
Contents

P re fa c e .......................................................................................................................................... vii

Chapter 1
I n t r o d u c t io n ..............................................................................................................................  1

1. Characteristic features o f decom position reactions o f s o l i d s ..........................  3
2. The literature o f solid phase re a c tio n s .....................................................................  9
3. Scope o f the  present review and arrangem ent o f subject m a t t e r ....................  11
4. Classification o f chemical reactions o f s o l i d s ....................................................... 12

4.1 D ecom position o f a single s o l i d .....................................................................  12
4.2 R eactions o f types: solid + gas and solid + liquid ..................................  14
4.3 Solid—solid re a c tio n s .........................................................................................  15

Chapter 2
E x p e rim en ta l..............................................................................................................................  17

1. A ccum ulatory pressure m easurem ents o f evolved g a s ........................................  19
2. Mass loss m ea su rem e n ts ............................................................................................... 19
3. Evolved gas analysis (E G A ).........................................................................................  21

3.1 Mass spectrom etry ............................................................................................  21
3.2 Gas c h ro m a to g ra p h y .........................................................................................  22
3.3 O ther m ethods o f gas a n a ly s is ........................................................................  23

4. Non-iso therm al m e t h o d s ............................................................................................  23
5. A bsorption or evolution o f heat .............................................................................. 24
6 . C om puter coupling and data processing ...............................................................  24
7. M icroscopic te c h n iq u e s .........................   24

7.1 Optical m ic ro sc o p y ............................................................................................  24
7.2 E lectron m icroscopy .........................................................................................  25

8 . D iffraction m e t h o d s ....................................................................................................  27
9. Surface area m easu rem en ts .........................................................................................  28

10. Spectroscopic m e t h o d s ...............................................................................................  29
10.1 Infrared s p e c tro s c o p y ......................................................................................  29
10.2 M össbauer sp ec tro sco p y ...................................................................................  30
10.3 X-ray photoelectron  spectroscopy (XPS or E S C A ) ................................ 30

11. M agnetic m e a su rem e n ts ...............................................................................................  31
11.1 M agnetic susceptibility ...................................................................................  31
11.2 M agnetic re so n a n c e ..............................................................................   31

12. Electrical m easu rem en ts...............................................................................................  32
12.1 Electrical conductivity m easu rem en ts .......................................................... 32
12.2 O ther electrical m easu rem en ts........................................................................  32
12.3 A pplication o f electric f ie ld s ........................................................................... 33

13. Sample preparation and p re tre a tm e n t.....................................................................  33
13.1 Sample p re p a ra tio n ............................................................................................  34
13.2 D e h y d r a t io n .......................................................................................................  34
13.3 M echanical t r e a t m e n t ......................................................................................  34



13.4 Irra d ia tio n .............................................................................................................  35
13.5 Controlled addition o f im p u ritie s ..................................................................  35

14. Influence o f atm osphere ............................................................................................  36
15. Experim ental m ethods for studying solid—solid in te ra c tio n s ..........................  37

Chapter 3
Theory o f solid sta te  reaction kinetics .............................................................................  41

1. Laws of n u c le a t io n .......................................................................................................  42
1.1 The nucleus form ation p r o c e s s .....................................................................  42
1.2 Laws o f n u c le a t io n ............................................................................................  45

2. Laws o f growth .............................................................................................................  47
3. Form al theories o f isotherm al solid sta te  d e c o m p o sitio n s ................................ 49

3.1 K inetic expressions derived for interface advance re a c tio n s .................  49
3.1.1 N ucleation obeying a pow er law with constan t rate  of in ter

face advance (norm al g ro w th ) .......................................................... 50
3.1.2 R andom  nucleation according to  the  exponential law fol

lowed by norm al growth ..................................................................  50
3.1.3 Im pingem ent and coalescence o f developed nuclei and inges

tion  o f undeveloped nucleation s i te s ..............................................  51
3.1.4 Rapid and dense nucleation, or initial rapid surface growth,

followed by advance o f interface from  all, or certain specific, 
surfaces in to  the  bulk o f c ry s ta llite s ..............................................  59

3.1.5 O ther m odels for nucleation and growth o f com pact nuclei . 62
3.1.6 General c o m m e n ts .............................................................................. 64

3.2 Kinetic expressions derived for “ chain-type” re a c tio n s ..........................  65
3.3 Kinetic expressions derived for diffusion lim ited r e a c t io n s .................  68
3.4 Influence o f particle size distribution on kinetic characteristics . . . .  72
3.5 Rate equations com m only used in kinetic analyses of isotherm al

reactions o f s o lid s ............................................................................................... 72
4. Tests of obedience o f isotherm al kinetic data to  theoretical kinetic equa

tions .................................................................................................................................  76
4.1 I n t r o d u c t io n ..................................................................................   76
4.2 Identification o f the rate  e q u a t io n ...............................................................  77
4.3 A pplication o f rate equations to  particular regions o f the  a —tim e

c u r v e ...................................................................................................................... 80
4.3.1 The induction p e r io d ........................................................................... 80
4.3.2 The acceleratory r e g io n .....................................................................  80
4.3 .3  The deceleratory r e g io n .....................................................................  81

4.4 Statistical m ethods in kinetic a n a ly s is .......................................................... 81
4.5 In terp re ta tion  o f kinetic o b se rv a tio n s .......................................................... 84

4.5.1 The zero-order r e a c t io n .....................................................................  84
4.5 .2  Avrami—E rofe’ev equation (n = 2 ) .................................................  85

5. Variation o f reaction rate w ith te m p e ra tu re ..................................... Г ................. 86
5.1 A pplication o f the  Arrhenius equation to  solid state re a c tio n s ............ 87
5.2 Significance o f the Arrhenius p a ram ete rs ....................................................  88
5.3 R ates o f interface reactions ........................................................................... 92
5.4 The com pensation e f f e c t ................................................................................. 95

6 . K inetic investigations using rising tem perature techniques .............................  97
6.1 K inetic analysis o f non-isotherm al rate m e a s u re m e n ts ..........................  99
6.2 Integral m ethods ............................................................................................... 100

6.2.1 M ethods using tabulated  values o f the exponential integral . . 101
6.2.2 M ethods using a simple approxim ation for the exponential

in te g ra l ....................................................................................................  102



6.2.3 M ethods using a series expansion as an approxim ation for the
exponential integral ...........................................................................  103

6.2.4 M ethods involving a reference t e m p e r a tu r e ................................  105
6.2.5 M ethods involving different heating rates ................................... 105

6.3 D ifferential m e th o d s ..........................................................................................  106
6.3.1 M ethods involving direct use o f the  basic e q u a t i o n .................. 106
6.3.2 Difference—differential m e th o d s ....................................................  107
6.3.3 M ethods involving a reference t e m p e r a tu r e ................................  107
6.3.4 M ethods involving different heating rates ...................................  107

7. The reaction in te r f a c e ................................................................................................  109

Chapter 4
Decom position reactions o f s o l i d s ......................................................................................  115

1. D ehydration o f crystalline h y d r a te s ........................................................................  117
1.1 Structures o f crystalline h y d ra te s ..................................................................  118
1.2 Kinetics o f nucleation and growth during d e h y d ra t io n s ..........................  120

1.2.1 N ucleation ............................................................................................  120
1.2.2 G ro w th ..................................................................................................... 121
1.2.3 Shapes o f n u c le i .................................................................................... 123
1.2.4 D iffusion-controlled d e h y d ra t io n s .................................................  123

1.3 The Polanyi—Wigner e q u a tio n ........................................................................  123
1.4 The Sm ith—Topley e f f e c t ................................................................................. 125
1.5 Kinetics o f dehydration o f representative crystalline h y d r a te s .............  130

1.5.1 Copper s u lp h a te ...................................................................................  130
1.5.2 O ther s u lp h a t e s ...................................................................................  131
1.5.3 O ther inorganic s o l i d s ........................................................................  133
1.5.4 M etal c a rb o x y la te s .............................................................................. 134
1.5.5 C o n c lu s io n s ............................................................................................  135

2. D ecom position reactions o f binary com pounds (also including hydroxides) 136
2.1 H y d ro x id e s ........................................................................................................... 136

2.1.1 Magnesium h y d r o x id e ........................................................................  137
2.1.2 O ther inorganic hydroxides ............................................................. 138
2.1.3 H ydroxyhalides and related s a l t s .................................................... 140
2.1.4 Clay m in e ra ls .........................................................................................  142

2.2 O x id e s ...................................................................................................................  144
2.2.1 E xtended im perfections in o x i d e s .................................................  145
2.2.2 M echanisms and products o f oxide d e c o m p o s i t io n .................. 146
2.2.3 Dissociation o f o x id e s ........................................................................  146

2.3 Hydrides, carbides, nitrides and related s u b s ta n c e s .................................  151
2.3.1 D ecom positions rate-lim ited by a surface or desorption step:

com parable in some respects w ith heterogeneous catalytic 
p rocesses..................................................................................................  152

2.3.2 Reactions rate-lim ited by an interface p r o c e s s ..........................  155
2.3.3 Reactions rate-lim ited by a diffusion p r o c e s s .............................  156
2.3.4 Transition m etal s u lp h id e s ...............................................................  156
2.3.5 Related r e a c t io n s ................................................................................. 158

2.4 A z i d e s ...................................................................................................................  158
2.4.1 G roup II azides .................................................................................... 158
2.4.2 G roup IA a z id e s ...................................................................................  161
2.4.3 O ther azides .........................................................................................  163

2.5 Fulm inates and c y a n a m id e s ...........................................................................  165
2.5.1 F u lm in a te s ............................................................................................  166
2.5.2 C y an am id es............................................................................................  166



3. Decom position o f m etal salts o f o x y a c id s ............................................................  166
3.1 Metal carbonates .................  167

3.1.1 C a lc iu m c a rb o n a te .............................................................................. 169
3.1.2 O ther G roup HA c a rb o n a te s ............................................................. 171
3.1.3 Silver c a r b o n a te ...................................................................................  172
3.1.4 Lead carbonate ...................................................................................  173
3.1.5 M anganese(II) c a r b o n a te ..................................................................  173
3.1.6 Carbonate d e c o m p o s itio n s ................................................................ 174

3.2 Metal sulphates ..................................................................................................  174
3.2.1 G roup IIA  s u lp h a te s ...........................................................................  175
3.2.2 G roup IIIA  su lp h a te s ...........................................................................  178
3.2.3 F irst period transition  m etal s u lp h a t e s ......................................... 178
3.2.4 O ther m etal s u lp h a te s ........................................................................  180
3.2.5 Metal salts o f o ther sulphuroxyacids ...........................................  180

3.3 Metal nitrates and n i tr i te s ................................................................................. 182
3.4 Metal p h o s p h a te s ...............................................................................................  184

3.4.1 G roup IA phosphates ........................................................................  184
3.4.2 G roup IIA  p h o s p h a te s ........................................................................  185
3.4.3 O ther m etal p h o s p h a te s .....................................................................  185

3.5 Metal perhalates, halates and h a l i te s ............................................................  185
3.5.1 P e rh a la te s .......................................................................   186
3.5.2 H a la te s .....................................................................................................  188
3.5.3 Metal h a l i t e s .........................................................................................  190
3.5.4 General c o m m e n ts ..............................................................................  190

3.6 Metal pe rm an g an a tes .........................................................................................  191
3.6.1 Potassium  perm anganate ..................................................................  191
3.6.2 O ther G roup IA m etal perm anganates...........................................  193
3.6.3 Barium p e rm a n g a n a te ........................................................................  193
3.6.4 Silver p e rm a n g a n a te ...........................................................................  194

3.7 Metal c h ro m a te s ..................................................................................................  194
4. Decom positions o f am m onium  s a l t s ........................................................................  195

4.1 Am m onium  salts containing oxyanions o f the n o n -m eta ls ....................  196
4.1.1 Am m onium  p e rc h lo ra te ......................................................................  196
4.1.2 A m m onium  h a la te s ............................................................................... 199
4.1.3 A m m onium  s u lp h a te ............................................................................ 200
4.1.4 A m m onium  n i t r a t e ............................................................................... 201
4.1.5 A m m onium  p h o s p h a te s ................................................................... 201
4.1.6 A m m onium  c a rb o n a te ...................................................................... 202
4.1.7 A m m onium  c a rb o x y la te s ................................................................  203

4.2 A m m onium  salts containing oxyanions o f the m e ta ls ............................. 203
4.2.1 Am m onium  p e rm a n g a n a te .............................................................  203
4.2.2 Am m onium  p e rrh e n a te s ................................................................... 204
4.2.3 Am m onium  chrom ates ................................................................... 205
4.2.4 Am m onium  m olybdates and tu n g s ta te s ......................................  206
4.2.5 Am m onium  v a n a d a te s ........................................................................  206
4.2.6 A m m onium  u ra n a te s ........................................................................  207

4.3 O ther am m onium  c o m p o u n d s ........................................................................  207
4.3.1 A m m onium  a z id e ..............................................................................  207
4.3.2 A m m onium  com plex s a l t s ............................................................. 208
4.3.3 Am m onium  z e o l i t e s ........................................................................  208
4.3.4 Am m onium  th io c a rb a m a te .............................................................  208

5. Decom positions o f m etal c a rb o x y la te s ..................................................................  208
5.1 Metal a lk a n o a te s ................................................................................................... 210

5.1.1 Metal fo rm a te s ...................................................................................... 210



5.1.2 Metal a c e t a t e s ....................................................................................... 216
5.1.3 O ther m etal a lk a n o a te s .....................................................................  217

5.2 Metal alkandioates and realted com pounds ..............................................  218
5.2.1 Metal o x a la t e s ....................................................................................... 218
5.2.2 Metal m alonates and su c c in a te s .......................................................  224
5.2.3 Metal t a r t r a t e s ....................................................................................... 225
5.2.4 Metal c i t r a te s .........................................................................................  226
5.2.5 Metal m aleates and fu m a ra te s ..........................................................  226

5.3 Metal salts o f arom atic carboxylic acids ................................................. 227
5.4 General discussion ............................................................................................  228

6 . D ecom positions o f coordination c o m p o u n d s ....................................................... 231
6.1 Metal am m ine c o m p o u n d s ..............................................................................  232

6.1.1 C obalt(III) amm ine a z i d e s ...............................................................  233
6.1.2 Am m ine cobalt th io c y a n a te s ............................................................. 234
6.1.3 Am m ine aquo cobalt salts ................................................................ 234
6.1.4 Am m ine nickel s a l t s ...........................................................................  235

6.2 Metal pyridine c o m p o u n d s ..............................................................................  235
6.3 Com pounds containing po lydentate  l ig a n d s ..............................................  236
6.4 O ther kinetic s tu d ie s .........................................................................................  238
6.5 General c o m m e n t ...............................................................................................  239

7. D ecom positions o f solid solutions and double s a l t s ...........................................  239
7.1 D ecom positions o f tw o-com ponent solid s o lu t io n s ................................  241

7.1.1 D olom ite, (Ca,M g)C03 .....................................................................  241
7.1.2 Mixed h y d ro x id e s ................................................................................. 242
7.1.3 Mixed c a rb o x y la te s ..............................................................................  243
7.1.4 O ther solid s o lu t io n s ...........................................................................  245
7.1.5 D iscussion ...............................................................................................  245

7.2 D o p in g ...................................................................................................................  246

Chapter 5
Reactions betw een inorganic solids ...................................................................................  247

1 . R eactan t m ixtures and experim ental m ethods ....................................................  249
2. Mechanisms o f r e a c t io n ...............................................................................................  252

2.1 Surface or gas-phase d if fu s io n ........................................................................  253
2.1.1 Area o f in terparticulate con tac t betw een r e a c ta n t s .................. 253
2.1.2 Initial form ation (nucleation) and growth o f the  product

p h a s e ........................................................................................................  254
2.1.3 M e ltin g .....................................................................................................  255
2.1.4 R eactan t m obility  and particle c o a rse n in g ................................... 256

2.2 Interface r e a c t io n s ............................................................................................  256
2.3 Diffusion across a barrier l a y e r .....................................................................  257
2.4 Classification o f solid—solid in te ra c t io n s ......................   259

3. D ecom position o f a solid catalyzed by a solid ....................................................  260
3.1 Decom position reactions catalyzed by the  solid p roduct ....................  261
3.2 Decom position reactions catalyzed by a solid a d d it iv e ..........................  262

3.2.1 D ecom position o f NH4CIO4 ............................................................. 263
3.2.2 D ecom position o f o ther salts o f oxyhalogen a c id s ....................  265
3.2.3 D ecom position o f silver o x a la te .......................................................  265
3.2.4 D ecom position o f silver c a r b o n a te .................................................  266
3.2.5 D ecom position o f silver and o ther a z id e s ......................................  266

4. Reactions betw een s o l i d s ............................................................................................  267
4.1 Reactions o f the type A(s) -> A B ( s ) ..............................................................  267

4.1.1 Zinc ferrite f o rm a t io n .........................................................................  267



4.1.2 O ther spinel form ation  r e a c t io n s ....................................................  268
4.1.3 Calcium silicate form ation  and related r e a c t io n s .......................  270
4.1.4 T ungstate and m olybdate form ation r e a c t io n s ..........................  270
4.1.5 Double iodide f o r m a t io n ................................................................... 271
4.1.6 O ther reactions ....................................................................................  272

4.2 Reactions o f the  type A(s) + B(s) C(s) + D ( g ) ......................................  272
4.2.1 R eaction o f lith ium  carbonate w ith ferric o x i d e .......................  273
4.2.2 R eactions o f barium  carbonate w ith various o x id e s .................. 273
4.2.3 M olybdate and tungstate form ation re a c tio n s .............................  275
4.2.4 O xidation o f  c a r b o n ...........................................................................  277
4.2.5 O ther reactions ....................................................................................  278

4.3 Reactions o f the type AB(s) + CD(s) - +  AD(s) + C B ( s ) ..........................  279
4.4 More com plicated r e a c t i o n s ...........................................................................  282

Chapter 6
C o n c lu sio n s..................................................................................................................................  283

1. Decom positions o f s o l i d s ............................................................................................. 283
2. In teractions o f  s o l id s .....................................................................................................  286

Acknow ledgm ents ....................................................................................................................  288

References ..................................................................................................................................  289

I n d e x .............................................................................................................................................. 323


