibrium was not observed with
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Figure 4.3-2. Equilibration time for helium displacement
(top) and nitrogen adsorption (bottom) at 77 K.
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the chars at 0% conversion. At 0% conversion, complete
equilibrium was not achieved in the time interval between
adsorption steps (20 min). As a result, surface areas at 0%
conversion are much lower than after some reaction has taken
place. The amount of conversion necessary to open up the
surface area of the particle was typically about 5%. Because
the surface_area prior to any conversion was usually very low
suggests that the initial pore restrictions must occur
principally near the particle surface.

Surface areas were determined from the nitrogen adsorption
isotherms by the BET equation. The BET model is an extension of
the Langmuir isotherm to a multi-layer adsorption model. The
model assumes that the Langmuir isotherm applies to each layer
but that the energy of adsorption for the first layer may be
different from the subsequent adsorbate-adsorbate layers. The
BET equation for the case where adsorption is restricted to

n-layers is (Adamson, 1976):

n+l

v.-CX | (1 - (n + l)xn + n x ) (4.3-1)

V. = (1-x) (1 4+ (c -1)x - ¢ x"*

where v_ is the monolayer coverage (scc/g of solid): v is the

amount adsorbed (scc/g of solid) at a given relative pressure:

x is P/Po the pressure relative to the saturation pressure: n is

the number of layers: and c is the parameter of the BET model.
The constant c is interperted to be related to the

difference in the heat of adsorption between the first layer and

the heat of condensation of the vapor to liquid for all other
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layers above the first. If it is assumed that the
pre-exponential factors for the adsorption and desorption rates
are the same for all layers including the first, then (Adamson,

1976):

c = exp[(E1 - L)/RT] (4.3.2)

Where El is the heat of adsorption of the first layer, L is the
heat of condensation, T is temperature, and R is the gas

constant. Clearly large values of ¢ suggest that E_>L.

1
The parameter c largely governs the shape of the isotherm:

increasing c gives an isotherm where the bend in the knee

becomes progressively sharper (see Adamson, p 570). For c»>>1,

equation (4.3-1) can be rewritten as:

f(n,x) «x = 1 + 1l (x - xn+5 (4.3.3)
v (1-x) vmc Vi
n n+l .
where f(n,x) = (1 - (n+l) x + nx ). When n => 00, this

equation reduces to the usual form of the BET equation:

1 X = 1 + (4.3.4)

z X —_ X
v (l-ﬁ_ cv v
where again it is assumed that c»>>1.
The adsorption data are fitted to Equation (4.3-3) fbr
n =1.2, 2 and oo, as shown in Appendix 5. Usually the best fit
is obtained for valuees of 1.2<n<3. Figure 4.3-3 shows how
Equation (4.3-3) changes with the number of layers, n. It is,

therefore, not surprising that the BET equation for 1.2<n<3
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gives a better fit to the data than the ordinary BET equation.

A value for c¢ could not be determined exactly because the
relative pressure changed only a little, if at all, with the
amount adsorbed at low adsorption levels. Estimates indicate
that ¢>1000. Such a large value of ¢ is in agreement with the
experimental observation that the energy of adsorption at low
coverage is much greater than at high coverage. The single
point BET method will give incorrect values for the surface
areas of these chars unless the equilibrium adsorption relative
pressure (P/Po) is less than approximately 0.2. Below about 0.2
the slope {i.e., l/vm) of the BET equation i not very sensitive

to the value of n for large values of c.

4.3.2 Pore Volume Determination

The Dubinin-Polanyi equation has been used by numerous
investigators to determine either a micropore volume or a
monolayer volume from low pressure adsorption data. Whether
pore filling or monclayer adsorpticn occur in a particular
adsorbent-adsorbate system depends on the potential energy
profile within the pores of a particular solid for a specific
adsorbent. Lamond and Marsh (1964) plotted the adsorption data
of various adsorbates on microporous chars on a Dubinin-Polanyi
potential energy diagram to determine which process is

occurring. They conclude that CO, adsorption at low relative

2
pressures is probably restricted to monolayer adsorption,

whereas nitrogen adsorption seems to result in pore filling. It

should be noted at this point that although the Dubinin-Polanyi
229



equation has been used extensively in recent years to determine
surface areas of coal chars from CO2 adsorption data, the method
rests principally on this experimental observation.

The Dubinin-Polanyi equation is derived from Polanyi's -
potential theory that assumes there is a potential energy field
at the surface of a solid (Thomas and Thomas, 1967; Adamson,
1976). The surface of the solid is considered to be
homogeneous, and the work done by the adsorption force is
assumed to be approximately equal to the work of compression of
the gas from the equilibrium pressure, P, to its saturation

pressure, Psat‘

P
sat
€ = RT ln[ P (4.3.5)
where € is the potential energy at a fixed height above the
surface that encloses a volume of adsorbed gas v. Dubinin
relates € to v by a semi-empirical equation:

v/v° = exp[-D'€2] (4.3.6)

where D' is a constant and v° is the total adsorbed volume.
Combining equations (4.3.5) and (4.3.6) gives the

Dubinin-Polanyi equation:

2

log(v/v)) = -D(logP/p, ) (4.3.7)

Plots of log(v/vo) versus [log(P/P )]2 obtained from the

sat
nitrogen adsorption data are also shown in Appendix 5. All the

diagrams have a nearly vertical section at low relative

pressures and a section where the slope is more nearly
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horizontal to the x-axis at higher relative pressures. Thomas
and Thomas (1967), based on the analysis of Lamond and Marsh,
interpret such behavior to be indicative of pore filling.
Therefore, it is expected that extrapolation of the high
pressure data to the y-axis intercept will give the micropore
volume.

All the data are summarized in Table 4.3-1. Pore volumes
were determined from the intercepts of the Dubinin-Polanyi
diagrams: the quanitity adsorbed in scc/mg was converted to a
pore volume (i.e. cc voids/g solid) by the factor 1.547 as
recommended by Barret et al. (1951). Surface areas were
determined by two methods: from the volume of Vi calculated
from the n-layer BET equation and from the volume of nitrogen
remaining on the solid after the last desorption step. Surface
areas were calculated from the monolayer volume by assuming an
area of 16.ZA2 per nitrogen molecule. This value for the area
of a nitrogen molecule may be incorrect when applied to the
volume of nitrogen remaining upon desorption. In this case,
localization of the adsorbed mclecule on the surface may result
in a packing different from the liquid density of nitrogen
(Gregg and Sing, 1976). The value of 16.282 per molecule,
however, should represerit a lower bound on the molecule area.
However, because the surface area calculated from the remaining
nitrecgen is lower than the BET surface area, it is felt that the
desorption end point technique may provide a more accurate
estimate of the surface area. Surface areas, determined fronm

the desorption endpoint, of the C-0 and C-3.6 chars as a
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Surface Areas, Pore Volumes and Average Pore

Table 4.3-1
Radii Calculated from the Nitrogen Adsorption
- and Desorption Isotherms at 77 K.
i Surface Area Pore Pore
c9n¥§§§_gg (m“/g of reacted carbon) Volume Radius
| teezar | Td
n-BET Desorption
Equation Endpoint
C-0 Char Heat Treatment Temperature 1100 K
0 282 318 .129 7.1
6.4 (1.5f1) 580 531 .232 7.1
22 (1.5) 753 645 .300 6.9
24 .4 (1.5) 771 671 ,303 7.2
24.42 | (1.5) 786 657 .309 7.2
40(3) (1.5) 1000 810 .398 7.1
54.5 (2.0) 870 627 .343 8.2
C-0 Char Heat Treatment Temperature 1300 K
0 n20 - - -
21.2 (1.3) 870 742 .356 7.
21.2(2) | (1.3 870 727 .359 7.
47 (1.7) 1100 806 .464 .
51.3 (1.7) 1160 692 .495 .

(1)

value of n

(Z)duplicate point

(3)

sample outgassed after reaction




Table 4.3-1 Continued:

Conversion o Surface Area Pore Pore
(%) (m“/g of reacted carbon) Volume Radius
(cc/9) (&)
- n-BET Desorption
equation - Endpoint
C-3.6 Char Heat Treatment Temperature 1100 K
0 104 114 .049
7 (1.3) 510 374 .192 .
22 (3.0) 700 553 .278 .
38 (3.0) 725 558 .309 .
58 (3.0) 666 483 .278
5g(2) (3.0) 649 470 | .265 )
C-3.6 Char Heat Treatment Temperature 1300 K
0 ~20 - '
26 (1.5) 543 419 f213 .
37 (3.0) 580 505 w257 .
55 (2.0) 520 449 .240 .
Spherocarb
0 (1.5) 1020 836 ’ .390 6.7
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function of conversions are illustrated in Fiqure 4.3-4. The
surface area of both chars is relatively constant between 10 and
70% conversion.

An average pore radius was calculated from the pore volume
and surface area using the random pore model to relate surface
area to volume. With the assumption that the pores are
cylindrical in shape and of uniform radius, this model gives the

average pore radius as:

r = 2(1-€) 1n(1/1-€) (4.3.8)

Sv

where Sv is the surface area in cmz/cm3, € is the porosity
(cm3/cm3), and r is the average pore radius in centimeters. To
determine € and the particle density, it was assumed that the
true solid density was constant at 2.2 g/cc. This equation
becomes identical to the parallel pore model (Satterfield, 1970)
when € is small, but it predicts a smaller average pore radius
at high porosity since pore intersections cause a decrease in
available surface area compared to the non-interegecting or
parallel pore model. The models are compared in Figure 4.3-5.
Radii calculated by this equation are in general agreement with
the values for n determined via the BET equation. The results
(Table 4.3-1) show that the average pore radius increases very
little with carbon conversion. This is certainly an unexpected
result if reaction occurs uniformly throughout the solid. An

interpretation of this result is presented in Section 5.1.4.
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4.3.3 Mercury Porosimetry Measurements

Mercury porosimetry measurements of the C-0 and C-3.6 chars
at 0% conversion showed that the char contained no pores larger
than about 100A (the lower limit of penetration). The results
are given in Figure 4.3-6 and 4.3-7. From the porosimetry data,
a value of 1.5 g/cc was obtained for the skeletal particle

densities (i.e., the density of the microporous char).

4.3.4 True Solid Density
Helium displacement measurements gave a true solid density

of 2.0 + 0.05 g/cc for the C-O char at 0% conversion.

4.3.5 Carbon Dioxide Adsorption Isobar

Carbon dioxide is reversibly adsorbed by the calcium free
char over a wide temperature range. Although no adsorption
isotherms were measured, an isobar at 1 atm. 002 was determined
for the C-0 char at 0% conversion. 'The isobar is shown in
Figure 4.3-8. At all temperatures, Co2 adsorption and
desorption was rapid and completely reversible. The large
change in the amount adsorbed with small changes in temperature
at 25 C, indicates that precise temperature control is necessary
to accurately determine CO2 adsorption isotherms at room
temperature. A smooth curve can be drawn through the isobar
even at the critical temperature of CO2 (304.3 K).

A value of 0.1l scc/mg for vV, Was calculated from the data
at 298 K by the Dubinin-Polanyi equation. Hurt (1985) reports a

value of .095 at 298 K for the gradient, D, in Equation (4.3.7)

for this particular char.
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4.3.6 Elemental Analysis

The samples were analyzed by Huffman Laboratory, Wheat
Ridge, Colorado for total carbon, carbonate carbon, hydrogen,
and calcium. Duplicate calcium analyses were made by Galbraith
Laboratory, Knoxville, Tennessee. In addition, the calcium
content of the chars was also determined by the method outlined
in Section 3.1.7.

The partially reacted samples were made in the TGA. The
samples were heat treated at 1100 or 1300 K in the usual manner
prior to reaction and then reacted in air at 760 K for the C-0
char and at 615 K for the C-3.6 char. After reaction, most of
the samples were brought directly to room temperature. Some
samples, however, were reheated to the pretreatment temperature
before cooling to room temperature. Reheating the char after
the reaction was stopped resulted in a substantial amount of
weight loss. Switching the gas composition from air to nitrogen
at an intermediate conversion results in an abrupt change in the
reaction rate. Some weight loss continues under nitrogen, but
the rate is extremely slow. However, subsequent heat treatment
results in a large weight loss, indicating that the surface
oxides formed during reaction are stable at the reacticn
temperature. The weight loss of various samples during
outgassing is listed in Table 4.3-2. The rate of weight loss
.after switching from air to nitrogen is also listed in the
table. The oxygen content of the char prior to outgassing was
calculated from the weight loss data by assuming the CO/CO, mole

2
ratio of the desorption products to be 2.0 (64 wt.$ oxygen). A
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Table 4.3-2 Weight Loss Upon Heat Treatment of Partially
Reacted Chars.

CHAélJ REACTANT | TEMP. CONVERSION RATE (2) WEIGHT
(K) (%) (with no LOSS.
oxygen present) (%ﬂJ)
c-0 air 760 6.4 .00034 -
16. - 26
19. 0.0010 24
55. 0.0022 -
Cc-0 air 875 18. 0.012 -
Cc-3.6 air 610 7. 0.00N05 -
22. 0.0013 19
55. 0.0022 29
Cc-3.6 air 710 20 0.0054

(1)1100 K heat treatment temperature

(2)

(3)

in units of g/g of remaining char
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value of approximately 2 for this ratio is reported by Chen and
Bach (1979).

The results of the elemental analyses are presented in Table
4.3-3 and Figures 4.3-9 to 4.3-12. The results are reported on
a dry-ash free basis. All samples were dried under vacuum at
600 K for 15 minutes prior to analysis. The drying condition
was selected to minimize any decomposition of the surface oxides
and to assure the decomposition of any Ca(OH)2 and the
desorption of any physically adsorbed gases, in particular HZO'
For the C-3.6 char, the carbon and oxygen values were corrected
for carbonate CO2 (Equation 3.1.7). The oxygen content of the
char was always determined by difference. The oxygen content
calculated from the weight loss during outgassing is also
presented in the figures. Conversions are based on the sample
weight prior to outgassing, except for the two outgassed
samples, where the conversion is based on the final weight.

For both chars, the oxygen to carbon ratio increases with
conversion, reaching an amount approximately equivalent to
nonolayer coverage. The oxygen content relative to the initial
sample weight increases rapidly up to 7% carbon conversion, and
thereafter rmains relatively constant (Figure 4.3-13). The
hydrogen to carbon ratio shows an increase with conversion,
except for the two data points (C-3.6 char; 1100 K heat
treatment) corresponding to the outgassed samples. 1In this
case, the H/C ratio is approximately constant. This result is

quite unexpected. Generally, it is assumed that the hydrogen

reacts preferentially to the carbon, resulting in a lower

243



Table 4.3-3 Elemental Analysis

c | m | oV ca®| ue | o | w0
wt%, dry-ash free basis (atom ratio)

Cc-0 (3) 95.9 1.08 | 3.02 {(0.0 0.135 0.024 5.7
(1100 K)

Cc-0 96.1 0.40 | 3.51 |0.0 0.050 0.027 1.8
(1300 K) -

c-1 - - - 0.97
C-3.6 93.7 | -1.28 | 5.07 | 3.60 | 0.164 0.041 4.0
(1100 K)
C-3.6 95.0 0.79 | 4.23 |3.60 | 0.100 0.033 3.0
(1300 K)
C-6.2 - - - 6.2
C-ion 91.5 1.06 | 7.49 | 2.3 0.139 0.061 2,3
(1100 K)
C-CaCO3 - - - 6.8
Spherocarb 96.8 0.73 ] 2.43 - 0.091 0.019 4.8

(1)

by difference

(Z)Calcium is also reported as wt Ca/wt calcium free char.

(32heat treatment temperature
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hydrogen content with conversion. It is possible that water,
adsorbed during handling and storage of the sample, is
responsible for the increased hydrogen content:; however, a check
of the H/O ratios of the chars show these ratios to be quite
variable. Furthermore, it is unlikely that significant amounts
of water will chemisorb on *he char at room temperature, and any
physically adsorbed water shoul:: have been removed during vacuum
drying of the sample at 67 K. Finally, data reported by
Hastings (1984) also show an increase in the H/C ratio of his
chars with conversion. These results imply that during reaction
the hydrogen oxides are not removed preferentially to the carbon
oxides. This suggests that the hydrogen is probably distributed
uniformly throughout the graphitic carbon units and that it is

present primarily as an aromatic hydrogen.

4.3.7 Electron Spectroscopy Analysis

Some preliminary ESCA (electron spectroscopy for chemical
analysis) measurements on the calcium free and calcium added
chars were made. Calcium was not detected in any of the calcium
chars without ion-sputtering of the surface pricr to analysis.
No difference in the binding energy of the 1s (core) electrons
between the calcium added and calcium-free chars of either the
oxygen or carbon atoms was ooserved; however, high resolution
measurements were not attempted in this preliminary
investigation. Analysis by Auger electron spectroscopy was not

successful due to charging of the sample.
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4.3.8 Electron Photomicrographs

Selected electron photomicrographs of the C-0 char at 0%
conversion, the C-3.6 char at 0, 37, 67, and 100% conversion,
and the C-CaCO3 char at 20% conversion are presented in Figure
4.3-14 to 4.3-17. The unreacted chars have a rather smooth
surface with no indication of any feeder pores. The angular
shape of the particles seems to indicate that the particles
undergo brittle fracture when crushed. The C-3.6 char is not
distinctly different from the C-0 char. Sufficient particle to
particle variation was observed so that the hemispherical
cavities of the particular particle shown in Figure 4.3-14 are
not characteristic of all of the C-3.6 char particles.

Reaction of the C-3.6 char to 37 and 67% conversion did not
substantially alter the appearance of the particle. The
original angular shape of the particles is still very evident.
Cracks and fractures in the particles become more prevalent, but
the severity of the fractures varied from particle to particle.
Other distinct surface features are present on some particles
but not on others. For instance, the circular area of very
rough surface features on the particle at the tic marks on
Figure 4.3-16 was also observed on a number of other particles.
However, usually the surface was as shown in Figure 4.3-15c.
The origin of the dust-like specks on the particles is not
certain, but may have occurred during preparation and handling
of the specimen. Dispersive X—-ray measurements gave no
indication of calcium agglomeration: measurements continually

showed that the calcium remained well distributed.
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The most interesting photographs are those obtained at 100%
conversion of the C-3.6 char. The residue is probably entirely
CaC03. Examination with an optical microscope showed that the
residue consisted of discrete particles of approximately the
same size as the original char particle. The residue is an
opaque white. The more detailed electron microscope pictures
clearly show that the calcium forms a shell-like structure of
nearly the game external dimension as the original char
particle. Within the main shell, smaller calcium carbonate
crystallites are present. Tne.CaCO3 shell appears to be less
than 100 £ thick (see Figure 4.3-17). The surface area of the
residual calcium must be extremely high. The formation of such
a structure can trap residual carbon within an impermeable shell
and thus make it inaccessible to the reactant gas. This may
account for the failure to successfully burn away the last
amounts of carbon in the calcium added chars.

Figure 4.3-14 is a photograph of the C-CaCO., char. The

3
sample was reacted at 1275 K to 20% conversion in CO.. The

2
micron sized CaO/CaCO3 particles are well distributed throughout
the char. Numerous sub-micron sized holes are present in the
carbon surface. The appearance of the surface is quite
different from the C-3.6 char. No examination of the same char
reacted in air instead of CO2 was made.
4.4 Calcium Dispersion Measurements

Measurements of calcium dispersion were made in an attempt

to relate the extent of dispersion, as a function of carbon
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conversion and heat treatment, to reactivity. As the reaction
proceeds, CaCO3 (or Ca0O) formation must occur as carbon is
removed. In addition, heat treatment of the char, without
reaction; probably causes sintering of the dispersed calcium.
Ideally, dispersion measurements could elucidate the behavior of
the calcium on the carbon and provide some information on the
interaction between the catalyst and the carbon.

The initial calcium dispersion in the unreacted saccharate
char is probably high, since reactivity was found to be
proportional to the amount of calcium. Had significant
agglomeration occurred during pyrolysis of the saccharate and
subsequent heat treatment of the char, it is unlikely that a
linear relationship between calcium content and reactivity would
have been observed.

Radovic (1982) has shown by means of x-ray diffraction
studies that Ca0O formation does occur with heat treatment.
Unfortunately, this technique is unlikely to provide a
quantitative relationship between reactivity and dispersion when
the initial dispersion is on an atomic scale. Determination of
grain size by the Scherrer equation is applicable to grains in
the range of 100-800 R. If one assumes that the active calcium
atoms are those in direct contact with carbon, x-ray diffraction
techniques will provide information only for grains where 1-10%
of the total calcium atoms are present as surface atoms. The
fraction of surface atoms in a Ca0 crystallite as a function of
diameter is given in Figure 4.4-1. (For this calculation, the

cell volume of the fcc CaO crystal was taken as 16.76 cc/gmole
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Figure 4.4-1 Fraction surface atoms; (A ) calibration
points for 002 chemisorption at 298 K
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(van Vlack, 1970) and the CaO molecule was assumed to occupy
11.5 AZ on the crystal surface.) Furthermore, not only is the
measurement of calcium dispersion by x-ray diffraction
insensitive because the technique is only applicable to grains
larger than 100 R, but also the measured grain size seems to
remain essentially constant even as the char undergoes further
heat treatment. Results from Radovic's thesis (1982) and
measurements obtained in this thesis are summarized in Figure
4.4-2. The data points marked with an (*) are not quantitative;
a weak broad peak, just barely distinguishable from the base
line, was observed in these cases. With respect to conversion,
no CaO or CaCO3 grains were detected by x-ray diffraction
measurements below 60% conversion. The results are summarized
in Table 4.4-1.

In this thesis, it was attempted to measure calcium
dispersion by carbon dioxide chemisorption at 298 K.

Preliminary measurements indicated that CO, chemisorption at

2
this temperature is probably restricted to the surface molecules
of a Ca0 crystallite. Measurements showed that recarbonation of
CaO in the C-Caco3 char and of the CaO residue after complete
conversion of the C-3.6 char was about 7-10%. Crystallite size,
calculated by assuming that adsorption is limited to only the
_surface molecules, was in agreement with the grain size
determined by x-ray diffraction. A few calibration points are
indicated in Figure 4.4-1.

Although the chemisorption method provided good information

on grain size when only CaO was present, it proved to be
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Table 4.4-1. Grain Size Determined by X-Ray Line Broadening.

C-3.6 Char (3.6 wt% Ca)
Conversion Heat Treatment Temperature
(%) (1100 K) (1300 K)
.25 no peak no peak
55 , no peak no peak
100 200 8 (1) 360 & (2)

(1) 37 26° peak: 238 &; 54 26° peak: 160 R

(2) also obtained a CaCO3 peak: 200 &
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difficult to interpret the adsorption data obtained with the
C-3.6 char and the ion-exchange char. The total calcium in
these chars can be divided into four forms:

Ca, = Ca, + Ca, + Cag + Cag (4.4.1)
where CaT is the total calcium in the char: CaC is any calcium
that may have formed surface complexes with the carbon: CaI is

inaccessiblﬁ calcium bound up inside the carbon: CaS is calcium
on the surface of crystallites: and Cag is calcium in
crystallites, but not on the surface.

Initially, it was thought that only the calcium as CaS would

2
by adsorbing CO2 at an elevated temperature, a crystallite size

chemisorb CO_.,. Then, if Cag could be determined, for instance

could be estimated if a uniform grain size is assumed.
Unfortunately, the calcium as Cac also reacted with the C02.
This fact, along with certain other seemingly anamolous results
made interpretation of the data, based on only a measurement of
weight change, intractable.

Chemisorption measurements with the C-ion char are presented
in Fiqures 4.4-3 to 4.4-4. CaI for this char is assumed to be
0. The char was heat treated in situ to 1100 K prior to the
adsorption measurement. CO2 adsorption at 298 K was about 120%
(g CO2 per g CO, at 100% recarbonation X 100). About 40%
adsorbed almost immediately, whereas the remainder adsorbed over
a 30 minute period. At the conclusion of the adsorption
measurement, the sample was heated in nitrogen at a rate of 36
C/minute to 1100 K (825 C) and held isothermally at 1100 K for 8

minutes. Weight loss (as a percentage of the weight gained
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during adsorption) from the sample as a function of temperature
is also shown in Figure 4.4-3. (Additional weight loss occurred
during the isothermal period, which is not shown in the figure.)
After the second heat treatment, another adsorption measurement
was made. This time, CO2 adsorption was only 40%, and both the
rapid and gradual adsorptions were less. It 1s unclear why the
difference between the two cycles should be so large. It seems
unlikely that sintering or agglomeration of calcium during the
second heat treatment cycle can cause such a large difference.
One possible explanation is that not all the 002 was removed
from the calcium that is present as Cac during heat treatment
after the first cycle. CO2 adsorption measurements were also
done at 700 K with the C-ion char. Figure 4.4-4 presents the
data obtained for the first adsorption cycle, desorption, and
the second adsorption cycle. Again there is a considerable
difference in the amount adsorbed in the two cycles, but
adsorption in the first cycle in this case does not exceed 100%.
In this case, however, the amount desorbed after the first cycle
is greater than the amount adsorbed.

A comparison of 002 desorption from chars where calcium is
present primarily as calcium carbonate crystallites to the C-ion
data shows a marked difference. Figure 4.4~5 shows the
adsorption and desorption data obtained with the C-Caco3 char.
Here desorption begins at 875 K (600 C), and it is completed by
925 K (650 C). Weight loss occurs rapidly and over a specific
temperature range, and the weight loss is exactly equal to the
amount of CO, adsorbed. Differences in the desorption curves of

2
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the C-CaCO3 char and the C-3.6 char, in which the calcium is
also well dispersed, are further illustrated by adsorption/
desorption data obtained at 940 K when the gas composition was
switched from nitrogen to Co2 and back to nitrogen (Figure 4.4-6
and 4.4-7). The C-CaCO3 char lost all of its CO2 over a short
time period, but this occurred only after a lengthy induction
period. (The same induction period was also observed when this
experiment was conducteéd with calcined reagent grade CaCO3.)
This induction time did not occur because of a failure to reduce
the CO2 concentration in the gas to below its equilibrium value.

Gas flow rates were sufficiently high so that the CO, partial

2
pressure should have decreased rapidly to below the 0.05
atmosphere equilibrium pressure; rather the induction time
apparently represents a true nucleation time (Young, 1966). For
the C-3.6 char, the desorption curve is quite different. Weight
loss occurs immediately after the gas composition is switched
and it continues at a gradual rate over a much longer time
period. The total weight loss also exceeds 100%, indicating
that the decomposition reacticn involves the carbon substrate.
Weight loss occurring prior to the switch to nitrogen is
probably due to the carbon-CO2 reaction.

Results obtained with the C-3.6 char, at conversions of 0,
37, 67, and 100% are presented in Appendix 5. All samples were
heat treated at 1100 K, reacted in air at 615 K and reheated
again (outgassed) prior to the adsorption measurement
(conversion is based on the final sample weight). CO

2
adsorption in the second cycle is always less than in the first
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cycle; however with this char, mqre CO2 is adsorbed at 700 K
than at 298 K. Only a small change in the amount of CO2
adsorbed with increasing carbon conversion was measured. The
shape of the adsorption isotherm change slightly with increasing
carbon conversion. Except for the first desorption cycle of the
char at zero conversion, the amount desorbed always exceeded the
amount adsorbed.

'Because of a lack of understanding of the chemistry between
002 and calcium present as a complex with the carbon there is
some uncertainty in the interpretation of these rasults.

Neither the adsorption or desorption curves provide any
information that allows an unambiguous identification of the
various calcium species or that even provides some

characteristic data that can be correlated with reactivity.
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CHAPTER 5. DISCUSSION

The discussion will focus on three main topics, each of
which can be treated separately. Together they form an
overall picture of intrinsic char gasification. 1In each case,
the relevant experimental data will be summarized to provide a
basis for the discussion. The topics are: 1) surface area
development in microporous chars and modeling of the rate
versus conversion data; 2) kinetic mechanisms for the carbon
gasification reactions; and 3) analysis of the reactivity data
from both the catalyzed and non-catalyzed chars to test

possible mechanisms for catalytic gasification.

5.1 CHAR STRUCTURE AND UTILIZATION OF THE CARBON SURFACE

DURING REACTION OF A MICROPOROUS CHAR

5.1.1 1Introduction
The principal points addressed in this section are:

1. How do the rate versus conversion data compare to the
surface area variations of the char with conversion?
Theoretical analysis of the rate versus conversion data
generally assumes that the variation in reactivity is due
to changes in the surface area of the solid; yet there are
few studies in which measurements of both surface area and
reactivity with respect to conversion have been made.

2. What is the effect of the pore size distribution of the

char on the rate versus conversion profiles? Compared to
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most coal chars, the sucrose char used in these
experiments contains no macropores and has a relatively
uniform pore size distribution. It was, therefore,
possible to determine the reaction profiles of the
microporous char directly without consideration of a
feeder pore network.

Theoretical models have been developed to predict the
evolution of surface area with conversion, These models
relate the surface area to the pore size distribution of
the solid and provide a deterministic description of the
surface area in terms of the porosity. Such models can be
used to bound surface area variations with respect to
changes in the pore volume of either the micropores or

macropores or both.

5.1.2 Modeling of the Rate Versus Conversion Data
Theoretical analysis of the rate versus conversion data
generally assumes that the variation in reaction rate is due
to a change in the surface area on which the reaction occurs.
It is assumed that the reaction rate per unit surface area
remains constant and that the reactivity is proportional to
the surface area of the solid. Usually the surface kinetics
are given by the steady state solution of a Langmuir-
Hinshelwood rate expression that gives the correct reaction
order. Since mass transport of reactant in the solid in the
intrinsic reaction regime is not rate limiting, it is
postulated that the relative changes in reaction rate with

272



conversion should be the same for all reactants and reactant
concentrations and at all temperatures for which the
assumption of intrinsic kinetics is valid.

Formally, this result is obtained as follows. The
conversion, x, is only a function of the distance, q, by which
the solid surface r