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ABSTRACT
The main goal of this research is to understand how the chemical composition of
the feedstock and reactor design affects the quality of the coke toward the formation of a
needle (premium) coke. Although a lot of information has been published related to the
production of the premium coke, via mesophase formation, some contradictory results
have been reported because the conclusions are reached based on chemical composition
of the feedstock alone or reactor design alone.
A raw decant oil, EI-107, was hydrotreated to different levels giving origin to six
derivatives.

Based on greater differences in chemical composition between the

hydrotreated decant oils and the raw decant oil, and the sample quantity, three out of six
derivatives were selected to continue with the carbonization process. It was found that
the quality of the coke obtained through the pyrolysis of the four decant oils using the
reactor operated at atmospheric pressure and 465°C (LSCopen) is related to the chemical
composition of the decant oil. The coke that displays the lowest coke quality is EI-135,
which is explained by the presence of five-membered rings and biphenyls in the decant
oil that are detrimental to the mesophase formation due to the loss of planarity and free
rotation. Even though this decant oil has alkylbenzenes which improve the mesophase
formation, it appears that the amount of these compounds is not enough to compensate
the negative effect that five-membered rings and biphenyls exert on the mesophase. The
next best coke in quality is EI-107. While its feedstock (EI-107) has the lowest amount
of alkylbenzenes and naphthenic compounds, the decant oil EI-107 displays little or no
presence of five-membered rings and biphenyls making its quality higher than coke EI-

iv
135. The cokes EI-134 and EI-138 display, respectively, the highest coke quality among
the four cokes tested. Their feedstocks have the highest amount of alkylbenzenes and
naphthenic compounds but an intermediate content of biphenyls. Five-membered ring
compounds were not detected in decant oils EI-134 and EI-138.
The viscosity of the system has been reported to be crucial for the coke quality,
via mesophase growth. This study was performed by using a laboratory-scale coker
operated under autogenous pressure and 465°C (LSCclose), which keeps the gases in the
reactor so that the viscosity of the system is reduced. The hierarchy in coke quality was
found to be completely different to when the LSCopen was used. The coke EI-107, which
is derived from the highest polycondensed feedstock, displayed the highest quality. The
cokes EI-134, EI-135 and EI-138, which are the cokes derived from the hydrotreated
decant oils, displayed the lowest. In summary, there is an optimum viscosity to obtain a
high coke quality. When viscosity is too low, mesophase spheres do not coalesce.
Last but not least, this work also studied blends of coal and the four selected
decant oils as a feedstock to produce coke; the blend was pyrolyzed using the reactors
LSCopen, LSCclose and the pilot-scale coker (PSC). Miscibility and chemical interactions
(hydrogen transferability) between coal and decant oil were calculated in order to study
their influence on the co-coke quality. When the reactors operated under atmospheric
and near-atmospheric pressure (LSCopen and PSC), no correlation was found between
miscibility or chemical interactions with co-coke quality. However, chemical interaction
appears to correlate when LSCclose is used. This is attributed to the higher contact time
between coal and decant oil, which occurs at the operational conditions of the reactor
LSCclose.

v
TABLE OF CONTENTS

LIST OF FIGURES .....................................................................................................xi
LIST OF TABLES.......................................................................................................xviii
LIST OF GLOSSARY OF TERMS ............................................................................xxiv
LIST OF ACKNOWLEDGEMENTS .........................................................................xxix
Chapter 1 Introduction, Hypothesis and Objectives ...................................................1
1.1 Introduction.....................................................................................................1
1.2 Hypotheses......................................................................................................5
1.3 Objectives .......................................................................................................6
Chapter 2 Literature Review.......................................................................................7
2.1 Petroleum streams...........................................................................................9
2.4.1 Preferred chemical composition of a starting material......................... 9
2.4.2 Preferred operational conditions...........................................................13
2.4.2.1 Pressure ......................................................................................13
2.4.2.2 Temperature ...............................................................................15
2.4.2.3 Reaction time..............................................................................16
2.4.3 Other factors that influence the mesophase growth .............................17
2.4.3.1 Viscosity and solubility..............................................................17
2.4.3.2 Gas evolution..............................................................................20
2.4.3.3 Heteroatom content ....................................................................21
2.4.3.4 Chemical structure: aromatics, naphthenics, alkyl chains and
n-alkanes .........................................................................................22
2.4.3.5 Compound geometry ..................................................................23
2.2 Mesophase ......................................................................................................25
2.5.1 Mesophase formation ...........................................................................26
2.5.2 Kinetics of mesophase formation ......................................................... 27
2.6 Petroleum stream and coal blend....................................................................31
2.7 Solubility parameter........................................................................................36
2.7.1 Cohesive energy ...................................................................................38
2.7.1.1 Definitions..................................................................................38
2.7.1.2 Determination of Ecoh ................................................................39
2.7.1.3 Prediction of the cohesive energy ..............................................39
2.7.2 Solubility ..............................................................................................41
2.7.2.1 Definitions..................................................................................41
2.7.2.2 Prediction of solubility-parameter components .........................43
2.8 Characterization of petroleum coke................................................................44

vi
2.8.1 Polarized-light optical microscopy.......................................................46
2.8.1.1 Fundamentals of polarized-light optical microscopy ................. 47
2.8.1.2 Optical textures reported by different authors............................50
2.8.1.2.1 Classification of textures for cokes derived from fluid
feedstocks such as petroleum and coal tar pitch ......................51
2.8.1.2.2 Classification of textures for cokes derived from
petroleum and coal...................................................................61
2.8.1.3 Correlation of anisotropy (based on optical microscopy) with
coefficient of thermal expansion (CTE).......................................... 64
2.8.2 X-ray diffraction (XRD).......................................................................67
2.8.2.1 Fundamentals of X-ray diffraction.............................................67
2.8.2.2 Application of X-ray diffraction to estimate anisotropy ............68
Chapter 3 Methodology ..............................................................................................71
3.1 Hydrotreating of the decant oils ..................................................................... 71
3.2 Coal selection and cleaning ............................................................................74
3.3 Characterization of the feedstock ...................................................................75
3.3.1 CHN Elemental Analysis .....................................................................76
3.3.2 Total Sulfur Determination Analysis.................................................... 76
3.3.3 Automatic Determination of Proximate Analysis ................................ 76
3.3.4 Nuclear Magnetic Resonance – NMR ..................................................76
3.3.4.1 1H NMR...................................................................................... 77
3.3.4.2 13C NMR .................................................................................... 77
3.3.5 Gas Chromatography / Mass Spectrometry (GC/MS)..........................78
3.3.6 Asphalthene content .............................................................................79
3.3.7 Density..................................................................................................79
3.3.8 Preparative
Liquid
Chromatography
(PLC)
and
Gas
Chromatography-Mass Spectrometry– PLC-GC/MS ............................ 80
3.3.9 Simulated distillation Gas Chromatography ........................................82
3.3.10 Viscosity .............................................................................................84
3.4 Coking of the feedstocks ................................................................................85
3.4.1 Laboratory-Scale Coker (LSC) – Tubing bombs .................................85
3.4.1.1 Yield calculation for tubing bombs reacted under autogenous
pressure ...........................................................................................89
3.4.1.2 Yield calculation for tubing bombs reacted under
atmospheric pressure.......................................................................91
3.4.2 Pilot Scale Coker ..................................................................................92
3.5 Solubility parameters ......................................................................................94
3.5.1 Decant oils ............................................................................................94
3.5.2 Coal.......................................................................................................94
3.6 Gas characterization........................................................................................97
3.7 Graphitization .................................................................................................97
3.8 Coke characterization .....................................................................................97
3.8.1 Optical Microscopy ..............................................................................98

vii
3.8.2 X-ray Diffraction ..................................................................................99
3.8.3 Coefficient of Thermal Expansion .......................................................102
Chapter 4 Results and Discussion 1. – Feedstock characterization and solubility
parameters.............................................................................................................108
4.1 Characterization of the feedstocks..................................................................109
4.1.1 Characterization of decant oils .............................................................109
4.1.1.1 Elemental analysis......................................................................111
4.1.1.2 Liquid state 1H NMR.................................................................. 111
4.1.1.3 Liquid state 13C NMR ................................................................ 118
4.1.1.4 Asphaltene content .....................................................................121
4.1.1.5 API gravity and boiling point..................................................... 121
4.1.1.6 Gas Chromatography-Mass Spectrometry GC/MS.................... 125
4.1.1.7 Aromaticity.................................................................................131
4.1.1.8 Saybolt viscosity of decant oils ..................................................138
4.1.1.9 Proposed models for the different decant oils ............................140
4.1.2 Characterization of coal........................................................................145
4.2 Solubility parameters ......................................................................................147
4.2.1 Solubility parameter calculation of the decant oils ..............................148
4.2.2 Solubility parameter calculation of the Powellton/Eagle coal .............152
4.2.2.1 Objective 1: Calculation of the solubility parameter of coal..... 152
4.2.2.2 Objective 2: Interaction between coal and hydrocarbons .........153
4.3 Preliminary summary of results...................................................................... 159
Chapter 5 Results and Discussion 2. – Cokers operated under atmospheric and
near-atmospheric pressure ....................................................................................162
5.1 Comparison between LSC open and PSC .........................................................163
5.1.1 Reactors design: comparison between LSCopen and PSC ....................163
5.1.2 Yields and coke evaluation: comparison between LSCopen and PSC ..168
5.1.2.1 Pyrolysis of the raw decant oil ...................................................169
5.1.2.2 Pyrolysis of the hydrotreated decant oils ...................................174
5.1.2.3 Pyrolysis of the raw decant oil plus coal....................................183
5.1.2.4 Pyrolysis of the hydrotreated decant oils plus coal ....................185
5.2 Reaction time variation (LSCopen): Yield and coke evaluation......................202
5.2.1 Yields....................................................................................................202
5.2.1.1 Decant oil alone.......................................................................... 202
5.2.1.1.1 Gas yield formed from the pyrolysis of the decant oil
alone.........................................................................................203
5.2.1.1.2 Coke yield formed from the pyrolysis of the decant oil
alone.........................................................................................209
5.2.1.1.3 Oil yield formed from the pyrolysis of the decant oil
alone.........................................................................................214

viii
5.2.1.1.4 THF-S yield formed from the pyrolysis of the decant
oil alone....................................................................................215
5.2.1.2 Coal ............................................................................................216
5.2.1.3 Blends.........................................................................................217
5.2.1.3.1 Gas yield formed from the pyrolysis of the blends ..........217
5.2.1.3.2 TI yield formed from the pyrolysis of the blends ............219
5.2.1.3.3 Oils (pentane-solubles) formed from the pyrolysis of
the blends .................................................................................220
5.2.3.7.4 THF-S yield formed from the pyrolysis of the blends ..... 221
5.2.2 Evaluation of the cokes as reaction time is increased .......................... 224
5.2.2.1 Evaluation of the cokes derived from decant oil alone ..............224
5.2.2.2 Evaluation of cokes derived from the coal alone .......................227
5.2.2.3 Evaluation of cokes derived from the blends ............................. 228
5.3 Correlation between chemistry and coke quality............................................230
5.3.1 Geometry ..............................................................................................230
5.3.1.1 The extent of planarity ...............................................................231
5.3.1.2 The free rotation .........................................................................232
5.3.2 Carbonization rate ................................................................................232
5.3.3 Presence of heteroatoms .......................................................................233
5.3.3.1 Heteroatoms effect at low-carbonization temperatures
(<700°C)..........................................................................................234
5.3.3.2 Heteroatom effect at high temperature.......................................237
5.4 Preliminary summary of results...................................................................... 241
Chapter 6 Results and discussions 3. – Laboratory scale coker operated under
autogenous pressure..............................................................................................245
6.1 Reaction time variation (LSCclose): Yield and coke evaluation .....................246
6.1.1 Yields....................................................................................................246
6.1.1.1 Decant oil ...................................................................................247
6.1.1.1.1 Gas yield formed from the pyrolysis of the decant oil
alone under autogenous pressure .............................................247
6.1.1.1.2 TI yield formed from the pyrolysis of the decant oil
alone under autogenous pressure .............................................249
6.1.1.1.3 Oil yield formed from the pyrolysis of the decant oil
alone under autogenous pressure .............................................251
6.1.1.1.4 THF-S yield formed from the pyrolysis of the decant
oil alone under autogenous pressure ........................................253
6.1.1.2 Coal ............................................................................................255
6.1.1.3 Blends.........................................................................................256
6.1.1.3.1 Gas yield formed from the pyrolysis of the blends
under autogenous pressure.......................................................256
6.1.1.3.2 TI yield formed from the pyrolysis of the blends under
autogenous pressure .................................................................257

ix
6.1.1.3.3 Oil formed from the pyrolysis of the blends under
autogenous pressure .................................................................258
6.1.1.3.4 THF-S yield formed from the pyrolysis of the blends
under autogenous pressure.......................................................259
6.1.2 Evaluation of the cokes obtained under autogenous pressure as
reaction time is increased .......................................................................260
6.1.2.1 Evaluation of the cokes derived from decant oil alone under
autogenous pressure ........................................................................261
6.1.2.2 Evaluation of cokes derived from the coal alone under
autogenous pressure ........................................................................261
6.1.2.3 Evaluation of cokes derived from the blends (co-cokes)
under autogenous pressure ..............................................................263
6.2 Comparison between LSCclose and LSCopen ....................................................263
6.2.1 Reactor design: comparison between LSCclose and LSCopen .................263
6.2.2 Yields and coke evaluation: comparison between LSCclose and
LSCopen ...................................................................................................265
6.2.2.1 Pyrolysis of the raw decant oil ...................................................265
6.2.2.2 Pyrolysis of the hydrotreated decant oils ...................................268
6.2.2.3 Pyrolysis of the raw and hydrotreated decant oils plus coal ......272
6.3 Dissolved gas effect on viscosity....................................................................278
6.4 Preliminary summary of results...................................................................... 281
Chapter 7 General Summary, Conclusions and Future Work...................................... 284
7.1 General Summary ...........................................................................................284
7.2 General Conclusions.......................................................................................289
7.3 Suggestions for future work............................................................................292
BIBLIOGRAPHY........................................................................................................295
Appendix A Mass balance example (LSC).................................................................309
Appendix B Microphotographs...................................................................................312
B.1 Petroleum derived textures.............................................................................312
B.2 Coal derived textures .....................................................................................314
Appendix C Thermal Mechanical Analyzer, cte-TMA .................................................317
Appendix D Precision or reproducibility....................................................................322
Appendix E Preparative Liquid Chromatography (PLC) followed by GC/MS..........324

x
Appendix F Winn Nomogram for Characterization of Petroleum Fractions..............326
Appendix G Example of the calculation of the NMR peaks using the software X
Win NMR 2.5 .......................................................................................................327
Appendix H Reproducibility of measurements (±) in the X-ray parameters for the
petroleum cokes, co-cokes, cokes derived from coal alone and graphitized
petroleum cokes ....................................................................................................330
Appendix I Solubility of gases in liquids and viscosity decrease................................334

xi
LIST OF FIGURES

Figure 1—1: Block-flow diagram of co-coking .......................................................... 4
Figure 2—1: Structure model of feedstocks ................................................................11
Figure 2—2: Changes of molecular weight and viscosity during the liquid phase
carbonization.........................................................................................................18
Figure 2—3: Free valence indices for different positions in anthracene and
phenanthrene molecules .......................................................................................24
Figure 2—4: A relation between CTE and content of flow and flow domain
texture of the cokes ..............................................................................................65
Figure 2—5: Relation between content of flow texture and CTE of the lump cokes.. 66
Figure 2—6: Variation of anisotropic content with diffraction angle and interlayer
spacing for all cokes ............................................................................................69
Figure 2—7: Variation of anisotropic content with half-peak width and crystallite
height for all cokes ...............................................................................................69
Figure 3—1: Diagram of the methodology used to characterize the decant oils by
PLC-GC/MS .........................................................................................................82
Figure 3—2: Tubing reactor ........................................................................................86
Figure 3—3: Different temperatures along the reactor operated under atmospheric
pressure .................................................................................................................87
Figure 3—4: Methodology to empty tubing reactors ..................................................88
Figure 3—5: Pilot Scale Coker Reactor Schematic.....................................................93
Figure 3—6: Coal relaxation with pyridine .................................................................95
Figure 3—7: Typical Diffraction Scan of Petroleum Coke .........................................101
Figure 3—8: Process to form graphite electrodes........................................................103
Figure 3—9: A diagram of section of microcystals of pregraphitic order
indicating covalent bonding in basal planes (a-direction) and planes held
together by van der Waals forces (c-direction) responsible for anisotropic
structure and anisotropic properties......................................................................104

xii
Figure 3—10: Dimensions of the graphite rod electrode made for the CTE test ........105
Figure 4—1: Actual amount of Hα as a function of the extent of hydrogenation........114
Figure 4—2: Actual amount of HAR as a function of the extent of hydrogenation ..... 115
Figure 4—3: Actual amount of Hβ as a function of the extent of hydrogenation........116
Figure 4—4: Actual amount of Hγ as a function of the extent of hydrogenation........117
Figure 4—5: Correlation among hydrogen content with -CH2- and >C=ar percent..... 119
Figure 4—6: Correlation between actual values of Hβ (1H NMR) and –CH2 (13C
NMR)....................................................................................................................120
Figure 4—7: Correlation between -CH2- and sulfur content ....................................... 120
Figure 4—8: Relationships among the sulfur content, naphthenic compounds, and
API gravity for decant oils.................................................................................... 123
Figure 4—9: Correlation between average boiling point (°C) and H, wt. % ..............125
Figure 4—10: Correlation between polycyclic compounds plus heteroatoms,
Par(3≥rings) plus het., and hydrogen percent .......................................................127
Figure 4—11: Correlation between polycyclic compounds plus heteroatoms,
Par(3≥rings) plus het., and alkylbenzenes ............................................................128
Figure 4—12: Correlation among aromaticity, polyaromatics and total aromatic
carbons..................................................................................................................129
Figure 4—13: Hydrogen-containing compounds as a function of fa .......................... 130
Figure 4—14: Total hydrogen as a function of fa........................................................131
Figure 4—15: Correlation between average boiling point with viscosity,
η at 27°C...............................................................................................................139
Figure 4—16: Correlation between H/C ratio with viscosity, η at 27°C..................... 139
Figure 4—17: 13C NMR spectra of the Powellton-Eagle coal.....................................147
Figure 4—18: Correlation between the solubility parameters (actual values* vs.
calculated-13C NMR) ............................................................................................151
Figure 4—19: Swelling spectrum. Coal and non-hydrogen bonding solvents ...........155

xiii
Figure 4—20: Swelling spectrum. Coal and hydrogen bonding solvents .................156
Figure 4—21: Swelling spectrum of hVA coals as reported by Lucht and Peppas..... 157
Figure 4—22: Relation between equilibrium swelling degree of coals and
solubility parameter of solvents at 25.0°C............................................................158
Figure 5—1: Summary of the operational similarities and differences between
LSCopen and PSC...................................................................................................164
Figure 5—2: Delayed coking process..........................................................................166
Figure 5—3: Coking process in the PSC. Modification of Figure 5—2. ...................167
Figure 5—4: Zero-recycle coker design ......................................................................168
Figure 5—5: TI or coke yield variation with aromaticity at 18 h using the LSC open ..175
Figure 5—6: Oil yield variation with aromaticity at 18 h using the LSCopen ..............176
Figure 5—7: Correlation between the sulfur content present in the feedstocks and
the sulfur content present in the cokes obtained in the LSC open at 18 h ..............177
Figure 5—8: Correlation between OTI and (FD+D) for the cokes derived from
decant oils alone ...................................................................................................180
Figure 5—9: Correlation between OTI and d002 for the cokes obtained from the
decant oil alone at 18 h .........................................................................................181
Figure 5—10: Correlation between OTI and diff. angle for the cokes obtained
from the decant oil alone at 18 h .......................................................................... 181
Figure 5—11: Correlation between OTI and FWHM for the cokes obtained from
the decant oil alone at 18 h ................................................................................... 182
Figure 5—12: Correlation between the coke yield of the co-cokes obtained in the
PSC and LSCopen ...................................................................................................186
Figure 5—13: Correlation between petroleum-derived texture determined in the
co-cokes obtained from the PSC with initial (ibp) and average boiling point
of the decant oil ....................................................................................................190
Figure 5—14: Correlation between coal-derived texture and ash content
determined in the co-cokes obtained from the PSC..............................................191
Figure 5—15: Correlation between Δ enhanced vitrinite (LSC open – PSC) with
total transferable hydrogen (TTH)........................................................................193

xiv
Figure 5—16: Transferable hydrogen (TH) from decalin to coal................................194
Figure 5—17: Diffraction angle as a function of CTE ................................................198
Figure 5—18: d002 as a function of CTE......................................................................198
Figure 5—19: Lc as a function of CTE ......................................................................199
Figure 5—20: FWHM as a function of CTE ..............................................................200
Figure 5—21: Quantity of gaseous by-products produced in a coking process
versus the aromaticity of the feedstock ................................................................ 204
Figure 5—22: Gas wt.% as a function of aromaticity, fa ............................................ 206
Figure 5—23: Gas wt.% as a function of aromaticity, fa for the slurry oil and its
hydrotreated derivatives........................................................................................207
Figure 5—24: Gas yield variation with aromaticity at different reaction times ..........208
Figure 5—25: Combination of the current data from Figure 5—23 for 6 h and
Newman’s data from Figure 5—24. .....................................................................209
Figure 5—26: Variation of the coke yield with aromaticity fa′ of the feedstock ........ 210
Figure 5—27: TI wt. % as a function of aromaticity, fa’ for the slurry oil and its
hydrotreated derivatives........................................................................................211
Figure 5—28: TI wt. % obtained from decant oil varying reaction time ....................212
Figure 5—29: Combination of the current data from Figure 5—27 for 6h and
Newman’s data from Figure 5—28 ......................................................................213
Figure 5—30: Oil yield for the different decant oils generated under atmospheric
pressure .................................................................................................................214
Figure 5—31: THF-S wt. % for the different decant oil generated under
atmospheric pressure ............................................................................................215
Figure 5—32: Comparison of the gas yield obtained experimentally and linearly ..... 218
Figure 5—33: Comparison of the TI yield obtained experimentally and linearly...... 219
Figure 5—34: Comparison of the oil yield obtained experimentally and linearly ...... 220
Figure 5—35: Comparison of the THF-S yield obtained experimentally and
linearly ..................................................................................................................221

xv
Figure 5—36: Functional groups present in the decant oil as reported in Table 4-4
as a function of synergism ....................................................................................223
Figure 5—37: Total transferable hydrogen of the different decant oils as reported
in Table 5—3 as a function of synergism.............................................................224
Figure 5—38: Variation of mesophase content measured by optical microscopy
(A) of the cokes with reaction time ...................................................................... 225
Figure 5—39: Newly formed (in-situ) aromatics ........................................................226
Figure 5—40: Structure of model sulfur compounds (I) dinaphthylenethiophene,
(II) dibenzyldisulfide and (III) dibenzothiophene ................................................235
Figure 5—41: Sulfur loss and coke yield for dibenzothiophene coke during heat
treatment from 800°C to 1800°C..........................................................................236
Figure 5—42: Compounds that (a) deteriorate and (b) improve the coke quality
during the hydrotreatment process........................................................................243
Figure 6—1: Gases present in the LSC closed at 18 h under autogenous pressure ........246
Figure 6—2: Gas yield variation with aromaticity at different reaction times under
autogenous pressure..............................................................................................247
Figure 6—3: Correlation between cycloalkanes plus tetralins plus alkylbenzenes,
(CA+TET+Alkylben), with gas yield ...................................................................248
Figure 6—4: Examples of possible reactions that form gas from cycloalkanes,
tetralins and alkylbenzenes ...................................................................................249
Figure 6—5: TI wt.% generated under autogenous pressure from decant oils
varying reaction time ............................................................................................250
Figure 6—6: Correlation between polycyclic compounds plus heteroatoms,
Par(3≥rings) plus het., and TI yield ......................................................................251
Figure 6—7: Oil yield from the different decant oils generated under autogenous
pressure .................................................................................................................252
Figure 6—8: Correlation between cycloalkanes plus tetralins plus alkylbenzenes
(CA+TET+Alkylben) with gas plus oil yield .......................................................252
Figure 6—9: THF-S yield for the different decant oils reacted under autogenous
pressure .................................................................................................................253

xvi
Figure 6—10: Correlation between cycloalkanes plus tetralins plus alkylbenzenes,
CA+TET+Alkylben, with Oils plus THF yields .................................................. 254
Figure 6—11: Example of possible reaction that form Oil plus THF from
cycloalkanes, tetralins and alkylbenzenes ............................................................254
Figure 6—12: Indene content as a function of THF-S obtained under autogenous
pressure at 18 h .....................................................................................................255
Figure 6—13: Comparison of the gas yield obtained experimentally and linearly
under autogenous pressure....................................................................................257
Figure 6—14: Comparison of the TI yield obtained experimentally and linearly
under autogenous pressure....................................................................................258
Figure 6—15: Comparison of the oil yield obtained experimentally and linearly
under autogenous pressure....................................................................................259
Figure 6—16: Comparison of the THF-S yield obtained experimentally and
linearly under autogenous pressure ......................................................................260
Figure 6—17: Variation of anisotropic carbon (A) measured by optical
microscopy in the cokes obtained under autogenous pressure with reaction
time .......................................................................................................................261
Figure 6—18: Diagrams of the LSCopen and LSCclose ..................................................264
Figure 6—19: TI wt. % obtained from hydrotreated decant oil using LSCclose and
LSCopen ..................................................................................................................269
Figure 6—20: Gas wt. % obtained from hydrotreated decant oil using LSCclose and
LSCopen ..................................................................................................................269
Figure 6—21: Oil wt. % obtained from decant oil using LSCclose and LSCopen...........270
Figure 6—22: THF-S wt. % obtained from decant oil using LSCclose and LSCopen.....271
Figure 6—23: TI wt. % obtained from the pyrolysis of the blends decant oil and
coal using LSCclose and LSCopen at 18 h ................................................................273
Figure 6—24: Gas wt. % obtained from the pyrolysis of the blends decant oil and
coal using LSCclose and LSCopen at 18 h ................................................................273
Figure 6—25: Oil wt. % obtained from the pyrolysis of the blends decant oil and
coal using LSCopen and LSCclose at 18 h ................................................................274

xvii
Figure 6—26: THF-S wt. % obtained from the pyrolysis of the blends decant oil
and using LSCclose and LSCopen at 18 h.................................................................275
Figure 6—27: Different cases of non and optimum viscosity ..................................... 282
Figure B—1: Elongated domain texture (isochromatic units >60 μm) .......................312
Figure B—2: Isotropic carbon (gray matrix) with included mesophase-derived
spheres (mosaics)..................................................................................................313
Figure B—3: Small domain carbon texture (10-60 μm)..............................................313
Figure B—4: Flow domain carbon (>60 mm long, <10 mm wide).............................314
Figure B—5: Vitrinite showing different degrees of enhancement.............................314
Figure B—6: Mineral Matter .......................................................................................315
Figure B—7: Isotropic vitrinite (round structure in the middle of the picture)
surrounded by inertinite........................................................................................316
Figure C—1: Correlation between cte-TMA and I+m and cte and m in the region
i+m 25-40 (vol%) .................................................................................................320
Figure G—1: 13C NMR assignments for functional groups calculated using the
software X Win NMR 2.5.....................................................................................327
Figure H—1: Curve fitting of a coke derived from coal alone....................................331
Figure H—2: Curve fitting of a co-coke......................................................................332
Figure H—3: Curve fitting of a petroleum coke .........................................................332
Figure H—4: Curve fitting of a graphitized petroleum coke ......................................333

xviii
LIST OF TABLES

Table 2—1: Characteristics or properties of the preferred delayed coker feedstock... 10
Table 2—2: Detailed explanation of the phenomena that occur in the different
regions in Figure 2-1 ...........................................................................................19
Table 2—3: Literature values of kinetic parameters for coking reactions ..................30
Table 2—4: Schematic representation of the variation of the whole coal chemical
characteristics .......................................................................................................33
Table 2—5: Possible explanation for the phase change in coal................................... 34
Table 2—6: Equations used in Hoy’s system for estimation of the solubility
parameter and its components .............................................................................. 44
Table 2—7: Typical calcined petroleum needle coke properties.................................46
Table 2—8: Graphite electrodes properties made from delayed coke.........................46
Table 2—9: Classification of anisotropic texture according to Mochida et al. on
the calcined coke...................................................................................................51
Table 2—10: Classification of anisotropic texture on the green coke.........................52
Table 2—11: Nomenclature to describe optical texture in polished surfaces of
cokes according to Forrest and Marsh ..................................................................53
Table 2—12: Optical textural components of cokes.................................................... 54
Table 2—13: Nomenclature to describe optical texture in cokes ................................55
Table 2—14: Optical texture components for the green coke .....................................55
Table 2—15: Optical texture according to Menéndez et al. for the green coke ..........56
Table 2—16: Classification of anisotropic texture ......................................................57
Table 2—17: Classification of optical textures ...........................................................58
Table 2—18: Classification of optical texture constituents according to
Machnikoski et al. for the green coke...................................................................58
Table 2—19: Definition of optical texture index to characterize the optical
textures of coke samples.......................................................................................59

xix
Table 2—20: Classification and description of the optical texture of green cokes
as observed by polarized-light microscopy using a retardation plate .................. 60
Table 2—21: Petroleum-derived textures.................................................................... 61
Table 2—22: Optical texture analyses of cokes from blends of coal and petroleum
coke.......................................................................................................................62
Table 2—23: Distribution of coal-derived textures .....................................................62
Table 3—1: Hydrotreatment information of the decant oil ......................................... 72
Table 3—2: Feedstocks giving origin to the different decant oils...............................73
Table 3—3: Solvents used for the separation of the components of the decant oil.....81
Table 3—4: Procedure to determine coal swelling...................................................... 96
Table 3—5: Program used to characterize the gas fraction .........................................97
Table 4—1: Elemental analysis and H/C ratios for the decant oil and its
hydrotreated versions............................................................................................111
Table 4—2: Range of chemical shifts ( δ ppm) and assignment of proton signals......112
Table 4—3: Distribution of protons among the various types of functional groups
based on 1H NMR peak assignments....................................................................113
Table 4—4: Distribution of carbon among the various types of functional groups
based on 13C NMR peak assignments...................................................................118
Table 4—5: Asphaltene content (in wt. %) ................................................................. 121
Table 4—6: API of decant oils .................................................................................... 122
Table 4—7: Average boiling point calculation for the raw decant oil ........................123
Table 4—8: Average boiling point distribution (simulated distillation) .....................124
Table 4—9: Composition of decant oils by GC/MS.................................................... 126
Table 4—10: Results of fa, and σ for the seven decant oils ........................................133
Table 4—11: Comparison of aromaticity fa derived from 13C NMR and BrownLadner ...................................................................................................................135

xx
Table 4—12: Aromaticity difference of some model hydrocarbons obtained by the
13
C NMR and Brown and Ladner method ............................................................136
Table 4—13: Saybolt viscosity of decant oils .............................................................138
Table 4—14: Structure model of decant oil proposed by Mochida et al. and
principal characteristics ........................................................................................140
Table 4—15: Structural model of decant oil proposed here and principal
characteristics .......................................................................................................141
Table 4—16: Proposed structures for the raw decant oil and its three selected
hydrotreated versions............................................................................................143
Table 4—17: Properties for EI-107, in the mixture calculated experimentally, for
the average structure, and for the mixture calculated theoretically ...................... 144
Table 4—18: Properties for the hydrotreated decant oils, in the mixture
calculated experimentally, for the average structure, and for the mixture
calculated theoretically .........................................................................................145
Table 4—19: Proximate (dry basis) and elemental (dry basis) analysis of
Powellton/Eagle....................................................................................................146
Table 4—20: Plasticity, maceral content, maximum reflectance and rank of
Powellton/Eagle....................................................................................................146
Table 4—21: Ash composition in wt.% of the Powellton/Eagle .................................146
Table 4—22: Molar volume, attraction constant90. Hoy’s system..............................148
Table 4—23: Combination between functional groups reported by Rodriguez et
al. (13C NMR) and molar volume and attraction constants using the Hoy’s
method ..................................................................................................................149
Table 4—24: Example of solubility parameter calculation for heptane ......................150
Table 4—25: Solubility parameters of the decant oils.................................................152
Table 4—26: Some physical properties and solubility parameters of some solvents..154
Table 5—1: Conditions and yields obtained from raw decant oil alone......................169
Table 5—2: Proximate and Ultimate analysis of the cokes derived from EI-107
obtained in the LSCopen and PSC ..........................................................................170
Table 5—3: Isotropic carbon and X-ray diffraction parameters..................................173

xxi
Table 5—4: Sulfur content in wt. % of the cokes derived from decant oil alone
using the LSCopen at 18h .......................................................................................176
Table 5—5: Proximate analysis of the cokes derived from the decant oil alone
using the LSCopen at 18 h ......................................................................................177
Table 5—6: Elemental analysis of the cokes derived from the decant oil alone
using the LSCopen at 18 h ......................................................................................178
Table 5—7: The relationship between optical textures and X-ray diffraction
parameters with near-constant anisotropic carbon content. Atmospheric
pressure at 18 h .....................................................................................................179
Table 5—8: Conditions and yield for the blends derived from EI-107 and
Powellton/Eagle coal, EI-107/coal, using LSCopen and PSC reactors at 12 h.......183
Table 5—9: X-ray diffraction parameters of the cokes derived from the blend
obtained at 18 h using both reactors .....................................................................185
Table 5—10: Yields for the blends generated in the PSC and LSCopen ......................186
Table 5—11: Sulfur content in wt.% of the co-cokes obtained in the LSCopen and
PSC .......................................................................................................................187
Table 5—12: Proximate analysis of the co-cokes obtained in the LSCopen and PSC .. 187
Table 5—13: Elemental analysis of the co-cokes obtained in the LSC open and PSC.. 188
Table 5—14: Distribution of carbon textures in vol. % derived from decant oils
and coal.................................................................................................................188
Table 5—15: Distribution of coal- and petroleum-derived textures in vol. % in
the co-cokes obtained from blending hydrotreated decant oils and coal (4:1
wt. ratio) – Using LSCopen and PSC......................................................................189
Table 5—16: Enhanced-vitrinite derived (coal-derived texture) present in the cocokes obtained in the PSC and LSCopen ................................................................192
Table 5—17: Calculation of the total transferable hydrogen of the different decant
oils.........................................................................................................................195
Table 5—18: CTE of the graphites rods made of the co-cokes generated in the
PSC and XRD parameters calculated for the green co-cokes............................... 196
Table 5—19: Comparison of the X-ray diffraction parameters of the co-cokes
obtained in the PSC and LSCopen obtained at 18 h ...............................................201

xxii
Table 5—20: Feedstock description and aromaticity ..................................................203
Table 5—21: Product yield distribution of the coal under atmospheric pressure .......216
Table 5—22: The relationship between optical textures and X-ray diffraction
parameters varying reaction time for EI-107, and EI-138....................................227
Table 5—23: Classification of textural components of the coke derived from coal
alone at 18 h and atmospheric pressure ................................................................228
Table 5—24: X-ray diffraction parameters of the coke derived from the coal
obtained at 18 h and atmospheric pressure ...........................................................228
Table 5—25: Variation of isotropic carbon content present in the co-cokes as the
reaction time is increased......................................................................................229
Table 5—26: Anisotropic carbon content in the co-coke and coke............................. 230
Table 5—27: X-ray parameters obtained from the graphitized petroleum cokes
obtained in the LSCopen. Graphitization temperature is 2800°C..........................238
Table 5—28: Interpretation of d002 to mean different extents of graphitization.......... 238
Table 5—29: Properties of carbonized and graphitized anthracene and acridine .......239
Table 6—1: Product yield distribution of the coal under autogenous pressure...........255
Table 6—2: Classification of textural components of the coke derived from coal
alone at 18 h and autogenous pressure .................................................................262
Table 6—3: Anisotropic content of the petroleum-derived texture present in the
blends....................................................................................................................262
Table 6—4: Anisotropic carbon content in the co-coke and coke obtained in the
LSC close ................................................................................................................263
Table 6—5: Summary of the operational differences and similarities between
LSCclose and LSCopen .............................................................................................264
Table 6—6: Product yields obtained from the pyrolysis of the raw decant oil using
LSCclose and LSCopen reactors................................................................................265
Table 6—7: Proximate and Ultimate analysis for the cokes derived from EI-107
obtained in the LSCclose and LSCopen ....................................................................266
Table 6—8: Optical textures and X-ray diffraction parameters of the cokes
generated from EI-107 at 18 h in LSCclose and LSCopen reactors ..........................267

xxiii
Table 6—9: Gauge pressure reading at 18 h for the pyrolysis of the decant oils in
the LSCclose............................................................................................................268
Table 6—10: Proximate and elemental analysis of the cokes derived from the
hydrotreated decant oils obtained in the LSCclose and LSCopen .............................271
Table 6—11: Optical textures of the cokes generated at 18 h under autogenous
pressure .................................................................................................................272
Table 6—12: Proximate analysis of the co-cokes derived from the blending
decant oils and coal obtained in the LSCclose and LSCopen ....................................275
Table 6—13: Elemental analysis of the co-cokes derived from blending decant
oils and coals obtained in the LSCclose and LSCopen ..............................................276
Table 6—14: Comparison of the x-ray diffraction parameters of the co-cokes
obtained in the LSCclose and LSCopen at 18 h.........................................................277
Table 6—15: Distribution of petroleum-derived textures in vol. % in the co-cokes
obtained from blending hydrotreated decant oils and coal (4:1 wt. ratio) –
Using LSCclose and LSCopen ...................................................................................277
Table 7—1: Ash values present in the green, calcined cokes and graphite
electrodes ..............................................................................................................293
Table E—1: Preparative liquid chromatography (PLC) and GC/MS..........................325

xxiv
GLOSSARY OF TERMS
Before starting, it is necessary to introduce some definitions:
API gravity1, is an arbitrary scale developed by the American Petroleum Institute
and frequently used in reference to petroleum insulating oil. The relationship between
API gravity and specific gravity 60/60°F is defined by the following: Degree API gravity
at 60°F=141.5/(SG 60/60°F)-131.5.
Anisotropic carbons, in the context of the application of the polarized light
optical microscope in studies of the formation of mesophase to establish carbon structure
or optical texture, refers to a texture which possess a long-range crystallographic order;
the associated constituent molecules extends over much longer distances (as much as 500
μm)2. The convenient microscopic technique is to use parallel polars in the light beam in
conjunction with a half-wave retarder plate inserted between the surface of the carbon
specimen and the analyzer. In this way, via dispersion effects, interference colors are
created, usually yellows, blues and purples, which characterize the anisotropic carbon in
terms of size of colored (isochromatic) areas. When the anisotropic carbons are studied
in the optical microscope, with rotation of the specimen stage or inversion of the halfwave plate, yellow areas become blue, and blue areas become yellow 2.
These differences in optical activity between the isotropic and anisotropic carbons
are due, basically, to the differences in the range of crystallographic order. With the
isotropic carbons, the range of order of 1-5 nm is much smaller than the resolution of the
optical microscope, or wavelength of light used, which is about 500 nm 2.

xxv
Anisotropy content refers to the volume percent of isochromatic units, optically
active when viewed through a microscope, whose size is above 0.5 microns3. The
presence of submicron mesophase has been reported3, which is not detected using the
microscope since the detection limit is 0.5 microns.

The method for counting the

anisotropy content is the same used in a previous work by Escallón 4 and is described in
section 3.8.
Bulk mesophase: Mesophase that has experienced growth and coalescence of
anisotropic spheres.
Best coke or best quality coke, see good quality coke.
Coke: is a highly carbonaceous product of pyrolysis of organic material at least
parts of which have passed through a liquid or liquid-crystalline state during the
carbonization process 5.
Green coke: so-called raw coke in the petroleum industry. Is the primary solid
carbonization product from high boiling hydrocarbon fractions obtained at temperatures
below 900K. It contains a fraction of matter that can be released as volatiles during
subsequent heat treatment at temperatures up to approximately 1600K.

This mass

fraction, the so-called volatile matter, is in the case of green coke between 4 and 15 wt.
%, but it depends also on the heating rate 6.
Good quality coke, in the industry context refers to cokes with a low CTE; the
CTE is determined on the graphite rod, hence, the coke undergoes several
transformations steps before the analysis, which are calcination, mixing with pitch,
extrusion, pitch impregnation and graphitization up to 3000°C. This test requires at least
1000 g of coke. Since the amount of coke obtained in the tubing bombs is in the order of

xxvi
few grams, the CTE determination was impossible to be made, so other parameters were
established to define a good quality coke in the laboratory context according to the
literature7-9.

In optical microscopy, a good quality coke displays no or little isotropic

carbon and mosaics and high domain content while in XRD, a good quality coke displays
a high Lc, hence low FWHM, high d002 and low diffraction angle.
Isotropic carbons, in the context of the application of the polarized light optical
microscope in studies of the formation of mesophase to establish carbon structure or
optical texture, refers to a texture which is thought to possess only small-scale
crystallographic order. Constituent molecules extend over short distances (about 1-5
nm)2. Although the structure can be said to be anisotropic on the size scale of 1-5 nm, it
is essentially isotropic to the light beam. The convenient microscopic technique is to use
parallel polars in the light beam in conjunction with a half-wave retarder plate inserted
between the surface of the carbon specimen and the analyzer. In this way, via dispersion
effects, isotropic carbons only exhibit a purple color which is independent of the angle of
rotation of the specimen stage 2.
Isochromatic units: anisotropic texture that has the same color. The size of the
isochromatic unit is followed when viewed in the microscope to classify the optical
textures. Isotropic texture does not belong to this group since has no color when viewed
under the microscope.
Mesogen: a mesogen, by definition, forms the mesophase3; mesogens constitute
the building blocks of mesophase 10. The mesogen lengths are, on average, about 5.0 nm,
having a molecular weight of about 2500 amu3. Mesogens are built by pre-mesogens,
which are polycyclic molecules having a molecular weight of about 300 amu 3.
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Mesophase: is an anisotropic phase, intermediate between the isotropic pitch and
the anisotropic semicoke, generated during the pyrolysis of some organic compounds.
Mesophase is composed of macromolecules of different molecular size, bonded by van
der Waals forces in a parallel stacking 11, 12.
Mesophase formation: The anisotropic liquid-crystal mesophase is formed or
constituted by two associated mesogens. When an individual mesogen molecule collides
with other mesogen molecule, an association (self-assembly) of the two molecules
(mesogens) takes place. Therefore, the formation of liquid crystals (mesophase) from a
pyrolysing pitch system is by a process of homogenous self-assembly 3.
Mesophase pitch:

is defined as a pitch-like substance which is optically

anisotropic in its solid state, exhibiting liquid-crystal properties in its fused state in the
temperature range 200-400ºC. It behaves as an isotropic liquid above 400ºC. However,
above 400ºC, it begins to change in composition because of devolatilization and
carbonization processes 13.
Naphthenes:

Petroleum industry uses this term when referring to

cycloalkanes 14, 15
Optical texture:

refers to the different classification given to coke texture:

isotropic, mosaic, small domain, domain or flow domain. The classification is as follows
Isotropic – a relatively low reflecting, dark gray carbon material derived from
decant oil that displays little or no optical activity under polarized light. Meaning that
textures are below the resolution of the microscope (458 nm) in white light, although
structures on the order of 1-5 nm are said to be anisotropic 2.
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Mosaic – a higher reflecting carbon textural element identified from decant oil
materials that displays optical anisotropy and is characterized by isochromatic units of <
10 µm.
Small Domain – an anisotropic carbon texture exclusively derived from petroleum
and that exhibits isochromatic units of 10-60 µm.
Domain – an anisotropic carbon derived from decant oil and having isochromatic
units of greater than 60 µm.
Flow Domain – is an aligned anisotropic texture exhibiting elongated
isochromatic areas of greater than 60 µm in length and <10 µm wide. It is identified
exclusively from petroleum.
Pitch-like means having a composition of mixtures of aromatic and alkylsubstituted aromatic hydrocarbons, and exhibits a broad softening range instead of a
defined melting point 13, 16.
Semi-coke: is a carbonaceous material intermediate between a fusible mesophase
pitch and a non-deformable green coke produced by incomplete carbonization 6. Semicoke has been designated by different authors as the resultant solid obtained at laboratory
scale after being Soxhlet extracted with different solvents i.e. toluene, pyridine, or
tetrahydrofuran.
Viscosity, Saybolt Universal – The time in seconds of 60 mL of sample flowing
through a calibrated Saybolt Universal orifice under specified conditions, D2864, D27.
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Chapter 1
Introduction, Hypothesis and Objectives

1.1 Introduction
Petroleum coke is a generic term used to describe a variety of carbonaceous solid
products intentionally produced by severe thermal cracking of high-boiling hydrocarbon
fractions obtained in petroleum processing (heavy residues)16, 17; it is used as a fuel and
carbon source

14

. U.S. refineries use three types of technologies to obtain petroleum

coke: delayed coking, fluid coking and flexi-coking 14. The majority of the U.S. coking
facilities are of the delayed coking type

14

. Coke produced by delayed coking is a

marketable product while coke produced by flexi- and fluid coking is burnt to satisfy the
heat requirements of the reactor and the feed preheat

14

. Basically, there are three

different kinds of coke that can be formed in the delayed coking process: shot coke,
sponge coke and needle coke. The last one is the premium coke used in graphite
electrode manufacturing, commanding the highest price 18.
Needle cokes are characterized by long, narrow, “needle-like” isochromatic
regions when viewed under the optical microscope. The observed optical texture is
referred to as flow domains. In the same way, graphite electrodes made from needle
cokes are characterized by low coefficient of thermal expansion (CTE), which is defined
as the fractional increase in length per unit rise in temperature19. Correlations between
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CTE values with optical microscopy20, and optical microscopy with X-ray parameters8
have been reported; low CTE values are indicative of needle-type coke (premium coke)
while high values are indicative of an isotropic or shot-type coke21.
A strong correlation between the chemical composition of the petroleum
feedstock and the coke quality has been reported

22-28

.

Petroleum feeds with high

aromatic content, little or no heteroatoms, and little or no asphaltene content are the main
characteristics that make petroleum feeds suitable to produce the so-called premium (or
needle) coke

29

. Examples of suitable feedstocks are thermally processed coker fresh

feeds, such as decant oil from a catalytic cracking unit, thermal tar residue from a thermal
cracking unit, and ethylene tar residue from an ethylene synthesis unit. In contrast,
petroleum feeds with high heteroatom and asphaltene content produce cokes that are
suitable for fuel use only; this coke is referred to as fuel-grade coke. An example of these
feedstocks is vacuum resid. Finally, petroleum feeds with relatively low heteroatoms and
asphaltene content, and high aromatic content are normally suitable as a raw material for
producing coke used in the manufacture of aluminum smelting anodes. This coke is
referred to as anode-grade or sponge coke.
The production of needle coke involves the formation and subsequent mesophase
growth during the carbonization (or coking) of a feedstock. The development of the
mesophase is manifested in the microstructure of the resulting coke (green coke) and it
will define its quality, and hence its end-use (needle, sponge or shot coke)

29

. The

chemical and physical aspects that influence the mesogen alignment and mesophase
growth are, besides chemical composition (heteroatom content
structure 31, compound geometry 32), viscosity

30, 33, 34

23, 30

and chemical

, solubility 20, gas evolution 20, and
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reaction conditions

35

.

Chemical aspects of the feed can be altered through the

hydrotreatment of the feedstock while physical aspects can be adjusted through variations
in the coker design.
Another way to alter the chemical aspects of the feed by using blends of
petroleum feeds.

Solubility plays an important role on the development of optical

textures in cokes; low solubility among feeds, when blending two or more, forms
mosaics, which is an undesirable texture that decreases the coke quality. The approach of
blending petroleum feeds is not the aim of the current work; however, this work does
explore coal and petroleum blends as feeds. Hence, studies of solubility parameters were
carried out in order to predict the interaction between the coal (Powellton-Eagle) and the
four different decant oils. The idea behind the blending is:
(a)

The Jet Fuel and Refinery Integration groups have identified co-coking as one
way

of

getting

desired

coal-derived

compounds

(cycloalkanes

and

hydroaromatics) into jet fuel (see Figure 1-1). The aim is to study co-coking as a
way of adding coal-derived compounds to the liquid, for processing to a thermally
stable jet fuel. Co-coking involves adding coal to the feed of a delayed coker 36.
The overhead liquid could be hydrotreated and fractionated to produce jet fuel
containing coal-derived components. A concurrent study (performed by others at
The EMS Energy Institute) will evaluate the physical and chemical composition
of the distillable oils from the co-coking experiments. A product of co-coking
should ideally be some kind of marketable coke.
(b)

If there is wide-spread adoption of jet fuel production from co-coking, there
would be a high tonnage use for the coke regardless of its quality; however, if the
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coke also has a value higher than that of fuel coke, its sale would generate byproduct credits that would partially compensate the cost of downstream
processing of the liquids.
(c)

Those high-tonnage markets are known to be graphite (for electrodes), aluminumsmelting anodes, activated carbon, metallurgical coke, and nuclear graphite.

Figure 1-1: Block-flow diagram of co-coking
Although there has been a lot of work done on relating feedstock properties and
composition to the properties of petroleum coke 17, 20, 35, 37, 38, and there has certainly been
work on relating coal properties to metallurgical coke 39-41, how feedstock properties and
composition relate to properties of “co-coke” is essentially unknown.

The overall

process development and fuel qualification is a large endeavor involving many people.
This objective of the current work and part of the project is to examine what effect, if
any, hydrotreating of the petroleum portion of the coker feed would have on quality of
coke produced in co-coking. Other people are working on other parts of the problem.
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1.2 Hypotheses
The hypotheses are:
•

It is hypothesized that, the formation of bulk mesophase will be developed to a

higher extent and the anisotropic spheres would be arranged into an oriented flow
texture when using hydrotreated decant oil, through the presence of naphthenic and/or
short-chain-alkyl aromatic compounds, by controlling the reactivity of the system.
Hence, these compounds delay the coking process. The naphthenic hydrogen and the
short-chain-alkyl aromatics may control the carbonization to allow the development of
bulk mesophase undergoing dehydrogenation and dealkylation reactions, arranging its
structure into an oriented flow texture. Therefore, hydrotreating is expected to be the
most effective procedure to modify the feedstock and produce a premium coke 42.
•

It is hypothesized that by retaining gases in the medium, larger isochromatic units

may be formed. The carbonization that leads to the formation of needle coke passes
through a fluid phase of low viscosity that allows the growth, coalescence and
rearrangement of anisotropic spheres into an oriented flow texture

43

. Feedstocks of

extensive aromatization lack gas evolution at the solidification stage, although the bulk
mesophase of low viscosity is developed due to the low reactivity of highly aromatic
compounds42.

This is explored by using two different reactors:

autogenous and

atmospheric pressure (LSCclose and LSCopen). Under autogenous pressure, gases are kept
in the system, while in the LSCopen the gases escape. The likely reason is the effect of
dissolved gases in decreasing the viscosity, via dissolved gas effect (viscosity decreases
and dissolved gas increases)44, 45.
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•

It is hypothesized that by adding coal to the petroleum stream, the degree of

polycondensation in the reacting system is increased, forming pre-mesogens, mesogens,
and hence, mesophase more rapidly. The number of stages of condensation reactions to
reach molecular weights >2000 amu (mesogens) could be three to five 3. The degree of
polycondensation of the coal used here (Powellton/Eagle) is higher than the
polycondensation of the decant oils. Anisotropy content of the coke obtained by blending
decant oil and coal is expected to be higher than that from the decant oil.

1.3 Objectives
The following objectives were proposed for this research in order to answer the
hypotheses:
•

Determine how the chemical composition of the feedstock (decant oil) affects the

quality of the coke toward the formation of the premium coke by performing a deep
characterization of the feeds.
•

Predict the miscibility between coal and each decant oil by determining the

solubility parameters of each feedstock.
•

Predict the chemical interaction (hydrogen transferability) between each decant

oil and coal.
•

Determine how the reactor design affects the coke quality and yields.

7

Chapter 2
Literature Review
An association between the formation of graphitizing carbons from organic
materials, with the development of the intermediate liquid-crystalline mesophase, has
been reported

12, 46

.

The organic materials that form graphitizing carbons include

vitrinites of medium-volatile coking coal, coal tar, coal-tar pitch, petroleum tars,
petroleum residues, natural bitumens, and polynuclear aromatic compounds (i.e.
anthracene, phenanthrene, and acenaphthylene)

12, 46, 47

. Brooks and Taylor12 simplified

the understanding of the properties of the resulting cokes by following the liquid-crystal
mesophase transformation. In this transformation, during the heating of the organic
materials, the large molecules formed by aromatic polymerization are aligned parallel to
form an optically anisotropic liquid crystal, which solidifies and forms coke12, 46, 47. This
carbon, obtained by heating of these substances, is coke-like in appearance and exhibits
complex patterns of optical anisotropy under the microscope 12, 46.
Much research has been conducted on parameters that influence the mesophase
development; however, the literature does not discuss all the parameters in a single
document. The information is scattered along different papers, instead. The parameters
are chemical composition of the feedstock26, 30, 48, in terms of geometry49 and heteroatom
content20, 23, 30, 50; viscosity, in terms of carbonization parameters such as temperature and
pressure; transferable hydrogen, in terms of gas evolution; and carbonization completion,
in terms of reaction time and temperature.
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This work intends to cover in the literature review the parameters mentioned
above that influence the mesophase growth; these parameters are studied in fluid
compounds (i.e. petroleum streams, coal-tar pitch, and model compounds). However,
this work also explores the adding of coal into the petroleum stream for the reasons
explained below.
During the past 18 years, The EMS Energy Institute has explored different
techniques to include coal liquids into a petroleum-derived jet fuel51-55.

The main

motivation has been to improve the thermal stability of the jet fuel, since coal-derived
liquids have shown to be more thermally stable when compared to the petroleum-derived
liquids53, 54. One of the techniques explored is the simultaneous heat-treatment of coal
and decant oil and/or vacuum resid (so-called co-coking)4, 36. In the co-coking process,
besides the increase in conversion of crude oil into high-value lighter products (gasoline,
jet fuel, diesel), and the inclusion of thermally stable compounds from coal improving the
jet fuel, a coke (or co-coke) is formed that eventually would be marketable. However,
further processing examination and testing of the co-coke is needed in order to determine
its likely markets.
In order to obtain a homogenous coke, which is fundamental to obtain a premium
coke56, petroleum and coal should interact; Mochida56 refers to homogenous coke as one
in which the isochromatic units are equally distributed in the coke. Hence, the concept of
solubility parameter is discussed here, since this concept helps to predict the decant oil
and coal interaction: the closer the solubility parameter between the petroleum stream and
the solubility parameter of the coal, the better the interaction57.

9
Once coke is formed as the result of the thermal treatment, it needs to be
evaluated in order to determine its quality and possible markets. Consequently, three
techniques are discussed here: optical microscopy to measure the anisotropy; X-ray
diffraction, to determine the crystallinity; and thermal mechanical analysis (TMA), to
determine the coefficient of thermal expansion (c.t.e.).

2.1 Petroleum streams
This section is divided into three subsections: the first covers the preferred
chemical characteristics a starting material should have, the second covers the preferred
operational conditions needed to obtain a high-quality coke, and the third covers other
factors that might influence the mesophase development. A high-quality coke refers to
the production of premium or super-premium cokes, which have low coefficient of
thermal expansion values (CTE) and command the highest price in the market. These
cokes are highly anisotropic and have developed mesophase during the carbonization; the
mesophase concept is explained in 2.2.

2.4.1 Preferred chemical composition of a starting material
The preferred characteristics a starting material should have to obtain a highquality coke are shown in Table 2—1. However, the scarcity of starting materials fitting
those requirements, such as high aromatic content, low sulfur levels, and low asphaltene

10
content, among others, have led several researchers to propose a modification of the
chemical composition of some starting materials56.
Table 2—1: Characteristics or properties of the preferred delayed coker feedstock26, 58
API Gravity @ 60°F
Sulfur, wt %
Aromatics, wt %
Nitrogen, wt %
Metals:
Vanadium, ppm
Nickel, ppm
Pentane Insolubles, wt% (or asphaltene %)
Benzene Insolubles, wt%
Quinoline Insolubles, wt%
Boiling range, °C
Ash, wt%

0.0-10.0
0.0-0.7
50.0-80.0
0.0-0.7
50 max
50 max
8 max
1 max
1 max
260°C+
100 ppm max

Mochida et al.56 proposed two general approaches to modify the chemical
structure of the starting material: processing and blending. The first approach is thought
to be more likely to be applied by the industry, as the information has been mainly found
in patents.

Examples of the first approach are hydrogenation, hydrocracking and

pyrolytic treatment, such as hydrogenation of coal tar 59, hydrotreating of solvent refined
coal 28 and hydrotreating or hydrogenation of fluid catalytically cracked decant oil (FCCDO)26 and oils and resins produced in resid solvent extraction processes 26.
The second approach appears to have been used mainly in academia; examples of
the second approach are co-carbonization of low-sulfur vacuum resid (LSVR) and FCCDO 20, 31, 60, and blends of FCC-DO with thermally cracked cycle oil 48.
Figure 2—1 shows structural models of three feedstocks used in delayed coking:
low sulfur vacuum resid (LSVR), FCC-decant oil (FCCDO) and quinoline-insoluble-free
coal tar pitch (CTP)56. Although these structural models are not rigorously accurate,
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since the feedstocks consist of complex mixtures of hydrocarbons, they provide some
ideas of their structural images56.

Figure 2—1: Structure model of feedstocks56
fa value is provided by Mochida et al.56; fa was calculated following the Brown-Ladner method 61.

The process applied at industrial scale to obtain a high-quality coke is delayed
coking

14

. The feedstock for the delayed coker is often the vacuum tower bottoms

stream; however, other process units in the refinery also produce heavy product streams
that can be sent to the delayed coker; these are the heavy products from the fluid catalytic
cracking unit and the alkylation unit (tar)

14

. The chemical composition of the bottoms

can change, as the result of different sources of crude oil and different reaction conditions
in the processes that produce the bottoms.
Since the composition of the feedstock is variable, many researchers have
developed their own indices to predict the coke quality26, 48, 62, 63; these indices are based
on boiling point average26,

48

, asphaltene percentage26,

62

, aromaticity26, heteroatom

content26, metals26, API gravity26, 48 and paraffin content63. To meet the ideal values of
the properties, some feedstocks have to be modified chemically or by blending with other
feedstocks, as it was mentioned at the beginning of this section. Goval et. al.26, grouped
the indices reported by different authors and listed the main characteristics the delayed
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coker feedstock should preferably have in order to obtain a high quality coke (see
Table 2—1).
Many of the properties shown in Table 2—1 are related to one another. In fact,
boiling point is related to other properties such as alkane structure and aromaticity. For
instance, n-alkanes have higher boiling point than their counterpart iso-alkanes and
highly branched alkanes (n-alkanes>iso-alkanes>highly branched alkanes), and aromatics
have higher boiling point than cycloalkanes (i.e. naphthalene vs. decalin) 18.
The API gravity is related to other properties as well; it is affected by the presence
of heteroatoms, alkane structure and aromatics. There is a very marked effect of sulfur
on API gravity, and a measurement of the API gravity can in some cases be used as a
rough-and-ready estimate of the sulfur content of an oil 15. Considering the compounds
heptane and dipropyl sulfide, the introduction of a sulfur atom into a hydrocarbon results
in the mass increasing faster than the volume; as the result, it is expected that sulfur
compounds of this type have densities higher than their counterparts 15.
Polynuclear hydrocarbon compounds have the ability to form the largest and most
stable of mesophase molecules, leading to the formation of large isochromatic units of
optical texture in cokes 30; the size of the isochromatic units is related to the mesophase
growth. The following sections bring up some of the factors that can affect or influence
the size of the optical texture of cokes (or size of isochromatic units). The parameters
that might affect the mesophase growth are reaction conditions, solubility and viscosity,
gas evolution, heteroatom content, chemical structure and compound geometry
56, 60, 64, 65

.

3, 10, 30, 35,
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2.4.2 Preferred operational conditions
The reaction conditions commonly used in the delayed coking process are
pressure 1-6 atm, temperature 450-500°C and reaction time of 24 h14.
According to Martinez-Escandell et al.

35

, temperature (T), pressure (P) and

reaction time (t) have an optimum value depending upon the chemical composition of the
feedstock. The optimum value refers to the one at which mesophase shows its highest
development; in other words, the value (P, T, t) at which the coke is close to or 100%
anisotropic when viewed under the cross-polarized microscope.
Pressure, temperature and reaction time are discussed more in detail in the
following subsections.

2.4.2.1 Pressure
The effect of a pressurized carbonization is to prevent loss of volatile materials.
Hence, carbon yields increase

30

. Several studies have reported the mesophase growth

behavior under certain pressure conditions 35, 64, 65.
Martinez-Escandell et al.35 carbonized two different feedstocks of different
aromaticity (fa); the feed R1-the most aromatic feedstock, fa=0.77, and R2-intermediate
aromaticity, fa=0.50 were carbonized under two different pressures, 1 and 10 atm. R1
was carbonized under different temperatures 420, 440 and 460°C; the effect of increasing
the pressure from 1 to 10 atm is to slow the process of formation of mesophase.
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The feedstock R2 was carbonized at different temperatures, 440, 460 and 480°C;
the results show that the mesophase development seems to be slower when increasing
pressure. Martinez-Escandell et al.35 did not explain the findings.
Makabe et al.65 heat-treated a pitch sample at 370ºC and 400ºC under atmospheric
and reduced pressure or vacuum (2.6x10-3 atm). The growth of mesophase spheres was
different at atmospheric and reduced pressure. Under atmospheric pressure, mesophase
spheres became larger by coalescing with each other, developing a flow structure; in
contrast, under reduced pressure, mesophase spheres did not coalesce to the same extent
as under atmospheric pressure, developing a mosaic structure.
Makabe et al.65 explained that the difference in optical sizes obtained at different
pressures may come from the difference of viscosity of the medium. In the case of
atmospheric pressure, the lower molecular weight matter is kept relatively well in the
medium, which reduces its viscosity and mesophase spheres can easily move and
coalesce. Under reduced pressure, the lower molecular weight matter is lost and the
viscosity of residual medium becomes much higher, thus, the easy movement and
coalescence of the mesophase spheres is hindered.
Mochida et al.64 carbonized FCC-DO at 500ºC under different pressures, 1, 16
and 41 atm. Carbonization under 41 atm gives a low growth of mesophase. Mochida
explained that the higher pressure retains more light fractions in the carbonization
system, having too little evolved gas at this stage to rearrange anisotropic texture into a
flow structure. In addition, some of the bubbles may stay in the mesophase, leaving
spherical pores. Therefore, carbonization under 41 atm fails to provide a flow structure.
Carbonization under 1 atm proceeds very rapidly at 500ºC because light fractions are
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removed very rapidly. Gas evolution and anisotropic development take place almost
simultaneously to increase the viscosity, so that the mesophase has no time to grow and
to be oriented into a flow texture. A large amount of gas evolution from the viscous
carbonization system provides a flaky lump involving many pores.

The particular

feedstock of FCC-DO provided an excellent lump of needle coke under 16 atm at 500ºC.
At this pressure, there is sufficient gas evolution at the solidification stage to orient the
texture into a flow one.
The findings by Martinez-Escandell et al.35, Makabe65 and Mochida et al.64,
clearly indicate the existence of an optimum pressure. The optimum pressure is relative
to the reactivity of the feedstocks, and by extension, relative to the chemical composition
of the feedstocks.

Hence, feedstocks with higher content of low-molecular weight

compounds may be more influenced by pressure than feedstocks with lower content of
these compounds.

2.4.2.2 Temperature
Mochida et al.56 carbonized a low-sulfur petroleum vacuum residue under
different temperatures. The carbonization was carried out at 15 atm and temperatures
440, 460, 480 and 500°C. Carbonization under 15 atm at 460ºC produced needle coke
(premium coke).
The authors 56 found that the optimum carbonization temperature may ensure high
mutual solubility of the components in the carbonization system, favoring the anisotropic
development.

Such high mutual solubility would avoid the precipitation of heavy
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components to the bottom, reducing the formation of mosaic texture

56

at the bottom of

the coke lump.
At too high a carbonization temperature, reactions take place too rapidly, and
there is little time for mesophase growth. The development of mesophase and maximum
evolution of turbulent gas tend to overlap, so that the textures are arranged randomly,
giving flaky cokes56. When temperature of the mesophase pitch is too high, the system
generates further cross-linkages and molecular growth, such that the viscosity of the
system rapidly becomes too high3.
At too low temperature, the carbonization progress is very slow; however, the cocarbonization of the components may not work properly because of their different
reactivity and lower mutual solubility at this temperature

56

. When temperature of the

feedstock is too low, the viscosity of the system is too high and the motion of the
mesogens or mesophase is restricted 3.
Martinez-Escandell et al.35 showed that anisotropy content increases with
temperature for the feedstocks R1 and R2. The optimum temperature is 460°C for R1
and 480°C for R2.

2.4.2.3 Reaction time
Mochida et al.56 carbonized different feedstocks at various temperatures (440500°C) under 15 atm, and they show reaction time for complete carbonization to be
affected by the chemical composition of the feedstock and temperature. Carbonization
completion time refers to when all isotropic texture has turned into anisotropic. LSVR
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and FCCDO take 2-3 h for complete carbonization at 480°C. Quinoline takes more than
10 h to reach complete carbonization at 450°C while it takes only 1 h at 550°C.
Martinez-Escandell et al.35, reported for the feedstocks R1 and R2, that an
increase in reaction time causes an increase in the anisotropy content. The same finding
was reported by Escallón 4.

2.4.3 Other factors that influence the mesophase growth
As mentioned previously, mesophase growth plays an important role in
determining the coke quality and hence, its market. Factors that influence the mesophase
growth are strongly related to conditions and chemical composition of the feedstock.

2.4.3.1 Viscosity and solubility
Mochida et al.

33

proposed a model in which the viscosity changes during the

liquid-phase carbonization by varying time and temperature. The model proposed by
Mochida et al.

33

helps to understand the importance of viscosity in the development of

mesophase and hence, in the coke quality. The model given by Mochida et al.33 is
applied to a feedstock that forms mesophase and a needle-like structure. The model was
divided into four regions for a better understanding and the phenomena are explained
below for each region.

Figure 2—2 shows the change in viscosity and molecular weight

with time and temperature and Table 2—2 shows the detailed explanation of the
phenomena that occur in the different regions.
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It is inferred from Figure 2—2 that region 2 is the limiting region, in which
phases coexist. Viscosity should be low enough to allow spheres to coalesce and hence,
mesophase to grow.

Figure 2—2: Changes of molecular weight and viscosity during the liquid phase
carbonization33
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Table 2—2: Detailed explanation of the phenomena that occur in the different regions in
Figure 2—2
Temperature
T ambient.-Tcracking

Tcracking-T bubble
point

T>T bubble point

T bubble point -T1

T1 - T2

>T2
(Isothermic)

(Isothermic)

Phenomena

Effect on viscosity
Region 1
Heating
η drops, because η∝(1/T)

Liquid is heating up.
rate is high
• Cracking starts
η drops, because
- produce small molecules in
η∝(1/Mw)
solution
η increases because
- produce larger molecules in
η∝(1/Mw)
solution
η drops, because η∝(1/T)
•
Liquid is heating up
Region 2
η starts to decrease,
- Gas begins to come out of because η∝1/dissolved gas 65
solution
- Gas goes away from the η starts to decrease,
system
because η∝1/dissolved gas 65
- Liquid is heating up
- η drops, because η∝(1/T)
•
Cracking continues
- η decreases, because
- produce smaller molecules in
η∝(1/Mw)
gas
- produce larger molecules in
- η increases, because
solution combine into even
η∝(1/Mw)
bigger molecules
•
Liquid is heating up
η drops, because η∝(1/T)
η
increases,
because
• Condensation reactions
η∝(1/Mw)
• Liquid is heating up
η drops, because η∝(1/T)
Region 3
- The large molecules are no
longer soluble in the liquid
(continuing
recombination η
increases,
because
reactions). A two phase (solid- η∝(1/Mw) and η is steady
liquid) is formed which is called because there is no change in
mesophase.
temperature
- Slip of stacked planar structure
by the external shear force at the
viscosity measurement; this is - Temporary decrease in
related to the existence of viscosity
disclination defects which play a
crucial role in rheology.
Region 4
The isochromatic region spreads η
increases,
because
to govern the whole system and η∝(1/Mw) and η is steady
finally solidifies into an because there is no change in
anisotropic coke.
temperature

Net effect on η

Decrease
viscosity

in

Little change in
viscosity

Little change in
viscosity

Increase
viscosity

in

Decrease
viscosity

in

Increase
in
viscosity. Finally
it solidifies.
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Mochida et al.
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reported that aromatics (such as asphaltenes) are hardly soluble

in the paraffin-rich medium, hence, asphaltenes precipitate.

The progress of

carbonization in a highly viscous mixture has the least chance of mesophase growth and
less volatile release, compared with a low-viscosity mixture. A highly viscous medium
gives mosaic-textured cokes. The formation of mosaics in the bottom part of the coker
may deteriorate the quality of the coke produced in a commercial coker. The apparent
cause of the formation of the mosaic coke in the bottom is the phase separation between
the paraffin and asphaltene fractions. Therefore, dissolution or miscibility is important
for the mesophase growth. Eser et al.66 suggested that the thermal pretreatment of the
coker feedstocks at subcarbonization temperatures under carefully selected conditions
inhibits the incidence of shot coke formation by reducing the viscosity of the feedstock.
According to Eser et al.66, the low-temperature reactions may eliminate the reactive
species (functional groups that accelerate carbonization and cross-linking reactions)
through self-condensation, allowing mesophase development to proceed relatively
unhindered at higher temperatures.

2.4.3.2 Gas evolution
Gas evolution is required to re-order the mesogen molecules uniaxially during the
solidification process when the viscosity of the mesophase increases20. FCCDO has
methyl groups attached to the aromatic rings that can serve as a source for such a gas to
give an excellent needle coke. LSVR has plenty of such gas sources because it has a
number of alkyl side chains and straight-chain paraffins. Hence, the co-carbonization of
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two feedstocks, at least one of which can generate gases as FCCDO or LSVR, can control
the mesophase formation and provide more gases before the solidification, producing a
better coke than those that would have been obtained from the individual feedstocks. The
mixing ratio and the carbonization temperature both influence this stage of the
carbonization progress through the reactivity, solubility and hydrogen-donating ability of
carbonizing molecules in both feedstocks 20.

2.4.3.3 Heteroatom content
The presence of reactive groups attached to aromatic nuclei, e.g. phenolic or
carboxylic, leads to decreased size of optical texture (meaning low mesophase growth).
The C-O bonds are highly reactive; hence, the condensation reactions will be accelerated,
hindering the mesophase growth 20, 30.
Impurities in the feed, such as metals, sulfur, and other heteroatoms, are
transferred into the products. Weakly bonded sulfur functional groups decompose and
recombine with hydrogen radicals, forming hydrogen sulfide gas. More thermally stable
heteroatoms, that is, those atoms deeply imbedded in the most aromatic molecular
structures of the feedstock, go through heat treatment in the coke drum without
decomposing and hence become part of the newly formed green coke 23. The presence of
sulfur in the coke is undesirable; when cokes are heated at 1500ºC, various sulfurcontaining compounds decompose, causing a rapid and irreversible expansion of the
carbon body; this is the so-called “puffing”. For the production of graphite electrodes,
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puffing is undesirable since it destroys the structural integrity of the carbon body, so that
the carbon will be useless for its intended purpose 50.

2.4.3.4 Chemical structure: aromatics, naphthenics, alkyl chains and n-alkanes
The mesophase development during the carbonization of the petroleum heavy
residue depends critically upon the chemical constitution of the feedstocks 37.
Carbonization reactivity is related to aromaticity, number of alkyl chains, and
number of naphthenic rings. Mochida et al. 56 does not report the number of alkyl chains
or naphthenic rings on a given molecule, the average number of alkyl/naphthenic side
chains/rings per molecule, or the total population of alkyl/naphthenic side chains/rings.
However, it is assumed in this work that what the authors mean is the total population of
alkyl chains and naphthenic rings. These structural indices reflect the thermal stability,
the reactivity for radical initiation and the possible stabilization by hydrogen transfer,
respectively 56.
In general, feedstocks with high aromaticity produce a high degree of mesophase
development, as explained by the planarity and lower thermal reactivity of aromatic
compounds 17.
The number of naphthenic rings appears to be an important structural parameter
related to the carbonization behavior of the coker feedstocks, such as hydrogen transfer
ability of the molecular constituents during carbonization17. The naphthenic hydrogen
may control the carbonization to allow the development of mesophase.

Hydrogen
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transfer performed by naphthenic rings is reported to favor the development of flow
texture 56.
From physicochemical examinations of saturates, aromatics, resins, and
asphaltenes, derived from two light vacuum residues and one FCCDO, and a comparison
of the graphitizability of resultant cokes, it has been found that the smaller the number of
alkyl side chains, the more graphitizable was the resultant carbon 2. It is suggested that if
an aromatic ring has too many alkyl side chains during condensation polymerizations
then the product becomes cross-linked rather than stacked. The cross-linkage results in
poor graphitizability 2. Eser et al.67 reported that high concentrations of n-alkanes result
in a higher rate of carbonization, which would lead to a lower mesophase growth. Too
many alkyl groups in the feed, without a sufficient presence of naphthenic hydrogen, lead
to rapid condensation reactions under the particular conditions of relatively high
temperature, which impedes the mesophase development and growth 20.

2.4.3.5 Compound geometry
The geometry of the compound also matters, as in the case of anthracene and
phenanthrene

32, 49, 68

. When anthracene is carbonized at 500°C and 17 atm, it generates

anisotropic spheres of 10 μm diameter in an isotropic matrix; however, under reasonably
similar conditions (527°C and 20 atm), carbonization and mesophase formation has not
occurred in phenanthrene 32.
Sasaki et al.68 reported kinetic results for anthracene and phenanthrene
carbonization. The kinetic results have shown that the apparent activation energy of
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anthracene carbonization is lower when compared to that of phenanthrene.

The

differences in the kinetics of carbonization of anthracene and phenanthrene are explained
by the concept of free valence index. The free valance indices for anthracene and
phenanthrene are shown in Figure 2—3.

Figure 2—3: Free valence indices for different positions in anthracene and
phenanthrene molecules 49
The maximum free valence index of anthracene is at the 9- (or 10-) position, and
its value (0.520) is significantly higher than the next reactive site, position 1, which has a
free valence index of 0.459. This suggests that anthracene should be very reactive at the
9- and 10- positions, and it has been proposed that polymerization occurs preferentially at
the 9- and 10- positions.

The variation of indices for different ring positions in

anthracene is 0.112, the 2-position having the minimum value of 0.408. In contrast, not
only are the free valence indices of phenanthrene substantially lower, suggesting a lower
initial reactivity, but also the range between the highest and the lowest value is only
0.049, less than the difference between the indices of the first and second-most reactive
positions in anthracene.

Thus, the higher activation energies calculated for the

disappearance of phenanthrene during the induction period, and subsequently higher rates
of formation of the insolubles, can be attributed to the lower maximum free valence index
of phenanthrene and the small differences between the indices of different sites compared
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to those of anthracene. As carbonization proceeds, with coupling of the anthracene
molecules, there will always be a position of a high free valence index available for
further reaction. Continued condensation allows unimpeded growth of planar structures
desirable for mesophase formation.
The explanation given by Sasaki et al.68 is supported by Pappano et al.69.
Pappano et al. modeled the carbonization process using the physical data collected by
Sasaki et al.49, 68; the modeling was performed using Molecular Simulation Incorporated
(MSI) software. Pappano et al.69 concluded that anthracene and phenanthrene show
different levels of mesophase development because of the geometric differences between
the isomers. Phenanthrene’s dimer led to the formation of a five-membered ring, causing
curvature, then, the trimer formed will increase in curvature and loss of planarity. As a
result, disclinations and holes in the pregraphitic sheets are formed at temperatures in
excess of 2000ºC. Unlike phenanthrene, anthracene polymerization and condensation
occurs with planarity and polymerization progresses via planar sheets 69.

2.2 Mesophase
This section discusses the basics of mesophase and the kinetics of mesophase
formation.
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2.5.1 Mesophase formation
The formation of mesophase takes place during the carbonization of a wide range
of organic materials, including coal tar pitches and some pure organic compounds. Even
though most organic materials decompose when heated in an inert atmosphere, certain
ones form liquid crystals 70.
During carbonization, as the organic precursor is heated, cross-linkages are
broken, leading to the polymerization of aromatic molecules and formation of liquid
crystals. Polymerization continues by a free-radical mechanism. The lower-molecularweight compounds decompose to methane and other gaseous hydrocarbons or to tar
consisting of liquid alkanes and alkenes, alicyclic compounds and light aromatic
compounds. The devolatilization increases the planarity of the molecules comprising the
liquid crystals, and, when adjacent liquid crystals touch, they coalesce70. Simultaneously,
a mosaic begins to form, as the remaining material is converted to the substance of which
the spheres were comprised; the formation of the mosaic begins with the coalescence of
two spheres that have different orientations 12, 46.
When no more isotropic material of pitch-like consistency remains and only
anisotropic material or mesophase is present, the mosaic structure is complete. The term
“mesophase” (from the Greek mesos, intermediate) is used for the substance of which
the spheres and the mosaic are formed before solidification12, 46. With the increase of
temperature the liquid crystals are transformed and, to a certain extent, in time and at a
fixed temperature, the spheres grow larger 12.
The growth and properties of mesophase can be described as follows 16
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1.

The growth of mesophase is essentially a delayed process; although the authors
did not define the term “delayed”, it is assumed that it refers to a well-controlled
process where the reactions of condensation or polymerization occur slowly.

2.

Inhibitions of early condensation / polymerization of functionality and radicals are
important to reduce the formation of isotropic carbon.

3.

The hydrogen availability is important to delay molecular growth.

4.

It is necessary to form stable polynuclear aromatics in a low-viscosity medium to
create mesophase.

5.

The resultant size of optical textures in cokes controls strength, thermal and
electrical resistance, as well as oxidation and thermal shock resistance.

2.5.2 Kinetics of mesophase formation
The mesophase is formed by the condensation reactions of the molecules of the
feedstock, reaching the molecular weight needed to form a mesogen molecule (20002500 amu). The measurement of mesophase as a reaction product is not the measurement
of a specific reaction; however, it is appropriate to measure rates of formation of
mesophase to determine overall kinetic parameters of the pyrolyses 10.
The process of mesophase formation during pyrolysis of pitch is complex. To
establish a simple kinetic model of mesophase formation the following assumptions are
made:
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1. The mesophase content (Χ) can be represented by the heptane-insoluble (HI),
toluene-insoluble (TI), THF-insoluble (THF-IS)71 or pyridine-insoluble (PI) fraction of
the solid pyrolysis residues.
2. The overall process of mesophase formation follows a first-order reaction
(n=1). With these assumptions the mesophase formation is:

THF −IS = X
dX
= k (1 − X )
dt

The boundary condition is: t=0 X=X*

X* refers to the mesophase formed during heating to a given temperature. The
reasons are as follows:
1. By the evaporation of volatile products (tars) the average molecular mass of
the pitch increases.
2. Polymerisation and condensation reactions may occur during heating, which
also contribute to an increase of the molecular mass.

ln(1 − X ) = ln(1 − X *) − kt
The above assumptions have been based on prior studies on the kinetics of
pyrolysis, which are reported in Table 2—3. All these studies have shown that the
mesophase formation follows a pseudo- first order reaction.
The kinetics of mesophase formation has been correlated with the quality of
mesophase and hence, of the derived carbon. It has become traditional to monitor the
extent of mesophase formation by measuring the change in solubility using excellent
pitch solvents, such as quinoline, pyridine or anthracene oil. However, solubility cannot
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be used universally as a criterion for the amount of mesophase72 for the reasons explained
below.
Optical microscopy provides information about mesophase growth and its
structure. However, as mesophase is generated initially in sizes <1 μm, it cannot be
detected by the optical microscope. On the other hand, solvent extraction methods detect
variations in solubility prior to the appearance of mesophase in the optical microscope.
An ideal solvent to monitor the development of mesophase should extract all the isotropic
material without dissolving any of the mesophase. Solubility is a function of the shape of
the molecule, the existence of functional groups, existence of side-chains, aromaticity,
etc. Isotropic phases and mesophase may contain molecules of similar sizes but in
different concentrations so that insoluble material may exist in both the isotropic phase
and the mesophase, and mesophase can be partially soluble in a given solvent. Solvent
extraction provides useful information about the chemistry of the pyrolysis process, but
the extrapolation to mesophase formation is restricted by the above consideration 73.
The anisotropic phase in mesophase pitch can be observed directly by using a
polarizing microscope

72

.

Chwastiak et al.74, used optical microscopy routinely to

characterize the mesophase in a quantitative manner. A solvent-etching technique was
developed to make the distinction between anisotropic and isotropic regions more
apparent in the photomicrographs. This technique has been reported elsewhere 74.
The optical texture is given by the pattern that appears when viewing polished
sections of coke in an optical reflecting light microscope. When using polarized light,
interference causes the color to vary with the direction of the layers as well. Thus, both
polarized and normal light can be used to extract information on the texture, giving color
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and grayscale images.

Most of the studies describe the texture by example

photomicrographs, or by partitioning the coke texture into different texture classes
obtained from manual point counting 75.
Table 2—3 includes the kinetic parameters reported in the literature for
carbonization reactions of pitch-like materials.
Table 2—3: Literature values of kinetic parameters for coking reactions
Precursor

fa

Pressure
(atm)

Reaction
order

Ea
kJ/mol

kE+05 s-1
/ T(ºC)

Auto (N2)

1

192

---

69 (N2)

1

167

13.3 / 465
24.4 / 485
62.8 / 510
144.0 / 525
3.25 / 440
9.44 / 460
22.4 /480
3.08/ 440
8.33 / 460
20.6 / 480
2.67 / 440
8.47 / 460
18.1 / 480

An76

HI, TI and PI
prior to the
appearance of
insolubles
PI

An68

HI

Auto (N2)

1

218

TI

Auto (N2)

1

214

PI

Auto (N2)

1

218

Auto (N2)

1

263

---

Auto (N2)

1

222

TI

Auto (N2)

1

251

PI

Auto (N2)

1

343

HI

1
10
1
10
1
10
1
10

1
1
1
1
1
1
1
1

200
230
190
240
160
180
270
270

21.1 / 540
47.1 / 560
19.2 / 540
47.9 / 560
15.8 / 540
54.4 / 560
13 / 440
8 / 440
10 / 440
7 / 440
7 / 440
6 / 440
2 / 440
2 / 440

An

68

HI, TI and PI
prior to the
appearance of
insolubles
HI

Ph68
Ph68

PR (R1)10

0.77

A
(PR) R210

0.50

HI
A
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Table 2—3, continued
Precursor

fa

Pressure
(atm)

Reaction
order

Ea
kJ/mol

kE+05 s-1
/ T(ºC)
1.7 / 390
4.0 / 420
8.4 / 440

PP 77
A-240, Ashland

THF-IS

10 (Ar)

1

125

PP 78
A-240, Ashland

PI-IS

5 (N2)

1

167

---

10 (Ar)

1

178

---

PP
PP82

Mesophase content.
Chwastiak’s method 80
PI-IS
PI-IS

Auto (N2)
1 (Ar)

1
1

233
205

CTP 77

THF-IS

10 (Ar)

1

186

--0.70/400
1.3 / 420
2.6 / 440
7.4 / 460

CTP79

Mesophase content.
Chwastiak’s method 80
PI-IS
PI-IS
PI-IS

10 (Ar)

1

150

PP79
81

CTP 83
CTP 84
Ethylene pitch81

---

1 (N2)
--Auto (N2)

1
138
2.1/430
1
163
--1
150
--Raw
1
71
0.002/420
Coal extract a 85
FTIR
Auto (N2)
HT
1
201
0.001/420
BLD
1
198
0.001/420
Raw
1
142
0.002/420
Coal extract b 85
FTIR
Auto (N2)
HT
1
172
0.001/420
BLD
1
297
0.002/420
PR=petroleum residue; HI=heptane insoluble; TI=toluene insoluble; PI=pyridine insoluble; THF-IS=THF
insoluble; PP=petroleum pitch; CTP=coal tar pitch; An=anthracene; Ar=Argon; A= Anisotropy; a=mvb
coal; b=hvAb coal; raw=NMP-soluble; HT=hydrotreated coal NMP-soluble; BLD=blend raw+HT;
FTIR=Fourier-transformed infrared spectroscopy.

2.6 Petroleum stream and coal blend
The importance of solubility of petroleum stream blends in the coking process
was discussed in subsection 2.4.3.1. It was seen that when two components are insoluble
or partially soluble, the resultant coke was heterogeneous, meaning that its isochromatic
units are not uniformly distributed within the coke. Hence, it is thought that a good
solubility or, at least, miscibility between petroleum streams and coals is the clue for the
interaction between these two feedstocks in co-coking. A homogeneous mixture would
reduce the deposition of heavy components to the bottom of the reactor. The deposition
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of heavy compounds would form mosaics at the bottom of the lump coke as it occurs
with asphaltenes in petroleum feedstocks.
Similar chemical composition between the petroleum feedstock and coal would
eventually help the interaction since like dissolves like. Doetschman et al.86 show a
schematic representation of the variation of the whole coal chemical characteristics (see
Table 2—4). Likely, intermediate-rank coal would interact better with decant oil because
of its aliphatic-aromatic nature.
Unfortunately Doetchman et al.86 do not relate low- to high-rank coal with the
ASTM rank classification; however, in the paper, intermediate-rank coal is referred as
bituminous coal. Doetchman et al.86 worked with the eight Argonne Premium coals; the
rank (ASTM classification) of these coals varies from lignite to low-volatile bituminous
coals. In an attempt to relate low- to high-rank with the ASTM classification, it is
suggested that low-rank coal corresponds to lignite and subbituminous coal, intermediaterank corresponds to high- to medium-volatile bituminous coal, and high-rank corresponds
to low-volatile bituminous coal.
The suggested steps for co-coke formation (from petroleum and coal blends) have
been divided into three:
growth, and solidification.

Formation of liquid from coal, mesophase formation and
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Table 2—4: Schematic representation of the variation of the whole coal chemical
characteristics 86
Low rank

Intermediate rank

High rank

lignite and subbituminous

High and medium volatile bituminous

Low volatile bituminous

Aliphatic
Heteroatom-rich

Mixed aliphatic-Aromatic
Intermediate heteroatom content
Least polymeric,
polycondensed
(least macromolecular)
Rich in molecular species
H-bonding between molecular species
Intermediate polycondensation
and aliphatic chain length

Aromatic
Heteroatom-poor

Highly polymeric-cross
linked (mainly macromolecular)
Few molecular species
H-bond cross-linked
Low polycondensation

Highly polycondensed
(mainly macromolecular)
Few molecular species
Polycondensed, cross linked
Shorter aliphatic chains

Step I – Formation of liquid from feedstocks
In order to make possible the interaction between these two feedstocks, the
physical phase of the blend matters. This is important since we are dealing with the
blending of feedstocks with different physical states at ambient temperature and, as
explained before, it is thought to be critical to maintain a homogenous mixture.
However, coal when heated or when interacted with a solvent (e.g., petroleum
components) turns partially into liquid. Table 2—5 explains the possible ways in which
coal turns from solid to liquid. More than one of the mechanisms reported in Table 2—5
could be operable at the same time, or, in some cases there could be no interaction.
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Table 2—5: Possible explanation for the phase change in coal
Mechanisms
1. Coal decomposes on its own –
coal undergoes pyrolysis “internal
solvolysis” and the petroleum acts
as solvent for these fragments.

2. Petroleum solvent – extracts the
“mobile” phase from coal

3.
Petroleum participates
solvolysis of the coal

in

Coal rank
Rank of coal is critical. Internal solvolysis would be possible in low
rank coals.
Smaller molecules, arising from the coal and formed pyrolytically,
serve as a necessary solvating vehicle and possibly as hydrogen
donors. As the viscosity decreases with increasing temperature of
pyrolysis so the mean molecular size is reduced commensurate with
thermal rupture of bridging structures and the stabilization of freeradicals by donor-hydrogen 87.
Rank is somewhat important. In this case, the components present in
the petroleum (polycondensed rings) should be around the number of
polycondensed rings present in the coal.
Rank is somewhat important. In this situation, petroleum streams
have hydrogen donor compounds which break the coal, giving
smaller structures.
When a hydrogen-donating vehicle is present, free radicals, formed
by pyrolytic bond rupture of molecules of coals, abstract hydroaromatic hydrogen from the solvating vehicle, leading to a
progressive reduction of molecular size 87.

Step II- Formation of mesophase and growth of mesophase
A major factor to consider during the carbonization is the facility for hydrogentransfer reactions. These stabilize reactive radical species and permit the growth of
mesophase in a fluid of low viscosity 30.
When some petroleum components participate in solvolysis of the coal and/or
petroleum extracts coal’s components, coal does not necessarily need to have a plastic
stage; however, when coal undergoes internal solvolysis and petroleum does not act as
solvent of its fragments it is mandatory for coal to have plastic stage, to have a degree of
interaction.
During the mesophase formation, the alignment of mesophase is important to
generate the needle-like structure. Two factors are important to the alignment of
mesophase: a low-viscosity medium (which favors the coalescence), and gas generation
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during the mesophase formation (which favors the needle-like alignment) 33. When coal
is blended with petroleum streams having hydrogen-donor compounds, solvolysis of the
coal takes place; molecular size is reduced, leading to a decrease in viscosity. In general,
the hydrogen-transfer reaction occurs more extensively in the cases with lower-rank coal
(i.e. lignite or brown coals) than in the cases with the high-rank coal (anthracite) 88.
When coal is heated, during the plastic stage (350-500ºC) chemical crosslinkages, i.e. aliphatic and ether cross-links, are broken. Consequently, a considerable
amount of volatiles containing both aliphatic and aromatic components is evolved. The
lower molecular weight products are evolved as gaseous volatiles containing hydrogen
and methane and other light hydrocarbons 89. The temperature of mesophase formation
has been reported to be in the range 400°C-430°C 2, 90.
Step III – Solidification
With an increase of temperature, and, to a certain extent, with time at a fixed
temperature, the mesophase spheres grow larger

12

. At an advanced stage during the

resolidification from the liquid state, the spheres begin to interfere with one another’s
further enlargement, with progressive increase of temperature and a mosaic begins to
form 12. Once the molecular weight is increased, the material solidifies 70, 91.
Paths or mechanisms for mesophase growth from petroleum feedstock have been
described 12, 70, 91; however the path or mechanism for the mesophase generation and coke
formation for blending petroleum and coal has not been widely studied outside PSU.
Escallón

4

observed that heavy compounds from the decant oil are retained in the coal

network. Compounds present in the THF-soluble fraction start condensing, forming
bigger compounds that turn into the THF-insoluble fraction (so-called semi-coke). It was
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observed from the optical microscopy of the semi-cokes that the isotropic percentage is
higher for the cokes generated from the decant oil alone than from the blend (decant oil
and coal in a 3:1 ratio), meaning that the anisotropy is higher for the semi-cokes
generated from blend than from decant oil. The increase in the anisotropy when coal is
added to the petroleum suggests that a potentially high-value carbon material could be
formed in this co-coking process 4.
The next subchapter will introduce the theory behind the determination and
interpretation of the solubility parameter. The determination of this parameter will help
in the understanding of petroleum and coal interactions.

2.7 Solubility parameter
The solubility parameter is widely used for correlating polymer and solvent
interactions. Solubility parameter has been defined as the square root of the cohesive
energy density (cohesive energy per unit of volume)92. Three solubility parameter
components can be distinguished, representing dispersion, polar, and hydrogen bond
interactions93.
The solubility of a given polymer in various solvents is mainly determined by its
chemical structure. As a general rule, similar structure favors solubility, which means
that the solubility of a given polymer in a given solvent is favored if the solubility
parameters of polymer and solvent are equal or at least close. In order for a liquid to
dissolve a solute, the interactions between liquid molecules and solute molecules must be
stronger than the interactions among the liquid molecules and among the solute
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molecules. Thus, by studying the solubility and insolubility of a solute in a wide range of
liquids, it is possible to determine some information about the nature of the interactions
among solute molecules

93

. This section is dedicated to a discussion of the cohesive

energy and the solubility parameter, and to the correlation of these quantities with
chemical structure. This information is important for the co-coking, since the better the
interaction of decant oil with coal, the better the homogeneity of the coke and the greater
the extraction of coal liquids.
In this study, one approach has been made:

coal can be described as

macromolecular networks; therefore, the coal would follow the behavior of polymers 94.
Solubility parameter has been used in polymer research to determine the characteristics of
cross-linked polymer systems and what has been learnt from polymers is here applied to
coal.
Cross-linked systems are not soluble in any solvent; instead, solvent is imbibed by
the cross-linked polymer and causes it to swell. In addition, coal contains extractable
material. If coal is regarded as a polymer, this extractable matter can be thought of as the
uncross-linked portion of the coal 95. The solubility parameter of the solvent that causes
maximum swelling is identified as that of the cross-linked material. Coal can be thought
of as having some characteristics of a cross-linked system; that is, when immersed in a
solvent with which it interacts, it will swell. In this particular study, swelling plots have
been taken for coal from which some pyridine-soluble extractable matter has been
removed.
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2.7.1 Cohesive energy
This section will cover cohesive energy’s definition, experimental measurement
and prediction by using different methods.

2.7.1.1 Definitions
The cohesive energy Ecoh of a substance in a condensed state is defined as the
increase in the internal energy U per mole of substance if all the intermolecular forces are
eliminated:
Equation 2-1 92: The cohesive energy
The cohesive energy ≡ Ecoh = ΔU

(dimensions: J/mol)

2-1

Equation 2-2 92: The cohesive energy density

Ecoh
(at 298 K )
V
(dimensions: J/mol)

The cohesive energy density: e coh ≡

2-2

Equation 2-3 92: Solubility parameter

E coh 1 / 2
1/ 2
) ≡ ecoh
(at 298K )
V
(dimensions: J1/2/ cm3/2)

Solubility parameter δ = (

2-3

The dimensions of the “solubility parameter” δ in cgs units are cal1/2cm-3/2 or
“hildebrands”. In SI units the nearest equivalent is the square root of the megapascal,
MPa1/2.

To convert hildebrands to MPa1/2, hildebrands are multiplied by

4.197 = 2.046

96

.
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2.7.1.2 Determination of Ecoh 92

For liquids of low molecular weight, the cohesive energy is closely related to the
molar heat of evaporation ΔHvap (at a given temperature) as shown in Equation 2-4.
Ecoh = ΔUvap = ΔHvap - p ΔV ≈ ΔHvap – RT

2-4

Therefore, for low-molecular-mass substances Ecoh can easily be calculated from
the heat of evaporation or from the course of the vapor pressure as a function of
temperature. As polymers cannot be evaporated, indirect methods have to be used for the
determination of their cohesive energy, e.g. comparative swelling or dissolving
experiments of polymers in liquids of known cohesive energy density.

2.7.1.3 Prediction of the cohesive energy

For a prediction of the cohesive energy of substances some group additivity
methods have been developed92. The experimental data of Ecoh for some polymers show
large variations and the predicted values according to each of the methods. The methods
are: Dunkel, Di Benedetto, Hayes, Fedors, Small, Van Krevelen, Hoy, and Hoftyzer and
Van Krevelen92. The methods of Hayes, Small, Hoy, and Hoftyzer and Van Krevelen92
are superior in accuracy when compared to the other methods92.
Small had demonstrated that the combination (EcohV(298))1/2 = F, the molar
attraction constant, is a useful additive quantity for low-molecular as well as for highmolecular-weight substances92. Hoy proposed group contributions to F, slightly different
from those of Small92.
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Below an example is shown to estimate the cohesive energy of a polymer
Example:

Estimate the cohesive energy of poly(butyl methacrylate) using

Hoftyzer and Van Krevelen’s method92 and Small’s method92.
M=142.2, ρa=1.045; Va=136 (cm3/mol). M is molecular weight, ρa is density and
Va is volume density.

Hoftyzer and Van Krevelen
Groups
4 CH22-CH3
│
1─C─
│
1─COO─

92

Σ Ei
4(4190) = 16760
2(9640) = 19280
1 (-5580) = -5580

Σ Fi
4(272) = 1088
2(438) = 876
1(-190) = -190

1(13410) = 13410
E coh = 43870

1(634) = 634
F = 2408

The direct method gives Ecoh = 43870 J/mol
Small’s method92
E coh =

F2
= 42700 J / mol
V

In the interactions between polymers and solvents, the cohesive energy has found
its most important application; however, for this purpose, the solubility parameter δ is
generally used.

41
2.7.2 Solubility

This subchapter shows the definition of solubility from the thermodynamic
criteria and the prediction to calculate the solubility parameters.

2.7.2.1 Definitions

The thermodynamic criteria of solubility are based on the free energy of mixing
57, 92, 95, 97

.

Equation 2-5: Energy of mixing ΔGM
ΔGM = ΔHM –TΔSM

2-5

Where: ΔHM =enthalpy of mixing; ΔSM =entropy of mixing
As ΔSM is generally positive, there is a certain limiting positive value of ΔHM
below which dissolution is possible.
According to Hildebrand, the enthalpy of mixing can be calculated from
Equation 2-6: Enthalpy of mixing ΔΗM
ΔΗM = φ1φ2 (δ1 – δ2)2

2-6

where:
ΔHM = enthalpy of mixing per unit volume; φ1φ2 = volume fractions of
components 1 and 2; δ1 and δ2 = solubility parameters of components 1 and 2.
Equation 2-6 predicts that ΔHM =0 if δ1 = δ2, so that two substances with equal
solubility parameters should be mutually soluble due to the negative entropy factor. In
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brief, the requirement for the solubility of a polymer P in a solvent S, is that the quantity
(δP - δs)2 has to as small as possible.
The solubility parameter of a given material can be calculated either from the
cohesive energy, or from the molar attraction constant F, as δ = F/V.
In the derivation of the Equation 2-6 by Hildebrand, only dispersion forces
between structural units have been taken into account. For many liquids and amorphous
polymers, the cohesive energy is also dependent on the interaction between polar groups
and on hydrogen bonding.

The cohesive energy may be divided into three parts,

corresponding with the three types of interaction forces.
Ecoh = Ed + Ep + Eh
where:
Ed = contribution of dispersion forces; Ep= contribution of polar forces; Eh=
contribution of hydrogen bonding.
The corresponding equation for the solubility parameter is:
Equation 2-7: Solubility parameter equation

δ 2 = δ d2 + δ p2 + δ h2

2-7

The equivalent of Equation 2-6 becomes
Equation 2-8: Solubility parameter equation related to enthalpy
ΔHM = φ1φ2 [(δd1 – δd2)2+(δp1 – δp2)2+(δh1 – δh2)2

2-8

Although values of δd, δp and δh cannot be determined directly, Hansen developed
a method for the indirect determination of the solubility parameter components δd, δp and
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δh92. Hansen presumed the applicability of Equation 2-8 and developed a method for the
determination of δd, δp and δh for a number of solvents. The value of δd of a given solvent
was assumed to be equal to that of a non-polar substance (e.g. hydrocarbon) of about the
same chemical structure.

2.7.2.2 Prediction of solubility-parameter components

The solubility parameter components δd, δp and δh (and their combinations

δ a = δ p2 + δ h2 and δv = δ d2 + δ p2 ) are known for a limited number of solvents only.
Therefore a method for predicting these quantities is valuable. The polar component δp is
correlated with the dipole moment μ, and the hydrogen bonding component δh is
correlated with the hydrogen bonding number Δv. Two approaches have been published,
that of Hoftyzer and Van Krevelen92 and that of Hoy92; both methods have the same
assumption that of Hansen:
Ecoh = Ed + Ep + Eh

δ t2 = δ d2 + δ p2 + δ h2
Method of Hoftyzer and Van Krevelen 92
The solubility parameter components may be predicted from group contributions,
using the following equations:

δd

∑ F di ; δ
=
V

p

=

∑ F pi2
V

; δh =

∑ E hi
V
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For the prediction of δd the same type of formula is used as Small proposed for
the prediction of the total solubility parameter δ. The group contributions Fdi to the
dispersion component Fd of the molar attraction constant can simply be added.
Method of Hoy92
Hoy’s method is in many aspects different from that of Hoftyzer and Van
Krevelen. It contains four additive molar functions, a number of auxiliary equations and
the final expressions for δt(total) and for the components of δ.
Ft is the molar attraction function; V is the molar volume of the solvent molecule
or the structural unit of the polymer. Table 2—6 shows the equations used in Hoy for the
estimation of the solubility parameter.

Table 2—6: Equations used in Hoy’s system for estimation of the solubility parameter
and its components
Formulae
Additive molar functions

Low-molecular liquids (solvents)
Ft = ΣN i Ft ,i ; V = ΣN iVi

2.8 Characterization of petroleum coke

Many cokes lie between highly needle-like cokes and cokes with isotropic
character. Most cokes are between these two extremes; hence, cokes might have a
variety of applications as determined by their microstructures 98. Even though structure is
not the only decisive factor to determine a given coke’s use, it should be the initial
criterion for the selection of a particular coke for a given application 98.
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The structure of petroleum cokes in general, and needle cokes in particular, is
commonly described in terms of anisotropy, where the most needle-like cokes are
considered the most anisotropic

99

. In general, two methods have been employed to

determine the anisotropy of the cokes 100-102:
1. Anisotropy determination via polarized light microscopy 103, 104.
2. X-ray diffraction correlating crystallite height (Lc) with anisotropy from optical
microscopy.
Microscopy techniques have the disadvantage in that the observations tend to be
subjective and are limited to the resolution of the optical microscope; however, the
combination of both techniques will suggest the possible end use and hence, market of
the coke 105.
Besides structure, other techniques are used to characterize the coke 98: strength
and/or hardness, density, CTE, and sulfur content.
There is a correlation between CTE values and anisotropic optical textures; low
CTE values (0.25 to 1.8x10-6 m/m/˚C are needle-type coke, which are highly anisotropic,
while high values (1.8-5x10-6 m/m/˚C) are observed to be less anisotropic and classified
as sponge or shot-type coke

21

. CTE values were not be measured in this research

because the amount of sample was not enough to perform the analysis. However, an
attempt

to

correlate

optical

microscopy,

X-ray

diffraction

parameters

and

thermomechanical analysis (TMA) with CTE was carried out to predict the end use of the
cokes.
Higher sulfur levels generally lead to increased puffing and hence, degradation of
properties 98. It is expected that cokes derived from hydrotreated decant oils have lesser
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sulfur content and hence, lower puffing when compared to the coke derived from the
unhydrotreated decant oil.
Table 2—7 shows the typical calcined petroleum needle coke properties and
Table 2—8 the properties of the graphite electrodes made from delayed coke.
Table 2—7: Typical calcined petroleum needle coke properties 106
Property
Units
Super premium
Premium
Intermediate
CTE* (30-100°C) coefficient of
-6
m/m/°C x 10
<0.25
<0.4
<0.7
thermal expansion
Real density
g/cm3
>2.12
>2.11
>2.10
Sulfur
Wt %
<0.7
<0.7
<0.7
*prior the CTE determination, coke is blended with coal tar, baked and then graphitized up to 3000°C.
Tests are made on the graphitized rods.

Table 2—8: Graphite electrodes properties made from delayed coke 106
Green coke properties

Vacuum resid

Pyrolysis tar

Decant oil

Volatile matter, %
Sulfur, %
Graphite properties
Density (g/cm3)
CTE x 106 / °C

7.8
1.6

5.5
0.2

6.2
1.2

1.65
1.83

1.55
0.64

1.55
0.17

Since optical microscopy and XRD are the main techniques suitable to be applied
to the cokes obtained from this research, the two techniques are explained below.

2.8.1 Polarized-light optical microscopy

This subchapter is divided into three sections: fundamentals of polarized-light
optical microscopy, optical textures reported by different authors and correlation of
anisotropy (based on optical microscope) with coefficient of thermal expansion (CTE).
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2.8.1.1 Fundamentals of polarized-light optical microscopy

When materials are said to be isotropic, their properties are the same in all
directions of measurement.

Within them light vibrates regularly in all directions

perpendicular to the direction of propagation, consequently other than absorption of
energy the materials have no effect on rays of polarized light that pass through them 107.
On the contrary, when a ray of polarized light enters an anisotropic crystal, other than
along an optic axis, it is reorganized into two rays that vibrate in fixed planes at right
angles to each other and that follow different paths in the crystal. One of the rays travels
with the same velocity in all directions and obeys Snell’s law (

Sinφ1 v1
); this is called
=
Sinφ 2 v 2

the ordinary ray or O-ray. The other, called extraordinary ray or E-ray, travels with a
velocity that is direction-dependent and does not obey Snell’s law; such a crystal is said
to be double refracting or birefringent107.
When the rays emerge from a crystal the phase of one set of rays has been
retarded with respect to the other; hence, the components of the beam have been resolved
into O- and E-rays. Consequently, if the emerging O-ray vibration direction is parallel
and E-ray vibration direction is perpendicular to the direction of vibration of the analyzer
(secondary polarizer), then those rays vibrating perpendicular to the preferred direction of
the analyzer will be absorbed (and light extinction will occur) whereas those rays that are
parallel will be transmitted. Depending upon the orientation of the crystal with respect to
optic axial planes, a variable amount of light (from complete extinction to maximum
transmission) can pass the analyzer.
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When the incident beam is not polarized no effect is seen, because all the planes
of vibration of the waves in the incident beam are affected to the same extent. Thus, the
distribution of vibration planes in the transmitted beam reproduces that in the incident
beam. The same effect will occur when polarized light is employed, except that when the
emerging light is passed through the analyzer whose privileged direction is perpendicular
to the polarized light, extinction will occur. When anisotropic materials are viewed in
this manner the two emerging rays follow different paths (birefringent crystal) and have
mutually perpendicular vibration directions, which generally means that the E ray is
transmitted while the O ray is diverged so that it does not pass beyond the analyzer 107.
The retardation of one wave behind the other depends on the difference in wave
velocities and the thickness of the crystal. Since the difference in wave velocities is a
function of wavelength, it happens that for a given thickness of crystal plate total
extinction will occur for, at most, a few wavelengths. Therefore, when a crystal is
illuminated with white light, the crystal shows interference colors that are subtractive
colors, i.e. white light minus the wavelengths that have been extinguished.

The

wavelength extinguished increases with the thickness of the crystal plate, giving rise to
interference colors in the seven orders of Newton’s scale107. These interference colors
will be uniform in lateral extent as long as crystal orientation does not change with
respect to the polarized light. When viewing a mass of small crystals having different
orientations, their individual interference colors will define an optical texture less than or
equal to the crystal size.
When a material is too dense to transmit light it is opaque. For these substances
reflected light microscopy must be employed in which incident light is directed to a
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polished surface, where interference and absorption of light occurs in much the same
manner as it does when transmitted. The reflected light is directed through a plate or
prism reflector, as well as accessory filters or analyzer, to the eye, camera or measuring
device. Properly arranged reflected light emissions exhibit isotropy or birefringence as
effectively as transmitted light microscopy.
One of the applications of polarized reflected light microscopy is to determine the
textural components of coke broadly defined as either isotropic or anisotropic

108

. The

terms isotropic and anisotropic are convenient to use in this context because of the
extensive application of the polarized light optical microscope in studies of the formation
of mesophase to establish a relationship between optical texture 2 and carbon structure.
A material is considered to be isotropic when, being viewed in a polarized light
microscope, the incident light reflected from the surface suggests only one refractive
index such that the light intensity is the same in all the directions from which it is being
measured 108. This is commonly referred to as having a lack of optical activity.
A material is anisotropic when, being observed in a microscope, the incident light
reflected from the surface suggests more than one refractive index with notable
differences in their values; they display different colors associated to the reflection,
double refraction or no refraction at certain wave lengths 108.
The next section describes the optical textures reported by different authors. The
classification used for petroleum-derived cokes is based on the lack of optical activity of
the carbon in cross-polarized light. Carbon forms that do not display optical activity are
referred to as “isotropic”, whereas those that do are called “anisotropic”3,

35, 109

.

Anisotropic carbon forms generally have a texture inherited from the coalescence of a
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mesophase.

The possibility of correlating anisotropy (optical activity) with

graphitizability and isotropy (zero optical activity) with non-graphitizability would be
extremely useful but fails when examining cokes. It must be emphasized that mesophase
can also exist when it is not visible in the microscope. Units of mesophase <0.5 microns
in diameter appear to be isotropic in the optical microscopy. Such coke can be described
as isotropic (to the polarized light microscope) but with limited graphitizability30;
therefore, the size and shape of the isochromatic areas are important characteristics of
the resulting coke and may influence the quality and value of the final coke product.

2.8.1.2 Optical textures reported by different authors

The principal aim of a petrographic classification is to thoroughly characterize a
material in such a way as to reveal its unique characteristics, that is, origin, history,
structure and occurrence. These classifications are meant to be flexible, bending to needs
specific to the research being performed. They are influenced by sample availability,
sample preparation and to some degree the preconceived notions of the researcher 110.
Classification of the optical textures of petroleum coke and petroleum/coal blends
reported in the literature and discussed in this section, exhibit the maturing of the science.
Thus far, no standard classification of carbon optical textures has been established by
mutual agreement.
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2.8.1.2.1 Classification of textures for cokes derived from fluid feedstocks such as
petroleum and coal tar pitch

It is intended in this section to show the different classifications given by different
authors, and to define the classification chosen for this particular work. There are three
main groups of authors reporting classification of textures for cokes: Mochida, Marsh
and other independent researchers.
Isao Mochida has authored many papers in the field of mesophase analyzed by
optical microscopy and has reported two totally different classifications. The difference
might stem from the fact that one classification was carried out on calcined coke and the
other on the green coke. Mochida’s classifications are as follows:

•

Mochida et al. 7, 111

The classification scheme employed for calcined coke and summarized in
Table 2—9 is fairly straightforward, and only includes anisotropic textures.
Table 2—9: Classification of anisotropic texture according to Mochida et al.7, 111 on the
calcined coke

Ultra fine mosaic (UMf)
Fine mosaic (Mf)
Coarse mosaic (Mc)
Flow type (F)
Flow domain (FD)

•

Size (μm)
<1.0
1.0-5.0
5.0-20.0
20.0-60.0
>60.0

Mochida et al. 20

The classification of anisotropic texture is summarized Table 2—10. The pointcounting technique employed (more than 400 points) was carried out on the green coke
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and is subdivided based upon shape characteristics, i.e. spherical versus elongated
isochromatic areas.
Table 2—10: Classification of anisotropic texture 20 on the green coke
Anisotropic texture
Spherical unit
Mosaic
Domain
Elongated unit
Short flow
Long flow
Flow domain

Abbreviation

Size (μm)

M
D

diameter <60
dia. <60

SF
LF
FD

Length<300, width<60
L>300, w<60
L>300, w>60

The following classifications were developed by Harry Marsh and his co-workers
who have published many books and papers in the field. In the documents that he has
authored or co-authored, the classification has slightly varied from one to another
publication. Marsh’s classifications are also the most popular among researchers, when
looking at the literature related to optical texture classification, and have been modified
by different authors. The classifications are shown as follows:
•

Forrest and Marsh 112

Table 2—11 shows the nomenclature to describe optical texture in polished
surfaces of coke according to Forrest and Marsh. The authors have done a thorough job
of defining both isotropic and anisotropic components and have subdivided the
anisotropic categories by size, shape and secondary alignments (supra-mosaics).
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Table 2—11: Nomenclature to describe optical texture in polished surfaces of cokes
according to Forrest and Marsh 112
Component of optical texture
seen in microscopy
Isotropic
Very fine-grained mosaics
Fine-grained mosaics
Medium-grained mosaics
Coarse-grained mosaics

Abbr.

Size

I
VMF
Mf
Mm
Mc

Supra-mosaics

SM

Medium flow anisotropy
Coarse-flow anisotropy
Acicular flow domain anisotropy
Flow domain anisotropy
Small domains
Domains, isometric

MFA
CF
AFD
FD
d
D

No optical activity
<0.5 μm
<0.1 >0.5 μm in diameter
<5.0 >1.5 μm
<10.0 >5 μm in diameter
Mosaics of anisotropic carbon orientate in the same direction
to give a mosaic area of isochromatic color
<30 μm length <5 μm width
<60 >30 μm in length; <10>5 μm in width
>60 μm in length; < 5 μm in width
>60 μm in length; <10 μm length
<60 >10 μm in diameter
>60 μm

•

Oya et al.8 (Marsh as a co-author)

Table 2—12 shows the nomenclature that Oya et al.8 and classifies the textural
component at each point by size and shape of the isochromatic units. The quantitative
assessment of the optical texture of the green coke was done using a point-counting
technique

113

. In addition, Oya et al. 8 devised a scheme of weighing the importance of

these optical textures.
To calculate the optical texture index (OTI), the following formula was used:
OTI =

∑ A * (OTI )
i

100

i

where Ai is the percentage of each anisotropic unit and

(OTI) is the specific factor of each isochromatic unit assigned according to isotropicanisotropic properties and the size and the shape of each anisotropic unit, and thereby
suggesting the importance of large and elongated textures.
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Table 2—12: Optical textural components of cokes 8
Textural component
Isotropic
Fine mosaics
Medium mosaics
Coarse mosaics
Small domains
Domains

Symbol
I
fM
mM
cM
d
D

Granular flow

Gf

Flow anisotropy
Flow domains

F
FD

Assignment
No optical activity
<1.5 μm
1.5-5.0 μm
5.0-10.0 μm
10-60 μm
>60 μm
Composed of elongated isochromatic units of coalesced
mosaics
Elongated isochromatic units of variable size
>10 μm width; >30 μm length

OTI
0
1
3
5
20
30
20
20
30

Two independent groups of authors have applied or slightly modified the
nomenclature shown by Oya:
Vivero et al.

114

used a nomenclature similar to that displayed by Oya8. The

textural components described, isotropic, fine mosaic, mosaic, granular flow and flow,
are included in the analysis; however, Vivero et al.114 do not show a complete description
of the textural components. The similarity in textural components between Vivero

114

and Oya 8 suggest that Vivero modified the textural components shown by Oya 8.

•

Marsh and Latham 30

Marsh and Latham’s nomenclature, shown in Table 2—13, to describe the optical
texture in green cokes appears to have been a modification to Forrest and Marsh’s
classification, to which optical texture factors have been assigned. The OTI factors are
similar to Oya et. al except that the 5.0 to 10.0 coarse grain mosaic has been increased.
Fernandez et al.115, whose work has not been co-authored by Marsh, follows the
same description in his work.
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Table 2—13: Nomenclature to describe optical texture in cokes 30
Component of optical texture seen in
microscopy
Isotropic
Fine-grained mosaics
Medium-grained mosaics
Coarse-grained mosaics
Supra-mosaics
Small domains
Domains
Medium flow anisotropy
Coarse-flow anisotropy
Flow domain anisotropy

•

Abbreviation
I
Mf
mM
Mc
Ms
d
D
MFA
CFA
FD

Size

OTI

No optical activity
<1.5 μm
1.5-5.0 μm
5.0-10.0 μm
Aligned mosaics
10-60 μm
>60 μm
<30 μm length <5 μm width
30-60 μm length 5-10 μm width
>60 μm width; >10 μm length

0
1
3
7
10
20
30
7
20
30

Ruiz et al.116 (Marsh as a co-author)

Table 2—14 shows the optical texture components for the green coke.
textural components shown by Ruiz et al

The

116

, are similar to the textural components

described by Oya et al 8; the difference is that Ruiz does not have granular flow Gf as a
textural component and the flow textures have different dimensions.

Ruiz et al.116

described the isotropic texture as unreacted pitch.
Table 2—14: Optical texture components for the green coke 116
Optical textures
Isotropic (I)
Fine mosaics (Mf)
Medium mosaics (Mm)
Coarse mosaic (Mc)
Small domains (d)
Domains (D)
Flow textures (F)
Flow domains (FD)

Size
--< 1.5 μm
1.5-5 μm
5-10 μm
10-60 μm
>60 μm
Length <20 μm, Width <10μm
Length <20 μm, Width >10μm

Alvarez et al.117 and Menendez et al.118,

119

, two groups of independent

researchers, followed this nomenclature, as well (Table 2—14).

Similar textural
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categories were used by Menendez et. al 120 in other publications in which they combined
flow textures and flow domains into flow domain (FD), the size of this isochromatic unit
being >60 μm long and <10 μm wide. The Menéndez modifications are shown in
Table 2—15.
Table 2—15: Optical texture according to Menéndez et al. 120 for the green coke
Optical textures
Isotropic (I)
Fine mosaics (Mf)
Medium mosaics (Mm)
Coarse mosaic (Mc)
Small domains (d)
Domains (D)
Flow domain (FD)

Size
--< 1.5 μm
1.5-5 μm
5-10 μm
10-60 μm
>60 μm
Length >60 μm, Width <10μm

Milenkova et al.121 modified the nomenclature shown by Menendez et al.120 and
Ruiz et al.116.
•

Francisco Rodriguez-Reinoso and co-workers

Rodriguez-Reinoso, a prominent researcher in this field, has followed the texture
reported by Marsh et al113. In some publications he has co-authored, he has not shown in
detail the breakdown in the size of the isochromatic units of the analyzed cokes; however,
this author has made a clear distinction between isotropic and anisotropic texture 3, 35, 109,
122

. Narciso-Romero et al.113 (co-authoring with Francisco-Reinoso) followed Oya’s

classification.
The optical texture classifications corresponding to the following authors have
been used only by themselves; they haven’t been widely used by other authors.
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However, some of the textural names show a similarity to those shown by Marsh. For
convenience, they are referred to as independent researchers.
•

Krebs et al.123

Table 2—16 shows the classification of anisotropic texture in green cokes
according to Krebs et al. The smaller anisotropic units (mosaics) remain similar to those
shown by Marsh and Mochida 7, 111. However, Krebs’ classification scheme is unique in
its description of an aspect ratio of flow anisotropy where the length of the isochromatic
unit is three times the width.
Table 2—16: Classification of anisotropic texture 123
Optical texture
Isotropic
Fine grained mosaics
Medium-grained mosaics
Coarse-grained mosaics
Weak flow anisotropy
Medium flow anisotropy
Strong flow anisotropy

•

Abbreviation
I
Mf
Mm
Mc
Fw
Fm
Fs

Size (μm)
No optical activity
<1.0
1.0-5.0
5.0-20.0
< 5 in width; length=3*width
5-10 in width; length=3*width
>10 in width; length=3*width

Laurent et al.124

Table 2—17 shows the classification of optical textures for green cokes according
to Laurent et al. Laurent’s optical texture description for isotropic and mosaic has
followed Marsh; mosaics (fine, medium and coarse-mosaics) categories were combined
and reported as 1-10 microns. The fibre texture keeps the same ratio of length/width
equal 3, similar to the description given by Krebs 123. The description of massive texture
has not been explained in detail, but clearly groups the larger domains identified by other
classification schemes.
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Table 2—17: Classification of optical textures 124
Optical texture
Isotropic
Mosaic
Fibre
Massive texture

•

Description and Size (μm)
Size smaller than the resolution of the microscope (0.5 microns)
More or less circular anisotropic domains, 1-10 μm in diameter
Elongated anisotropic domains with a length/width ratio > 3
Large anisotropic domains, up to a few tens of micrometers in size

Grzyb et al.125, 126

Grzyb et al. did not show any further explanation about the classification of
optical textures. The given classification is very general: isotropic, mosaic and flow
domain; the size of the isochromatic units was not reported.
•

Machnikoski et al.127

Table 2—18 shows the classification of optical texture according to Machnikoski
et al. This classification has been used in other publications where Machnikoski has been
a co-author

128-131

. Machnikowski divided the classification in two according to the

length to width ratio similar to Laurent124 and Grzyb125, 126. Further, Machnikoski does
not report the isotropic texture which has been previously used by Marsh, RodriguezReinoso and other independent researchers.
Table 2—18: Classification of optical texture constituents according to Machnikoski et
al.127 for the green coke
Type of constituent
Mosaics (M)
Large mosaics (LM)
Isometric
(length to width ratio <3)
Small domains (SD)
Domains (D)
Flow domains (FD)
Short fibrous (SF)
Anisometric
(length to width ratio >3)
Coarse fibrous (CF)
Fine fibrous (FF)

Description
< 10 μm
10-30 μm
30-60 μm
>60 μm
Large, partly deformed units
Length <60 μm
Length >60 μm, width >10 μm
Length >60 μm, width <10 μm
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•

Eser 67, 132

Eser’s main contribution is the simplicity and clarity in the optical texture
classification in coke samples and is similar to the one developed by Menendez et al.120
and Marsh.
Eser grouped the mosaic textures, simplifying the classification given by
Menendez120. The main difference between these two authors is the isotropic texture,
which has not been reported by Eser; the isotropic texture having been reported by
Marsh, Rodriguez-Reinoso, Menendez

120

and other independent researchers. However,

in a further publication, Eser added isotropic texture as a part of the optical textures

17

;

the definition of optical texture index is shown in Table 2—19. One slight difference
between these two authors is the isochromatic unit size of flow domain; Eser reports flow
domain width >10 μm while Menendez reports flow domain w<10 μm.
Table 2—19: Definition of optical texture index to characterize the optical textures of
coke samples.

Mosaic
Small domain
Domain
Flow domain
W=width; L=length

Size (μm)
<10
10-60
>60
L>60; W>10

Index (OTI)
1
5
50
100

Eser and Andrèsen’s classification17 is a modification from Oya et al.8 (see
Table 2—20). Eser and Andrèsen 17 modified some of the components’ names and sizes.
Eser and Andrèsen

17

explained that when a phase retardation plate is used in a

polarized-light microscope, isotropic regions are seen as light purple areas that represent
the lack of any structural order in units larger than 0.5 μm (which is the resolution of the
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microscope); anisotropic structures display dark purple, blue and yellow. In the absence
of a phase retardation plate, the anisotropic regions appear as different gray levels.
Table 2—20: Classification and description of the optical texture of green cokes as
observed by polarized-light microscopy using a retardation plate 17
Textural component
Isotropic
Anisotropic
Fine mosaics
Medium mosaics
Coarse mosaics
Small domains
Domains
Flow domains

Description
Uniform, light purple color
Dark purple, yellow, and blue areas of varying shape and size
0.5-1.5 μm
1.5-5.0 μm
5.0-10.0 μm
10-60 μm
>60 μm
>10 μm width; >60 μm length

Fickinger et al.133

•

The classification of the optical texture components of cokes is a modification
from Oya et al.8 (Marsh), by Eser 67 and Menendez120. The point counting was performed
on the semi-coke (THF-insoluble).
Fickinger basically used the optical texture classification scheme devised by
Eser

67

with two modifications; inclusion of an isotropic carbon category and changing

the flow domain to elongated textures of <10 microns width. The classification is simple,
making it possible to carry out point counting in a high volume of samples, is clear and
covers the size and shape categories used by Marsh, Rodriguez-Reinoso and many other
independent authors. The classification reported by Fickinger et al.133, and shown in
Table 2—21, was employed to describe carbon forms and textural difference in cokes
made from petroleum-derived residues in laboratory-scale reactors.
Mochida has not reported isotropic texture; however, he had referred to isotropic
regions in some publications 56as uncompleted carbonization.
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Table 2—21: Petroleum-derived textures

Isotropic
Mosaic
Small domain
Domain
Flow domain

Size (μm)
No optical activity
<10
10-60
>60
L>60; W<10

2.8.1.2.2 Classification of textures for cokes derived from petroleum and coal

The following classification, as is shown in Table 2—22, was used by Ruiz et al.
as the result of blending green petroleum coke with coal in a 1:1 ratio and carbonizing in
a horizontal electric furnace under nitrogen to 1173K. The heating rate was 5 K min-1,
with a reaction time of 10 min116. Ruiz et al. did not find much interaction between coal
and green petroleum coke.
In distinction from Ruiz et al., The EMS Energy Institute at The Pennsylvania
State University (EI) has been exploring the blending of petroleum and coal, prior to their
carbonization, and with other objectives; instead of exploring the improvement of the
metallurgical coke, the EI has been exploring the improvement of the co-coke.
Petroleum feedstock and coal are blended and then co-coked.

The

characterization of the co-cokes requires a unique optical texture description, due to the
novelty of the products. The description has been reported elsewhere in general133, 134
and in detail

4, 135

. So, in addition to the petroleum-derived textures shown in Table 2—

21 can be added the descriptions of coal-derived components as shown in Table 2—23.
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Table 2—22: Optical texture analyses of cokes from blends of coal and petroleum
coke116
Optical textures
Isotropic (I)
Fine mosaics (Mf)
Medium mosaics (Mm)
Coarse mosaic (Mc)
Small domains (d)
Domains (D)
Flow textures (F)
Flow domains (FD)
Inertinite (In)
Mineral matter (MM)

Size
--< 1.5 μm
1.5-5 μm
5-10 μm
10-60 μm
>60 μm
Length <20 μm, Width <10μm
Length <20 μm, Width >10μm
-----

Table 2—23: Distribution of coal-derived textures 4
Optical textures
Vitrinite-derived Mosaic
•

Enhanced

•

Non-enhanced
Isotropic vitrinite
Inertinite-derived
texture
Mineral Matter

Description
The characteristic 0.5-2.0 μm diameter isochromatic units typically generated
during carbonization of vitrinite of high volatile bituminous coals.
During co-carbonization with decant oil the isochromatic areas of bituminous
rank vitrinite become enhanced (approximately >between 2.0μm)
During co-carbonization with decant oil the isochromatic areas of bituminous
rank vitrinite that do not become enhanced (generally <2.0μm)
When vitrinite do not develop a mesophase during carbonization and therefore
may remain isotropic
Angular and irregular shaped particles trapped in the vitrinite or petroleum
residua matrix. It may or may not display remnant cell structures and is mostly
isotropic
Remnant particles of coal-derived mineral matter that usually includes clays,
pyrite, quartz and carbonate materials

The use of different terminology among different authors confuses the reader and
one may think there is a contradiction; however, there is no contradiction.

The

terminologies that eliminate the apparent contradiction are carbonization completion,
complete conversion into mesophase, and higher degree of carbonization. The authors
using this terminology are three of the major researchers in the field, Mochida,
Rodriguez-Reinoso and Menendez136. An attempt to correlate the different concepts used
among these authors is made here.
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Carbonization completion (used by Mochida)43 means the point at which all

isotropic texture has turned into anisotropic texture, in other words, when mesophase is
one hundred percent.
According to Menendez11, the equivalent word to carbonization completion is
when the feedstock undergoes a complete conversion into mesophase, meaning that
there is no more isotropic material (remaining pitch) surrounding mesophase spheres; the
complete conversion into mesophase requires longer reaction times and/or higher
temperatures.
According to Rodriguez-Reinoso35 (authoring with Martinez-Escandell), optimum
values of reaction conditions (T, P and t) are defined as those values at which the
mesophase percent is higher when compared to that obtained under different conditions.
This means that at optimum reaction conditions the degree of carbonization is higher
compared to other reaction conditions. They have reported that the mesophase formation
increases as the carbonization time increases.
As the result of comparing the terminology of these three authors, it is inferred
that the feedstock suitable to get a good coke is the one whose carbonization completion
needs lower reaction times and temperature (this is not an influence in this particular
work since the working temperature is constant) at a given pressure, provided that these
are reaction conditions within the range of the delayed coking process. This conjecture is
supported by Dr. John Chang from GrafTech, whose experience has shown that a
feedstock suitable to produce needle coke needs around 13 h to reach the complete
carbonization; others might need longer times, i.e. 24 h or more21.
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However, not only the carbonization completion or mesophase formation
identified as anisotropic texture when viewed under polarized-light microscopy is
important137; the size of these textures or isochromatic units is equally important111.
Therefore, in this work, the best suitable feedstock is the one whose coke has
reached the highest degree of carbonization or highest mesophase content when
compared to other cokes derived from a different feedstock at a certain given time and
pressure.

When cokes coming from different feedstocks show 100% anisotropy or

comparable anisotropy percentage, the more suitable feedstock to produce premium coke
is the one which has larger isochromatic units.

2.8.1.3 Correlation of anisotropy (based on optical microscopy) with coefficient of
thermal expansion (CTE)

A correlation of anisotropy (based on optical microscopy) has been made with
CTE111. This anisotropy has been correlated with XRD parameters such as Lc; this will
be shown in section 2.8.2.2.
The significance of coke CTE is crucial because this property determines the CTE
of graphite electrodes, and the performance of an electrode in the electric arc furnace
depends on the value of the CTE

138

. The industry reports “coke CTE” as the CTE of a

test rod formed by extruding a mix of milled coke flour with hot coal-tar pitch, baked,
and then graphitized at close to 3000°C138. The rod preparation conditions, as well as the
different range of measurements vary, from laboratory to laboratory, making the CTE
values not comparable. Some researchers have measured the CTE of the calcined coke
itself7,

111

or of molded and baked but not graphitized specimen138.

The CTE
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measurements on calcined coke itself or on baked specimens are less commonly used
than the CTE measurements on graphitized rods; besides, the flour-based graphitized test
rod method is the one accepted 138.
Mochida et al.

7, 111

evaluated the optical anisotropy (by point counting) of lump

coke after calcination. Mochida et al.

111

plotted the CTE values of cokes against their

contents of F and FD texture; this is shown in Figure 2—4. A fairly linear correlation is
observed. The CTE value was determined on the calcined coke and the temperature
range is room temperature to 100°C.

Figure 2—4: A relation between CTE and content of flow and flow domain texture of
the cokes 111
F=20.0-60 μm and FD= >60μm

Mochida et al.7 have found a quantitative correlation between anisotropic texture
and CTE. They have reported that CTE value of the coke is qualitatively correlated to
anisotropic development described by the classification of anisotropic units according to
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their shape and size. The content of all flow textures in the coke is compared to its CTE
value in Figure 2—5. The greater content of flow texture tends to give smaller CTE,
however, some exceptions exist.

The main difference between Figure 2—4 and

Figure 2—5 is in the size of isochromatic units. In Figure 2—4, the correlation with CTE
is carried out with isochromatic units from 20 to 60 microns while in Figure 2—5, the
correlation is carried out with isochromatic units > 60 μm.

Figure 2—5: Relation between content of flow texture and CTE of the lump cokes 7
Despite being able to obtain a CTE value range for needle coke as reported in
Table 2—7 and having the CTE values calculated from the flow texture content obtained
from optical microscopy, the values are not comparable. The CTE test reported in
Table 2—7 is made on a graphitized rod while the second CTE reported in Figure 2—5 is
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measured on the calcined coke. Despite of this inconsistency, one can say indeed, the
more flow domain content, the lower the CTE value.

2.8.2 X-ray diffraction (XRD)

This subchapter is divided in two sections: fundamentals of X-ray diffraction and
X-ray diffraction’s application to correlate with optical microscopy data (anisotropy).

2.8.2.1 Fundamentals of X-ray diffraction

In X-ray diffraction a beam of X-rays is incident on a specimen and is diffracted
by the crystalline phases in the specimen. The intensity of the diffracted X-rays is
measured as a function of the diffraction angle 2θ and the specimen’s orientation139. The
relationship between the wavelength of the X-ray beam, λ, the angle of diffraction, 2θ,
and the distance between each set of atomic planes of the crystal lattice, d, is given by the
Bragg equation:
nλ=2d sin θ
where n represents the order of diffraction. From this equation, interplanar distances of
the crystalline material can be calculated 139, 140.
X-ray powder diffraction was used here to obtain information about the structure,
composition, and state of crystalline materials.

Some more specialized uses are

determination of thickness of thin films and multilayers, and atomic arrangements in
amorphous materials (including polymers) and at interfaces 140.
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When X-rays or neutrons are scattered by a crystal, the periodic array of
scattering sites leads to directions around the scattering material in which the incoming or
incident plane waves scatter constructively or in-phase. The positions, intensities and
shapes of these peaks are related to the crystal structure (peak position and intensity) and
physical state (peak shape) of the material, as well as to the experimental measurement
parameters; shape can sometimes be characterized by the full width at half maximum
(FWHM) 141.
XRD is non-destructive and the detection limit is material-dependent, but around
3% in a two-phase mixture. The samples may be powders, solids, films, or ribbons. The
minimum amount of material required is a few milligrams; however, greater accuracy is
achieved if up to a gram of the sample is available139, 140.

2.8.2.2 Application of X-ray diffraction to estimate anisotropy

Oya et al.8 suggest that anisotropic carbons of increasing size of optical texture, in
the range of size indicated, are increasingly graphitizable 8. Hence, it is expected that
cokes whose carbon textures have no optical activity when viewed at the microscope or
exhibit low crystallographic order, are decreasingly graphitizable.
Oya et al.8 tried to correlate anisotropic content (from optical microscopy) with
Lc and d002 (from XRD), as is shown in Figure 2—6 and Figure 2—7. The anisotropic
content used by Oya et al. is the percentage of anisotropic carbon of all sizes8. There is a
broad band showing that increased percentages of anisotropic carbon are associated with
deceased interlayer spacing and increasing crystallite height.
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The broad correlation between Lc and anisotropic content found by Oya has been
confirmed by other authors. Alvarez et al.9 showed that as carbonization and the growth
of mesophase progress, there is an increase of the stack height Lc of the lamellar
structure.

Figure 2—6: Variation of anisotropic content with diffraction angle and interlayer
spacing for all cokes 8

Figure 2—7: Variation of anisotropic content with half-peak width and crystallite
height for all cokes 8
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The next chapter shows the different methods used to fulfill the objectives of the
current work. These methods are in agreement with the ones that researchers related to
the fields have used, as covered in the current chapter of literature review.
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Chapter 3
Methodology

Methodology is divided into several sections.

Section 3.1 discusses the

hydrotreating conditions that a raw decant oil EI-107 endures to give origin to six
hydrotreated versions of decant oil; all hydrotreated decant oils were directly derived
from EI-107. Section 3.2 shows the procedure for coal. Selection and cleaning of the
coal and section 3.3 contains the methodology used to experienced carry out decant oil
and coal characterization.
The pyrolysis of the starting material or feedstock was performed at a laboratory
scale, using tubing bombs at a constant temperature and operated under atmospheric
pressure or as a closed system, meaning that the pressure was autogenous. The pyrolysis
was also carried out in a pilot-scale coker (PSC). The procedure is shown in section
3.4.2.

The methodology used to calculate the solubility parameters of the coal and
decant oil is reported in section 3.5 and the methodology to characterize the semi-cokes
and handling of the cokes obtained in the PSC are described in section 3.8.

3.1 Hydrotreating of the decant oils

Hydrotreating is by far the most common upgrading process found in most
refineries. It has two basic functions: One is to improve the characteristics of finished
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products so that they meet specifications in terms of quality and emission standards
(sulfur content in particular) and the second, to reduce unsaturated compounds (aromatics
and polyaromatics)142.
The fresh decant oil was received from United Refining Co, Warren, PA. The
decant oil, shipped from United Refinery, was sent to Intertek-PARC, Harmarville, PA
for hydrotreating. The decant oil was hydrotreated under three different conditions.
Since the hydrotreated decant oils were obtained directly from the original decant oil, the
chemical structures should be related in this series. The hydrotreatment conditions of the
decant oil are reported in Table 3—1. As the sample identification number increases, the
degree of hydrotreatment increases.
Table 3—1: Hydrotreatment information of the decant oil
Pressure
Temperature,
LHSV*
H2 consum.
psig
°F
h-1
(SCF/Bl**)
EI-107
--------EI-132***
600
568
1.02
750
EI-133
600
606
0.98
908
EI-134
600
624
0.75
1100
EI-135
600
675
0.74
1150
EI-136
600
650
0.50
1167
EI-137
1200
750
0.51
1268
EI-138
1200
734
0.51
1300
EI 107: raw decant oil
*LHSV: Liquid-hour space velocity
**SCF/Bl: Standard cubic feet / barrel
***EI-132 was not characterized since it was not provided by PARC.
Sample ID

The catalyst used for the hydrotreatment of the decant oils was Criterion NiMo
Syncat-37143. A sulfiding procedure was provided by the catalyst vendor and modified to
fit PARC’s unit; the Syncat-37 catalyst was received pre-impregnated with a sulfur
compounds143.
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The run feed was set at 5500 g/h (about 1 LHSV) and the inlet hydrogen rate at 75
scf/hr (2,400 scf/bbl). The gas purity of hydrogen was 98%. The unit pressure was kept
at 600 psig for runs EI-132 through EI-136 and was increased to 1,200 psig for runs EI137 and EI-138144.
The decant oil was processed for ten days. The feed was processed at seven
different conditions representing seven levels of severity. The results for the first four
runs, EI-132 through EI-135, showed difficulty in the sulfur removal. Since the first
drum of product (EI-132) did not achieve the desulfurization target level, it was decided
to re-pass it at a reduced feed rate. The desulfurization level achieved was 82% for the
drum of product, EI-135. Therefore, it was decided to increase the reactor pressure to
1200 psig rather than reduce the feed rate further to achieve a target of about 95%
desulfurization.

Runs corresponding to EI-136 and EI-137 achieved desulfurization

levels of 88 and 99% respectively. A decrease in reactor temperature was made in run
EI-138 to attempt to produce a product with a lower desulfurization level that the 88% of
run EI-136; however, the product maintained 99% desulfurization in the limited time
remaining144. Table 3—2 shows the feedstock that gives origin to the different decant
oils.
Table 3—2: Feedstocks giving origin to the different decant oils
Comments

Started second pass of drum 1*
Started raising pressure
*Drum 1 = EI-132

Feedstock
EI-107
EI-132
EI-133
EI-134
EI-132
EI-136
EI-137

Decant oil
EI-132
EI-133
EI-134
EI-135
EI-136
EI-137
EI-138
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The catalyst was not changed throughout runs. The hydrotreater is a large pilot
plant which holds 5.5 L of catalyst in total between two reactors. Catalysts typically have
a more rapid aging during the first few days on stream, which can include changes in
selectivity145, for instance, a fresh nickel-molybdenum catalyst can hydrogenate one or
two rings whereas an aged catalyst hydrogenate only one ring145.

More complete

information about the hydrotreatment of the decant oil has been reported elsewhere144.

3.2 Coal selection and cleaning

In past investigations of co-coking, the good behavior of Powellton coal was
shown36; good behavior refers to its better interaction with petroleum feedstock when
compared to other coals of lower fluidity. For the current research, Powellton coal was
going to be the selected coal; however, coal mined strictly from the Powellton seam is no
longer available. Therefore, a blend of Eagle and Powellton was used here, since the
mine is delivering the coal as this blend. Fickinger36 determined the properties of Eagle
coal in her MS thesis and found that Eagle has similar properties to those of Powellton,
such as proximate analysis, elemental analysis and temperature of maximum fluidity.
The Eagle/Powellton coal was shipped from the Markfork Cleaning Plant, Boone
County, West Virginia. Two different versions of the Eagle/Powellton coal were shipped
from Preptech Inc. This company split the Eagle/Powellton coal by particle size and
density. Preptech Inc. shipped two buckets which are slurries of about 15-20% solids.
These two buckets contain:

75
•

Cleaned coal coming from a column flotation cell. This sample has slightly lower
ash yield.

•

Cleaned coal coming from a conventional flotation cell. This sample has slightly
higher ash yield.
The coal used in the current work is the one coming from the column flotation

cell, which has been separated by particle size and density during mechanical cleaning.
The particles are finer than 150 μm.
In order to dry the coal, the Eagle/Powellton (slurry of about 15-20%) was filtered
under vacuum and placed in a drying oven at about 50°C for 5-8 h, followed by drying at
ambient temperature for 9 hours. The sample was de-agglomerated by pushing the
partially dried coal through a 10-mesh sieve followed by a heating at 50°C for another 5
h and drying at ambient temperature for 13 h. The sample was homogenized and split
into ten separate aliquots and kept in ten foil laminate bags under argon gas; each bag
contains 2.2 kg on average.

3.3 Characterization of the feedstock

This section shows the methodology followed to characterize the original decant
oil and its hydrotreated versions as well as the coal.
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3.3.1 CHN Elemental Analysis

The LECO 600 CHN analyzer was used to measure total carbon, hydrogen and
nitrogen contents in the decant oil, coal and several coke samples. The amount of oxygen
was obtained by difference. The solids (coal and cokes) were milled to obtain a particle
size less than 60 mesh. This method follows the ASTM designation D 4625-86146.

3.3.2 Total Sulfur Determination Analysis

The LECO SC 132 analyzer was used to measure total sulfur content in coal,
cokes and decant oils. The solids (coal and cokes) were milled to obtain a particle size
less than 60 mesh. This method follows the ASTM designation D 5016-08147.

3.3.3 Automatic Determination of Proximate Analysis

The LECO MAC-400 analyzer was used to measure moisture, volatile matter and
ash content by the loss of weight of the samples, after having been heated under
atmospheric conditions. This method follows the ASTM designation D 5142-04148.

3.3.4 Nuclear Magnetic Resonance – NMR

The equipment used is a liquid-state NMR spectrometer with imaging
capabilities. The samples were analyzed on a Bruker AMX 360 NMR operating at 9.4
Tesla and 70° tip angle. Deuterated chloroform, CDCl3, was used as a solvent. Samples
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were dissolved in a 1/1 volume ratio in CDCl3 containing 1 vol% of tetramethylsilane
(TMS) as an internal standard.
Sections 3.3.4.1 and 3.3.4.2 show the different parameters used for 1H NMR and
13

C NMR, respectively.

3.3.4.1 1H NMR

The parameters are: TD, time domain 16,384; NS, number of acquisitions 256;
D1, recycle delay 5 s and; P1, pulse width 5 microseconds.
The different proton types producing absorption in the 1H NMR spectrum were
defined by the following chemical shift ranges (relative to TMS): aromatic protons, 6.2
to 9.2 ppm; α-protons on alkyl side chains, 4.5 to 6.0 ppm; β-protons on alkyl side
chains, 1.7 to 4.4 ppm; γ-protons on the terminal CH3 groups, 0.7 to 1 ppm149,

150

.

Olefinic proton absorptions (4.5-6.0 ppm) were ignored since none of the samples
produced significant absorption in this region.

3.3.4.2 13C NMR

The parameters are: TD, time domain 65,536; NS, number of acquisitions 1024;
D1, recycle delay 2 s and; P1, pulse width 8 microseconds.
The peak assignments followed here are those reported by Rodriguez et al.151.
The different carbon types producing absorption in the 13C NMR spectrum were defined
by the following chemical shift ranges: remote CH3 and α-CH3, 11 to 22.5 ppm; CH2,
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benzylic (Ar-CH2-Ar), 22.5 to 37 ppm; CH alkyl groups, CH naphthenic, 37 to 60 ppm;
N-aliphatic, 60-65 ppm; O or S-aliphatic, 65-75 ppm; olefinic, 108-118 ppm; internal
quaternary aromatics, 118-128 ppm; protonated aromatic, 128-135 ppm, naphthenic
substituted aromatics, 135-138; heteroatom-containing aromatics, 138-160 ppm.

3.3.5 Gas Chromatography / Mass Spectrometry (GC/MS)

The analysis was carried out for the original decant oil and its hydrotreated
versions. No pre-treatment was necessary since the asphaltene content was shown to be
very low, so that the GC/MS column was not in jeopardy.
All decant oils injected into the GC/MS were prepared as follows: Approximately
0.02-0.03 grams of the distillate were diluted in approximately 1 gram of
dichloromethane. The injection volume was 1.0 μL.
A GC-17A Shimadzu gas chromatograph and QP-5000 mass spectrometer
(GC/MS) containing an XTi-5 column from Restek (30m x 0.25mm x 0.25 μm) was
used. The instrument was programmed to run at 40°C, held for 4 min, and then ramped
up to 180°C at a rate of 20°C/min. It was then ramped up to 310°C at a rate of 4°C/min
and held for 10min. The injector and detector temperature is 290°C, split ratio 15:1,
carrier gas He and column flow 1mL/min.
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3.3.6 Asphalthene content

The asphaltenes were quantified for the decant oils and correspond to their
heptane-insoluble fraction. This method follows the ASTM designation D 3279-07152.

3.3.7 Density

This method follows the ASTM designation D 1217-93153. The density was
calculated as follows,
The volume of the pycnometer was calculated:
pycnometer wt.( g ), empty = A
pycnometer wt.( g ) + water = B
water , wt ( g ) = B − A = C
C
pycnometer volume(mL) =

= V pycnometer

ρ H 2O

Having the pycnometer volume, the density of the decant oil (ρ) was calculated:
pycnometer wt.( g ) + decant oil = X
decant oil ( g ) = X − A = Y

ρ decant oil ( g ) =

Y (g)
V pycnometer (mL)

The ambient temperature was recorded for further corrections for the API gravity
calculation shown in Equation 3-1, which is used to convert density into API gravity.
° API =

141.5
− 131.5
sg 60°F

3-118

sg 60F is the specific gravity at 60°F; sg= ρ (g/mL) DO / ρ (g/mL) H2O; ρ (g/mL) H2O = 1 g/mL
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The API was corrected from the observed temperature to 60°F using Table 5A154:
Generalized crude oils correction of observed API gravity to API gravity at 60°F.

3.3.8 Preparative Liquid Chromatography (PLC) and Gas Chromatography-Mass
Spectrometry– PLC-GC/MS

A PLC method was used to fractionate the decant oil by chemical class into eight
fractions: five non-polar (saturates, monoaromatics, diaromatics, triaromatic, polynuclear
aromatics), one intermediate polar (resins), and two polar fractions (asphaltenes and
asphaltols). The method used here was developed by Griffith et al.155 which is in turn
modification of Karam et al.156. The procedure is as follows:
- 300 mg of sample were dissolved in a minimal amount of tetrahydrofuran,
stirred with 2g of silica gel (Merck, grade 10181, 35-70 mesh) pre-activated for 4 h at
180°C and then the solvent was evaporated.
- A 50 cm x 11 mm (ID) glass column fitted with a Teflon stopcock was slurry
packed. A plug of glass wool on the end and a layer of white sand on the top were used
to support the solid adsorbent. The slurry packing was performed by first adding the preactivated silica gel (18 g) into a beaker containing hexane (60 mL), swirling the beaker
and pouring the slurry into a draining column previously filled about one-third full with
hexane. The column was mechanically agitated.
- The sample-coated silica gel was placed on the column. The elution was
performed with the mobile phases and the volume listed in Table 3—3. The flow rate at
the column outlet was maintained at 1.2 mL/min.

10 mL fractions were collected
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manually in 20 mL vials. The solvents were evaporated until a constant weight was
obtained.
Table 3—3: Solvents used for the separation of the components of the decant oil
Fraction

Fraction eluted

F1
F2
F3
F4

Saturated hydrocarbon
Monoaromatic hydrocarbon
Diaromatic hydrocarbon
Triaromatic hydrocarbon
Polynuclear Aromatic
hydrocarbon
Resins
Asphaltenes
Asphaltols

F5
F6
F7
F8

Volume
(mL)

Vials

Hexane
Hexane
11.5% v/v benzene in hexane
32% v/v benzene in hexane

40
27
36
24

1-4
5-7
8-11
12-14

32% v/v benzene in hexane

25

15-17

3:4:3 v/v benzene/acetone/CH2Cl2
2:8 v/v acetone/THF
Methanol

65
60
65

18-23
24-29
30-35

Eluent

Figure 3—1 shows a diagram of the methodology.

Once the solvents were

collected in different vials, solvents were evaporated in a hood until a constant weight
was obtained. The weight of each vial was recorded. Compounds present in vials which
the weight was above 20mg were analyzed, and the compounds were identified by
GC/MS, following the procedure explained in section 3.3.5.
The vials which contained compounds of the same group, i.e. saturated
hydrocarbons were combined, as is shown in Table 3—3. Then,
W0 = initial sample weight (mg ) ≈ 300mg

∑vial1 compound (mg )
vial 4

F1(%) =

W0

* 100

The recovery was higher than 90% for all fractions.
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1. Add
slurry a

THF to dissolve
sample
300 mg
of sample
Pre-activated
silica gel

Slurry a:
18 g pre-activated
Silica gel + 60 mL
hexane

Extractor
Hood
Evaporate
solvent

Beaker
mix

2. Add
slurry b

Glass
column

slurry b

Detector:
UV lamp

Record the weight
of each vial

Vial 1-7
F

Discharge
hexane

Vial 8-11

Vial 12-14

Evaporate
solvent

GC/MS

Collect samples in
different vials
according to the
liquid color

Vial 15-17

Vial 18-23

Vial 24-29

Vial 30-35
S-4

Compound identification
Carried out in each vial
-In built library GC /MS

Figure 3—1: Diagram of the methodology used to characterize the decant oils by PLCGC/MS

3.3.9 Simulated Distillation Gas Chromatography

Simulated distillation by gas chromatography (SimDist GC) was utilized to
determine the boiling-cut distributions of the decant oils. A Hewlett Packard HP 5890

83
GC Series II model was used. The column was a Restek Sim. Dist column (Carborane
siloxane polymer). This method follows the ASTM designation D 2887-06a 157.
The data obtained determined the yield by weight of any given fraction of decant
oils. All the decant oils were prepared as follows: Approximately 0.03-0.04 g of decant
oil was diluted with 1.2-1.5 grams of carbon disulfide. The samples were then placed in
the Hewlett Packard automatic injection tray. The decant oil was injected at 40°C; this
temperature was held for 4 minutes and then ramped up to 425°C at a rate of 10°C/min.
Once at 425°C, the oven was held at that temperature for 15 minutes. The total run time
was 57.5 minutes.
The average boiling point was calculated using a modified procedure followed by
Kegler48. Kegler used the boiling point by volume; however, in the simulated distillation,
the information obtained is the boiling point by weight. Then, according to Equation 3-2,
the weight average boiling point (WAPB) was calculated as follows:
WABP =

T1 + T2 + T3 + T4 + T5
5

3-2

Where:
T1= Temperature at 10 weight percent distilled
T2= Temperature at 30 weight percent distilled
T3= Temperature at 50 weight percent distilled
T4= Temperature at 70 weight percent distilled
T5= Temperature at 90 weight percent distilled
Temperatures at the 10 weight percent distilled, 30 weight percent distilled, etc,
were summed and then divided by five as is shown in Equation 3-2.
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3.3.10 Viscosity

This method follows the ASTM designation D 88-07158.

The viscosity

measurements of the decant oils were carried out by measuring the time for a volume of
liquid to flow under gravity through a calibrated glass capillary viscosimeter.

The

viscosity was measured with the Saybolt instrument. The Saybolt viscosimeter does not
measure viscosity in absolute units. Instead, results are expressed in Saybolt seconds,
which can be converted to absolute viscosity.

According to the U.S. Bureau of

Standards, viscosity in Saybolt seconds may be converted to centipoises by the following
equation:

μ = δ t [0.219t −

149.7
]
t

3-3

Where: μ= liquid viscosity, centipoises; δ t = specific gravity of liquid at
temperature of liquid; t= liquid viscosity, Saybolt seconds.
An estimate of δ t can be made using the following equation,

δ t = δ t 0 [1 + α (T0 − T )]

3-4

where δ t 0 = specific gravity of liquid measured at T0 used as a reference point and α=
coefficient of thermal expansion for crude oil with respect to T0.
α=0.0009/°C (if T0 and T are in °C)

For crude oil,
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3.4 Coking of the feedstocks

Two different reactors were used in order to coke the decant oils and the blends
decant oils/coal. A laboratory-scale coker (LSC), so-called tubing bombs, operated under
atmospheric and autogenous pressure, and a pilot-scale coker.

3.4.1 Laboratory-Scale Coker (LSC) – Tubing bombs

The raw decant oil and its hydrotreated versions, the blends of decant oils with
coal and coal alone, were heat-treated using tubing bombs. The pressure conditions were
selected in order to, first, operate under atmospheric pressure so that the working pressure
was close to that of the delayed coking process and, second, to study the viscosity effect
by keeping the carbonization products into the system, by closing the vessel, hence
operating under autogenous pressure. The temperature selected was 465°C, which was
selected in previous investigations by Fickinger36 and Escallón4; in addition, it has been
reported by Mochida et al.43 and Martinez-Escandell35 that 465 and 460°C respectively
are the best temperatures to get the best mesophase development.
Five grams of the reactants (decant oil, decant oil/coal 4:1 ratio or coal alone)
were loaded into a 25-mL vertical microautoclave reactor, commonly referred to as a
tubing bomb. The tubing bomb was sealed and purged five times with N2 to remove air,
the purging pressure being 1000 psi. The tubing bomb was leak tested at this pressure.
The reactors were sealed at gauge pressure prior the reaction. The tubing bombs were
immersed in a sand bath that had been pre-heated to 465°C, varying the reaction time at
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6 h, 12 h and 18 h. The pressure was not controlled in the experiment, so the pressure
was autogenous.
Figure 3—2 shows a schematic of the sealed reactor system. The reactor was
constructed of 316 stainless steel tubing and fitted with Swagelok weld-on fittings on
both ends.

The experiments were run in duplicate.

The coking took place under

autogenous pressure, which reached 1000-1300 psig. After having completed the desired
reaction time, the reactor was quenched in cold water. The solid was Soxhlet extracted
with pentane and THF.

Figure 3—2: Tubing reactor52
Another set of experiments was run opening the valve, releasing the gases product
of the carbonization, and assuring that experiments were run under atmospheric pressure.
For this purpose, the tubing reactor was run with a slight modification; the Swagelok
weld-on tube fitting (female) was coupled to the Swagelok weld-on tube fitting (male)
and the needle valve was opened. All experiments were run under truly atmospheric
pressure, the valve was slightly open before immersing the tubing bomb into the sand
bath and pressure was monitored for 30 minutes. The valve continued to be opened if
needed when pressure was observed in the gauge.

If at the end of any given reaction
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time, the pressure was slightly above the atmospheric pressure, the sample was thrown
out. In this reactor, the oils are condensed and returned to the bomb, since the different
temperatures along the tubing bomb allows a reflux. Different temperatures were read
along the reactor with a thermocouple; no oils were found on the top of the quick
connector, therefore, only gases are leaving the reactor. The different temperatures along
the tubing reactor operated under atmospheric pressure is shown in Figure 3—3.

Figure 3—3: Different temperatures along the reactor operated under atmospheric
pressure
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The procedure to empty the reactor is the same for atmospheric pressure and
autogenous pressure, following the methodology developed by Fickinger36 and
Gafarova159. The procedure is shown in Figure 3—4.

Figure 3—4: Methodology to empty tubing reactors36, 159
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The mass balance is shown here for tubing reactors reacted under autogenous and
atmospheric pressure.

Appendix A shows an example of yield calculation using

experimental values.

3.4.1.1 Yield calculation for tubing bombs reacted under autogenous pressure

decant oil wt.( g ) ≈ 5 = WD 0
reactor weight ( g ) = WR
reactor weight ( g ) = W−G
where, WR = reactor weight after having completed the reaction at a given
reaction time, quenched and air-dried.
W−G = reactor weight after having released the gases, then:
Gas % =

(W R − W−G )
* 100
W DO

3-5

A thimble and a filter paper were dried in an oven at 100°C and stored in a
dessicator, then weighed when constant weight was reached. The
Thimble empty = Th0
Filter paper empty = M 0
The reactor was disassembled and the products of the pyrolyzed decant oil poured
into the thimble ( Th0 ) for Soxhlet extraction with pentane. The pentane extract was
filtered and transferred into a pre-weighed flask ( Fl 0 ). The paper filter was kept. The
pentane-extracted liquid was placed in a rotary evaporator under controlled temperature
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(below 40°C) to eliminate the solvent, obtaining the pentane-soluble fraction ( FlC 2 H 5 ).
The percentage of pentane-soluble fraction is the so-called oil % .
pre − weighed flask = Fl0
Flask oil = FlC 2 H 5
Then:
Oil % =

( FlC 2 H 5 − Fl 0 )
* 100
W DO

3-6

The pentane-insolubles remaining in the thimble were Soxhlet-extracted with
THF. The THF extract was filtered using the same filter paper used to filter the pentane
extract. The idea behind filtering the extracts comes from the fact that, during the
Soxhlet extraction, some solids drop into the refluxing flask where the extract is, giving
some error in the mass balance. The filter paper containing the solids filtered from
pentane solubles and THF solubles is denoted as M P&THF solids .
The pentane-insoluble is Soxhlet extracted with THF, then:
pre − weighed flask = Fl1
Flask THF − sol = FlTHF
THF − sol % =

( FlTHF − Fl1 )
* 100
WDO

3-7

FlTHF =THF-soluble fraction after solvent removal using a rotary evaporator

The calculation of the total insolubles ( TI % ) is as follows:

TI % =

(THFIS ) + ( M IS )
*100
WDO

3-8
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where: THFIS = ThTHF − IS − Th0 and M IS = M P &THF solids − M 0
ThTHF − IS and M P&THF solids were heated to 110°C for 1 h, stored in a dessicator
and the weight recorded when they reached a constant weight. TI % is only used for
determination of yield % while THF−IS or semi-coke is used for further analysis; the
characterization of the THF−IS (so-called coke) is shown in section 3.8.
The sum of the yields was not exactly 100%, so that,

Total yields = Gas% + Oil % + THF −sol % + THF −IS % = (100 ± i )%
where i = ±4 . Then, the percentage of each yield was normalized. Equation 3-9
shows an example of normalization for the gas yield.

Each yield percentage was

normalized as shown in Equation 3-9.
Gas yield % normalized =

Gas% *100%
(100 ± i )%

3-9

3.4.1.2 Yield calculation for tubing bombs reacted under atmospheric pressure

decant oil wt.( g ) ≈ 5 = WD 0
reactor weight ( g ) = WBR
reactor weight ( g ) = W AR
Where, W BR = reactor weight before the reaction
W AR = reactor weight after having completed the reaction:

Gas% =

(WBR − WAR )
*100
WDO

3-10
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The yield calculation for oil, THF-sol and THF-IS, as well as normalization,
proceeded in the same way as described in section 3.4.1.1.
When coal was added, a slight modification was made to the initial weight:
W B = WDO1 + WCOAL ≈ 10 g , where W DO1 = 8 g ;WCOAL = 2 g . The mixture was

stirred and then, 5g of blend was poured into the bomb, then W BLEND ≈ 5 g
The calculations to obtain the yields of the blends reacted under autogenous and
atmospheric pressure followed the equations shown in sections 3.4.1.1 and 3.4.1.2.

3.4.2 Pilot Scale Coker

The reactor used was the pilot scale coker (PSC) that was used in past
investigations

160

; this unit was designed and built in-house by researchers and staff at

The EMS Energy Institute, similar to a unit operated by Intertek-PARC, Harmarville, PA.
The unit has a coke drum with internal dimensions of 7.5 cm ID by 102.5 cm high, giving
a volume of around 4.5 liters. The unit is capable of operating under typical delayed
coking conditions. The system pressure, temperature and flow rates are monitored by a
number of computer-controlled devices.

The data are recorded throughout the run.

Figure 3—5 shows the schematic of the PSC.
The following operating conditions were used:

coke drum inlet temperature

475°C, coke drum pressure 25 psig, oil or slurry feed rate 16.7 g/min and length of run
360 minutes. In the steam stripping experiments, water was added at a steam feed rate of
1 vol% water relative to feed rate. Steam was added over a period of 60 minutes. At the
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conclusion of each experiment, the coke drum was maintained at temperature for an
additional 360 minutes to insure carbonization of non-volatile components.
At the end of the experiment, the condensed liquid was weighed as well as the
carbonaceous solid material.
The PSC at Penn State was slightly modified from its original design to facilitate
the collection of liquids and coke removal from the drum. The procedure is explained in
detail by Gül et al.161.

Figure 3—5: Pilot Scale Coker Reactor Schematic161
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3.5 Solubility parameters

The solubility parameters were calculated for the decant oils alone and for the
coal.

3.5.1 Decant oils

The solubility parameter of the decant oils was carried out using the 13C NMR by
using the method of Hoy92; this method was explained in the literature review.

3.5.2 Coal

Eleven solvents were used to determine the solubility parameter of the
Powellton/Eagle coal and determine the coal-solvent interactions. The solvents were:
decahydronaphthalene, tetrahydrofuran, toluene, carbon disulfide, 1-methylnaphthalene,
methanol, quinoline, nitromethane, tetralin, 1-methyl-2-pyrolidinone, and pentadecane.
Prior to the swelling determination, the coal was subjected to pyridine extraction in order
to relax it and show differences during the swelling, as shown in Figure 3—6. The
method to determine the coal swelling is shown in Table 3—4 and is the same for all the
solvents. It is important to highlight that there is no ASTM method to determine the coal
swelling; this coal swelling is different to the free swelling index (FSI) which was not
determined in this work.
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Figure 3—6: Coal relaxation with pyridine
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Table 3—4: Procedure to determine coal swelling 162

*the NMR tubes were cut to obtain the desirable length
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3.6 Gas characterization

The equipment used to determine the gas composition was a Shimadzu model
QP2010S gas chromatograph/mass spectrometer (GC/MS).

The column name and

specifications used to characterize the gas fraction were; column name: Gs-Gaspro;
length: 60.0 m, internal diameter: 0.32 mm. The program is shown in Table 3—5.
Table 3—5: Program used to characterize the gas fraction
Rate
--20.00

Final Temperature
35.0
200.0

Hold time
7.50
10.00

3.7 Graphitization

Laboratory-scale graphitization was performed under N2 in a Centorr Vacuum
Industries series 45 furnace. The four petroleum cokes obtained in the LSCopen at 18 h
were subjected to graphitization. The samples were placed in the hot zone of the furnace
(6 in x 9 in). Graphitization at 2900°C was performed under helium at Oak Ridge
National Laboratory. This work was arranged by Peter J. Pappano, PhD, at ORNL.

3.8 Coke characterization

The techniques used to characterize the semi-coke (from tubing bombs) was
optical microscopy and X-ray powder diffraction. For the characterization of the cokes
derived from the PSC, besides optical microscopy and XRD, the coefficient of thermal
expansion was determined.
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3.8.1 Optical Microscopy

The characterization of the THF-insoluble fraction using optical microscopy was
completed for a series of tests employing decant oil and its hydrotreated versions,
Powellton/Eagle coal, and Powellton/Eagle coal in blends of 4:1 decant oil and coal ratio,
at 465°C for different reaction times (6, 12 and 18 h).
The procedure for sample preparation was the same as used by Fickinger

36, 133

and Escallón4, 134, 135. THF-extracted residues were divided in half, embedded in a coldsetting epoxy resin, placed under vacuum, and then centrifuged to force a density/particle
size gradient. The hardened samples were polished for reflected light microscopy using a
series of grit papers (400 and 600 grit) and alumina polishing slurries (0.3 mm and 0.05
mm). The carbon material was evaluated in white light using an oil immersion objective
at a total magnification of 625X in polarized or cross-polarized light.

Point-count

analysis was performed by traversing the sample based upon a 0.4 x 0.4 mm grid and
identifying the textural elements under a crosshair held in the microscope eyepiece. A
total of 1000 counts was accumulated, 500 from each of two polished mounts, and the
volume percentage of each category calculated.
Ten different textural elements as described below were identified in the decant
oil and co-carbonization residues. The textural elements classification used in this work
follow the classification scheme used by Fickinger et al.133 for the reasons discussed in
section 2.8.1.2. Petroleum-derived textures were defined in the Glossary; here, the coalderived textures are defined:

99
Vitrinite-Derived Mosaic – the characteristic 0.5-2.0 µm diameter isochromatic
units typically generated during the carbonization of vitrinite of high-volatile bituminous
coals

163

. During co-carbonization with decant oil the isochromatic areas of bituminous

rank vitrinite can become enhanced to between 2.0 and 6.0 µm. In this investigation a
distinction was made between enhanced (approximately >2.0 µm) and non-enhanced
(generally <2.0 µm) isochromatic areas derived from vitrinite.
Isotropic Vitrinite – the binder phase carbon texture derived from vitrinite is
isotropic.

It is possible that some vitrinite may not develop a mesophase during

carbonization and therefore may remain isotropic.
Inertinite-Derived Texture – angular and irregular shaped particles trapped in the
vitrinite or petroleum residua matrix, which may or may not display remnant cell
structures and are mostly isotropic.
Mineral Matter – remnant particles of coal-derived mineral matter, which usually
includes clays, pyrite, quartz and carbonate minerals.
The textures are shown in Appendix B.

3.8.2 X-ray Diffraction

The coke samples were analyzed by X-ray diffraction. These are the semi-cokes
(THF-insoluble fraction) generated under different conditions of pressure and derived
from different feedstocks, either decant oils alone or blended with coal. The samples
were first ground with a mortar and pestle and then sprinkled over the surface of a quartz
zero-background sample holder. X-ray diffraction data were acquired using Philips MPD
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X-ray Diffractometer. The scan conditions were 5-60 degrees 2-θ, continuous scan, step
size 2-θ 0.02, time per step 2.5, and power setting 45kV and 40mA. To correct for the
instrument broadening, an external standard (silicon) was measured and then the sample;
then, the broadening from the silicon was subtracted from that of the sample. The
samples were compared with the needle coke shipped from GrafTech (Conoco needle
coke) and used as a standard.
The parameters, full width half maximum (FWHM), d-spacing (d002), diffraction
angle and Lc, were calculated using Jade 7.5 software from the broadening of the
Gaussian profiles for the (002) peak using the Scherrer equation and a shape factor of
0.85. The calculations are explained in detailed below.
The graphitized petroleum cokes were run in the new PANanalytical XPert Pro
MPD system, since the Philips MPD X-ray Diffractometer was no longer available. Each
is a 2-hour run. All samples were corrected with NIST silicon 640c for 2-theta position
and FWHM.
The example of calculations is applied to determine the Lc, which is the mean
average thickness of crystallites in a sample; it is expressed in Å. See Figure 3—7 to
follow the calculation steps.
The average low and high background (Points A and B, respectively) were
determined on the diffraction scan by connecting them with a straight line. A line CD is
constructed; this is parallel to AB and goes through the apex of the peak at point G
[(hkl=002 at 3.35 Å)].
The full width half maximum (FWHM) of the peak was determined by measuring
the vertical distance between CD and AB. The line EF was constructed such that it
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intersects the peak at half of its maximum value. The points at which EF intersects the
peak are 2Θ1 and 2Θ2, respectively.
Δpo = 2 (sin Θ1 - sin Θ2)/λ
where:
λ

= the wavelength of the target material of the X-ray, expressed in Å,

Θ1 = the angle at the half peak intensity (2Θ1/2) width on the low side, and
Θ2 = the angle at the half peak intensity (2Θ2/2) width on the high side

Figure 3—7: Typical Diffraction Scan of Petroleum Coke

The above calculation was derived from the Scherrer equation:
Lc = (Kλ)/ (βcos Θ)
where:
K = an arbitrary constant that is equivalent to 0.89 for Lc
λ = wavelength of the source radiation measured in Å
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β = line breadth of the pure diffraction peak measured in radians, and
Θ = angular location of the peak maximum (2Θ/2) measured in degrees
The mean crystallite height is determined by:
Lc = 0.85/Δpo.
The crystallite diameter was measured from the (110) reflection as described by
Short and Walker164; they assume the shape of the graphene layers is circular, then use
the coefficient of 1.84. The crystal diameter, La, was calculated by the Biscoe and
Warren method, as shown in the following equation:
La =

1.84λ
β cos θ

3.11

where β is the FWHM in radians, λ the wavelength of CuKa radiation which is 1.54059
and θ is the diffraction angle of (110).

3.8.3 Coefficient of Thermal Expansion

The coefficient of thermal expansion, CTE, determined for the cokes generated
from the pilot-scale coker was measured on samples that were sent to GrafTech Inc. The
coke was calcined and blended with coal tar, then baked and graphitized to 3000°C as
reported elsewhere

21, 106

. The procedure is shown in Figure 3—8. The coefficient of

thermal expansion of the graphites were determined in the Parma apparatus for thermal
expansion (PATE) which detects 0.01 micron length change, is not operator sensitive,
each sample takes less than 10 minutes and, temperature range is 30-100°C.
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Figure 3—8: Process to form graphite electrodes106
As the main component of graphite electrodes, the needle coke filler is the one
that influences most the thermal expansion behavior of graphite electrodes. Strongly
anisotropic crystals, such as graphite, have layered crystalline structure, in which the
bonding is highly directional. Graphite has a much lower thermal expansion in the layer
planes (a-direction) that contain covalently bonded carbon atoms than in the direction
perpendicular to the layer planes (c-direction). The perpendicular layer planes are held
together by van der Waals forces, as seen in Figure 3-9 165.
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Figure 3-9: A diagram of section of microcystals of pregraphitic order indicating covalent
bonding in basal planes (a-direction) and planes held together by van der Walls forces (cdirection) responsible for anisotropic structure and anisotropic properties 165
The CTE reported in Chapter 5 is with grain in extrusion direction (c-axis). The
reason GrafTech cannot report the a-axis (against grain AG) is because the rod has very
small diameter (19 mm in diameter). The CTE measurement needs a rod 5 inches in
length. Then, an electrode more than 5” diameter has to be made to cut across the
diameter to get the AG CTE. The dimensions of the graphite electrode are shown in
Figure 3-10.
The typical 24” x 110” (24 inch diameter by 110 inches long) CTE properties of
the graphite electrodes in commercial production are as follows21:
a. Made of super-premium needle coke:
WG (with grain, in extrusion direction) CTE 0.2 to 0.3x10-6/°C
AG (against grain) CTE is 1.0x10-6/°C
b. Made of premium needle coke:
WG CTE 0.4x10-6/°C
AG CTE 1.1x10-6/°C
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The basal plane of graphite is like the highly oriented pyrolytic graphite (HOPG),
and it has negative CTE in the c-axis. The basal plane is similar to graphene plane.
Super premium and premium needle cokes are far from CTE in basal plane.

Figure 3-10: Dimensions of the graphite rod electrode made for the CTE test
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The HOPG is made from PG (CVD pyrolytic Graphite) under very high
temperature (3600°C) and high pressure. The CTE of the basal plane of graphite is
negative in c-direction and very high in a-direction.

One material that has similar

negative CTE is mesophase pitch fiber; after graphitization, the fiber WG CTE is
-1.3x10-6/°C (negative). The HOPG is slightly negative in the c-axis and 20x10-6/°C in
the a-axis.
Some preliminary tests using a TA Instruments, thermal mechanical analyzer
(TMA) model TMA-2940, were performed on the green cokes and co-cokes in order to
calculate the coefficient of thermal expansion, so-called c.t.e. Bear in mind that the
coefficient of thermal expansion CTE was determined on the graphite electrode (see
Figure 3—8) while the c.t.e. was determined on the raw material (cokes and co-cokes).
Although some data were obtained using the TMA, more studies need to be done in order
to apply this technique to coke characterization, as it is mentioned in section 7.3
(suggestions for future work). The preliminary data are shown in Appendix C.
The results and discussion is divided into three chapters in order to facilitate the
understanding of the material. Chapter 4 shows the results of the characterization of the
feedstocks used here; they are decant oils and bituminous coal. Chapter 5 discusses the
results of the carbonization under atmospheric and near-atmospheric pressure at 465°C,
varying reaction time at 6, 12 and 18 h, using the PSC and LSCopen. The carbonization
was performed for the decant oil alone, coal alone and blends of decant oil:coal in 4:1
ratio. Comparisons of yields and coke characterization between the products obtained
from decant oil alone and blends are shown for 18 h reaction time. Chapter 6 discusses
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the results of the carbonization under autogenous pressure at 465°C varying reaction time
at 6, 12 and 18 h using the tubing reactor (LSCclose). The carbonization was carried out
for the decant oils, coal and blends. Comparison of yields, and coke evaluation between
the products obtained from decant oil alone and blends are shown. A section comparing
results from the cokes obtained under atmospheric and autogenous pressure is included.
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Chapter 4
Results and Discussion 1. – Feedstock characterization and solubility parameters

This chapter is dedicated to the characterization of the feedstocks. A raw decant
oil, EI-107, was hydrotreated to different extents to find out whether there is any
advantage or benefit by performing some hydrotreating upstream of the coker. In the
context of the Advanced Thermally Stable Jet Fuel project, the intent was to see whether
the quality of the coker liquids is improved, to reduce the amount of necessary
downstream hydrocracking and hydrotreating. Since coke is necessarily produced at the
same time, the focus of this study is to determine what changes, if any, happen to coke
quality by hydrotreating the decant oil upstream of the coker. As the result of the
hydrotreatment, the composition of the decant oil EI-107 is altered.
Besides the use of decant oils, blends of coal with the raw decant oil and its
hydrotreated derivatives been used as feedstocks in the coking process; thus, the
Powellton/Eagle coal was characterized as well. As discussed before (Chapter 2), the
chemical composition of the feedstock is of great importance since the different
components of the feed might help or hinder the mesophase formation and growth, vital
for the formation of a high quality coke.
Besides chemical composition, solubility among different feeds plays an
important role in the formation of a good quality coke. Indeed, solubility considerations
are not applicable to the decant oils since their components are mutually soluble in one
another; however, the issue of solubility applies to the blends made of coal and decant
oils. Therefore, solubility parameters for decant oils and Powellton/Eagle coal were
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calculated, since this helps to predict the solubility of coal in the different decant oils.
The quantitative requirement for a good solubility to occur is when the solubility
parameter difference between two components, Δδ , is lower than 5(J/cm3)1/2, or 2.44
cal1/2cm-3/2 or so-called hildebrands, and for total solubility, the difference between
solubility parameters has to be zero166, Δδ = 0 . As it was previously mentioned in
Chapter 2, a poor solubility leads to the formation of a mosaic texture, which is
undesirable because it produces shot coke.
This chapter is divided into two sections: characterization of the feedstocks, and
solubility parameters calculation. A summary is provided at the end of the chapter.

4.1 Characterization of the feedstocks

The characterization of the feedstocks is sub-divided into characterization of the
decant oils and characterization of the coal.

4.1.1 Characterization of decant oils

Many researchers have developed their own parameters to predict coke quality
based on chemical composition and physical properties of the feedstocks (already
discussed in section 2.1). Therefore, a broad characterization of the decant oils was
carried out in order to compare the parameters reported in the literature with the
parameters of the decant oils used here.

Besides chemical composition, physical

properties are provided as well. Some chemical and physical values that have been
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reported as preferred for feedstocks used in delayed cokers are compared to the values
experimentally found in the decant oils.
The main differences among the feedstocks used here are the differing amounts of
polyaromatics, naphthenes, hydroaromatic compounds, and alkylbenzenes, as shown in
the upcoming sections. Very insignificant amounts of straight-chain alkanes are present
in the raw decant oil and in its hydrotreated derivatives, which suggests that the
hydrotreatment of the decant oil to different levels formed only naphthenes,
hydroaromatic compounds, or short-chain alkylbenzenes, and did not involve ringopening reactions to produce linear compounds. The advantages of having naphthenes
and short-chain alkylbenzenes are the control that they exert on the carbonization,
allowing the development of the mesophase; this has been reported by several researchers
as discussed earlier in section 2.4.3.4.
The hydrotreatment procedure was described in section 3.1, and identification
numbers were assigned to each decant oil, as shown in Table 3-1. These numbers do not
necessarily imply a sequence in the nature of the decant oils, being used simply as
convenient descriptors.
The analyses performed to characterize the decant oils were elemental analysis, 1H
NMR,

13

C NMR, asphaltene content, boiling point distribution, API gravity, GC/MS,

preparative liquid chromatography (PLC) followed by GC/MS, and viscosity.

Two

structural parameters which were derived from the 1H NMR spectra and elemental
analysis were calculated: aromaticity, fa; and, fraction of aromatic edge carbons carrying
substituents, σ.
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4.1.1.1 Elemental analysis

Table 4—1 shows the elemental analysis and H/C ratios for the original decant oil
and its hydrotreated versions. The oxygen was calculated by difference.
The decreasing sulfur content in the hydrotreated decant oils indicates the
effectiveness of the hydrotreatment and the increasing hydrogen content is evidence of
the hydrogenation of aromatic compounds.
Table 4—1: Elemental analysis (%) and H/C ratios for the decant oil and its
hydrotreated versions

Sample ID

Carbon*
± 0.27

Hydrogen*
± 0.13

Nitrogen*
± 0.08

EI-107
89.59
7.32
0.22
EI-133
90.09
8.40
0.18
EI-134
89.93
8.98
0.24
EI-135
90.80
8.71
0.17
EI-136
90.23
8.98
0.50
EI-137
90.02
10.00
0.10
EI-138
90.59
9.24
0.12
*as determined
** by difference
± is the reproducibility of a measurement. See Appendix D

Sulfur*
± 0.01

Oxygen**

2.99
1.39
0.94
0.44
0.33
0.03
0.02

-0.11
-0.05
-0.09
-0.12
-0.04
-0.15
0.03

Atomic
H/C ratio
±0.01
0.98
1.12
1.20
1.15
1.19
1.33
1.22

4.1.1.2 Liquid state 1H NMR

The 1H NMR spectra give a direct measurement of the distribution of protons in
different chemical environments. Table 4—2 shows the range of chemical shift and the
assignment of proton signals149.
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Table 4—2: Range of chemical shifts ( δ ppm) and assignment of proton signals149
Range of signal ( δ ppm)
6.2 to 9.2
1.7 to 4.4
1.0 to 1.7
0.7 to 1.0

Group assignment and symbol
Aromatic, HAR
Aliphatic, Hα
α-CH2, α-CH3 benzylic
Aliphatic, Hβ
β-CH2 tetralins, β-CH2 indans, β-CH3, remote CH2, β-CH2 alicyclics
Aliphatic, Hγ
remote CH3

The characteristic ranges of chemical shifts are listed in Table 4—3 for the original
decant oil and its hydrotreated versions. The total integrated signal, H (chemical shift
0.7-9.2) is divided into several ranges according to the chemical shift of protons assigned
to different groups, as shown in Table 4—2. The fraction of any given group assignment,
or the percentage of protons in any different environment, H χ , is calculated by dividing
the integrated signal that corresponds to H χ by the total integrated signal, H. Hence,

Hχ* =

Hχ

4-1150

H

Similarly, the fraction of protons in other structural environments is defined as
follows: H γ * =

Hγ
H

, Hα * =

Hβ
Hα
H
, H AR * = AR and Hβ * =
.
H
H
H

Then, the percentage of protons in any different environments ( H χ ) is obtained:
% H χ = ( H χ *) x 100 , where

χ = AR, α ,

β , γ . The proton distributions are shown

in Table 4—3 and is observed that the various H χ vary by little from one sample to
another.
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Table 4—3: Distribution of protons among the various types of functional groups
based on 1H NMR peak assignments
Range of band
δ (ppm)

Symbol
(Hχ*)

EI-107

EI-133

EI-134

0.7-1.0
1.0-1.7
1.7-4.4
6.2-9.2

H γ∗
H β∗
H α∗
H AR*

5.17
12.43
43.66
38.74

5.44
12.34
44.53
37.69

5.38
12.70
43.41
38.51

EI-135

EI-136

H, atomic % ±0.01
5.63
5.87
12.73
12.64
43.10
43.90
38.54
37.59

EI-137

EI-138

5.82
12.60
43.98
37.60

5.27
12.64
44.03
38.06

Then, the actual amounts of the various forms of hydrogen are calculated by
following Equation 4-2. The hydrogen percent ( % H ) is reported in Table 4—1.
H χ actual =

H χ*
100

* %H

4-2

By assuming that the atomic H/C ratio, also reported in Table 4—1, is indicative of
the extent to which the samples have been hydrogenated, then a linear relationship
between the extent of hydrogenation, as measured by atomic H/C, and the actual amount
of the various forms of hydrogen is obtained and shown in the following Figures.
Figure 4—1 shows a linear relationship between the actual amount of Hα and the
extent of hydrogenation. Therefore, as hydrogenation increases, the amounts of benzylic
α-CH2 and α-CH3 are increased.
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4.60
4.40
Hα (actual)

4.20
4.00
3.80
3.60
3.40
3.20
3.00
0.90

1.00

1.10

1.20
H/C

1.30

1.40
y = 3.415x - 0.138
2

R = 0.988

Figure 4—1: Actual amount of Hα as a function of the extent of hydrogenation
One reaction that could lead to a substantial increase in α-CH2 is the conversion of
aromatics to hydroaromatics, as shown in the following reaction:

Figure 4—2 shows a linear relationship between the actual amount of HAR and the
extent of hydrogenation. Hence, as hydrogenation increases, the amounts of HAR are
increased.
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4.00

HAR (actual)

3.80
3.60
3.40
3.20
3.00
2.80
2.60
0.90

1.00

1.10

1.20
H/C

1.30
1.40
y = 2.697x + 0.197
2

R = 0.982

Figure 4—2: Actual amount of HAR as a function of the extent of hydrogenation
The HAR might be formed as the result of hydrogenation of aromatic carbons
present in some molecules, for instance hydrodealkylation, as shown in the following
reaction:

Figure 4—3 shows a linear relationship between the actual amount of Hβ and the
extent of hydrogenation.
increased.

As the hydrogenation increases, the amounts of Hβ are
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1.40

Hβ (actual)

1.30
1.20
1.10
1.00
0.90
0.80
0.90

1.00

1.10

1.20
H/C

1.30

1.40
y = 1.024x - 0.090
2

R = 0.984

Figure 4—3: Actual amount of Hβ as a function of the extent of hydrogenation
One reaction that might account for the production of Hβ is the ring-opening
reaction of hydroaromatics:

The last correlation corresponds to the actual amount of Hγ as a function of extent
of hydrogenation and is shown in Figure 4—4.

The Figure shows that as the

hydrogenation increases, the Hγ are increased; however, Hγ (actual) versus H/C has the
lowest slope value when compared to HAR, Hα and Hβ (actual), which suggests that the
probability of the formation of Hγ (actual), if it happens, is the lowest among the different
protons.
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0.70
0.65
Hγ (actual)

0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.90

1.00

1.10

1.20
H/C

1.30

1.40
y = 0.555x - 0.163
R2 = 0.902

Figure 4—4: Actual amount of Hγ as a function of the extent of hydrogenation
One reaction that could lead to an increase of Hγ is the ring-opening reaction of
hydroaromatics. This reaction also accounts for the production of Hα, Hβ and HAR.

Looking to the slopes of the Figures shown above, the order of hydrogen-type
formation is Hα>HAR>Hβ>Hγ. In summary, as the result of the hydrogenation, shortchain benzenes (alkylbenzenes) are formed, which are no larger than ethylbenzenes,
followed by hydrogen-containing aromatic compounds, HAR. This summary statement
shows consistency with the results from GC/MS: the formation of Hα is consistent with
the formation of hydroaromatics and the formation of Hα, Hβ, Hγ and HAR as shown in the
ring-opening reaction, is consistent with the formation of alkylbenzenes (except for EI137 and EI-138, as explained later).
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4.1.1.3 Liquid state 13C NMR

The band assignments for integrating intensities were selected based on the
breakdowns reported by Rodriguez et al151.

Table 4—4 shows the percent of each

functional group.
Table 4—4: Distribution of carbon among the various types of functional groups based
on 13C NMR peak assignments
Functional
group

Symbol

Band,
TMS
(ppm)

EI-107

EI-133

EI-134

EI-135

EI-136

EI-137

EI-138

C, atomic % ±0.02
Alkanes

N-aliphatic*
O-aliphatic*
olefinic
Internal
aromatic
protonated
aromatic
naphthenic
substituted
aromatics
Heteroatom
(N,O,S)**

-CH3

11-22.5

14.59

11.90

14.17

14.61

13.12

14.07

12.54

-CH2-

22.5-37

9.10

14.13

23.23

20.74

23.28

25.93

28.14

>CHN-Cal
O-Cal
-HC=CH-

37-60
60-65
65-75
108-118

3.94
0.13
0.08
1.49

1.13
0.00
0.00
1.50

6.35
0.00
0.00
1.55

5.53
0.00
0.00
1.52

5.72
0.00
0.00
0.54

7.53
0.00
0.00
1.22

9.59
0.00
0.00
1.38

>C=ar

118-128

44.54

45.29

29.12

34.83

31.45

30.54

30.55

Har−C=
⏐

128-135

17.36

18.50

17.44

15.70

18.03

14.13

12.69

>CH2

135-138

4.08

4.18

3.88

3.20

3.75

3.04

2.55

N,O,S-Car

138-160

4.69

3.37

4.28

3.88

4.11

3.54

2.57

*aliphatic heteroatom; **aromatic heteroatom
TMS or tetramethylsilane is the standard used for NMR calibration of chemical shifts

Figure 4—5 shows the correlation of hydrogen content, with the functional groups
-CH2- (22.5-37 ppm) and >C=ar. This Figure suggests that the hydrogenation is forming
–CH2-, which might correspond to naphthenic compounds. The functional group >C=ar
(which corresponds to internal aromatic carbons or a high degree of polycondensation),
decreases as hydrogen values increase.

35.00

50

30.00

45

-CH2 -

25.00

40

20.00
35

15.00

30

10.00
5.00
7.00

>C=ar
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7.50

8.00

8.50

9.00

9.50

10.00

25
10.50

H, wt %

Figure 4—5: Correlation among hydrogen content with -CH2- and >C=ar percent
*the line is added to aid illustration and is not a regression fit of data

Having the functional groups obtained from the liquid state

13

C NMR and the

various hydrogen-types by 1H NMR; several correlations between them were found. The
best correlation between -CH2- and a hydrogen-type is with Hβ, as shown in Figure 4—6,
which suggests, but does not necessarily prove, that the –CH2- present in the molecule(s)
corresponds, in majority, to -CH2 present in tetralins and indanes.
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30.00

CH2 actual

25.00
20.00
15.00
10.00
5.00
0.80

0.90

1.00

1.10

1.20

1.30

1.40
2

Hβ actual

R = 0.865

Figure 4—6: Correlation between actual values of Hβ (1H NMR and –CH2 (13C NMR)
Figure 4—7 shows the correlation between -CH2- and sulfur content.

This

suggests that as the degree of hydrotreatment increases, as indicated by a reduction of the
sulfur, at the same time the hydrotreatment produces -CH2-.

35.00
30.00

-CH2-

25.00
20.00
15.00
10.00
5.00
0.00
0.00

0.40

0.80

1.20

1.60

2.00

S , wt %

Figure 4—7: Correlation between -CH2- and sulfur content

2.40

2.80

3.20
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4.1.1.4 Asphaltene content

This is an important parameter since the preferred feedstock to obtain a premium
coke should have less than 8% in asphaltenes

26

. All the decant oils have very low

percentages of asphaltenes, meeting the requirement as a preferred feedstock for delayed
cokers. The asphaltene content is shown in Table 4—5. Asphaltenes are thought by
some researchers to consist of sheets of condensed polynuclear and heterocyclic aromatic
systems with naphthenic rings and alkyl side chains167, with molecular weights that may
vary from 1,000 to 100,000 amu168. A mixture of asphaltenes and aromatic hydrocarbons
may display a high phase separation, which takes place when the mutual solubility of the
components is low56.

This accelerates the condensation reaction of the heavy

precipitates, yielding condensed product through rapid coking in an early stage of the
carbonization, forming a mosaic texture56, which is undesirable in the coke, as is
discussed in the previous chapters.
Table 4—5: Asphaltene content (in wt. %)
ID decant oil
Asphaltene, wt. % (±0.03)

EI-107
0.21

EI-133
0.07

EI-134
0.08

EI-135
0.15

EI-136
0.16

EI-137
0.23

EI-138
0.26

4.1.1.5 API gravity and boiling point

API gravity: In order to determine the API gravity, the density of the decant oils
was calculated. The procedure is shown in section 3.3.7. Table 4—6 shows the results of
density and the API gravity of the decant oils.
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Table 4—6: API of decant oils

EI-107
EI-133
EI-134
EI-135
EI-136
EI-137
EI-138

Temperature
(°F)
81.5
79.9
80.6
80.6
81.5
82.4
80.6

ρ (g/mL)

sg

API°

1.11
1.07
1.06
1.06
1.05
1.02
1.02

1.11
1.07
1.06
1.06
1.05
1.02
1.02

-4.4
1.1
2.2
2.6
3.7
7.0
7.3

API°
(corrected at 60F)154
-4.1
0.3
1.4
1.8
2.8
6.1
6.4

The decant oil EI-107 has the lowest API gravity whereas EI-138 the highest. As
a rule of thumb, API gravity is inversely related to sulfur content 15, then, the API gravity
was plotted against the sulfur content of the seven decant oils obtained for this current
work, which follows the expected trend. Figure 4—8 shows the correlation between API
gravity and sulfur weight percent, which confirm that API gravity is inversely
proportional to sulfur content for these samples. An additional correlation is that API
gravity is directly proportional to the naphthenic content; this trend is as expected since it
has been reported that conventional hydrogenation processes saturate aromatic rings to
naphthenes, thereby increasing the API gravity (lower density) 169.
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Figure 4—8: Relationships among the sulfur content, naphthenic compounds, and API
gravity for decant oils
Napthenic wt. % is determined by GC/MS, as shown later in section 4.1.1.6
*the line is added to aid illustration and is not a regression fit of data

Boiling point: The boiling point distribution is calculated by using the simulated
distillation. Initial boiling point, final boiling point, average boiling point and boiling
range are reported for the seven decant oils. To calculate the weight average boiling
point, five temperatures were recorded; the different temperatures correspond to the
temperature at which 10, 30, 50, 70 and 90 weight percent was distilled. Temperatures
are summed and then divided by five. An example is shown in Table 4—7.
Table 4—7: Average boiling point calculation for the raw decant oil
Wight % distilled
10
30
50
70
90
SUM
Average boiling point (SUM/5)

Run 1
T(°C)
349.0
393.4
413.3
438.3
481.2

Run 2
T(°C)
351.8
393.8
412.9
437.0
475.1

Mean
T(°C)
350.4
393.6
413.1
437.7
478.2
2073.0
414.6
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Table 4—8 shows the initial boiling point (ibp), final boiling point (fbp), the
average boiling point distribution and boiling range for all the decant oils. It is observed
that the ibp decreases while boiling range increases as the degree of hydrotreatment
increases. According to the characteristics for the preferred feedstocks suitable to make
premium coke, the boiling range, Δ, should be above 260°C, so that, all the feedstocks
studied here follow the requirement of the boiling point range alone and hence, they
would be expected to generate premium coke on the basis of this criterion alone.
Table 4—8: Average boiling point distribution (simulated distillation)
Average boiling point °C
±1.1
EI-107
234.1
518.8
414.6
EI-133
229.7
556.8
400.7
EI-134
202.7
510.2
392.9
EI-135
212.0
512.9
391.4
EI-136
154.0
562.6
388.0
EI-137
122.0
506.6
370.1
EI-138
110.8
512.8
371.0
ibp=initial boiling point; fbp=final boiling point
fa

ibp (ºC)

fbp (ºC)

boiling range, Δ
(fbp-ibp)°C
284.7
327.1
307.7
300.9
408.6
384.6
402.0

As a result of the hydrogenation, lighter components are formed.

With the

unusual exception of EI-133 and EI-136, the final boiling point is roughly constant for
the rest of the oils. This suggests that the hydrotreatment and hydrogenation are not
touching the really heavy molecules in the oil. An inverse proportional correlation was
found between the average boiling point and H%. This is shown in Figure 4—9, and the
trend is as expected as reported by the literature170.
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Figure 4—9: Correlation between average boiling point (°C) and H, wt. %
*the line is added to aid illustration and is not a regression fit of data

4.1.1.6 Gas Chromatography-Mass Spectrometry GC/MS

This analysis determines the general chemical composition of the decant oils. For
the analysis, each peak in the chromatogram is identified with the built-in library and is
classified as alkane or paraffin, cycloalkane, hydroaromatic, alkylbenzene, naphthalene,
and polycyclic aromatic. The percentage of each individual compound is calculated and
the percentages of each group are added to give the total percent that corresponds to each
group.

A preparative liquid chromatography (PLC) separation method followed by

GC/MS was also used. Prior to the GC/MS analysis, the compound were separated using
liquid chromatography, for instance, aliphatics, mono-, di-, tri- aromatics. This technique
displayed a low reproducibility; hence the results are shown in Appendix E.
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Table 4—9 shows the composition of the decant oils using the GC/MS. This
table shows that EI-107 is the one that has the highest values of polycyclic compounds
(3≥ rings) plus heteroatoms.
It is observed that the alkanes for all the decant oils are very low. Cycloalkanes
are much higher for the most hydrotreated decant oils EI-137 and EI-138 when compared
to the raw (EI-107) and mildly hydrotreated decant oils (EI-133, EI-134, EI-135, EI-136).
There is no presence of hydroaromatics detected in the original decant oil, while the
hydroaromatic content is comparable for the hydrotreated decant oils, except for the least
hydrotreated decant oil, EI-133.
Table 4—9: Composition of decant oils by GC/MS
Compoud group

EI-107

EI-133

EI-134

EI-135

EI-136

EI-137

EI-138

wt, % (±1)
0.43

0.00

1.07

0.42

0.00

3.68

2.05

Saturated cyclics*

0.99

1.28

1.98

3.73

3.89

6.73

14.40

Decalins

0.00

0.00

0.00

0.00

0.00

6.27

6.69

0.99

1.28

1.98

3.73

3.89

13.00

21.09

Indenes

0.10

0.11

2.77

6.92

5.59

2.32

4.19

Tetralins

0.00

4.47

6.53

2.98

1.57

6.15

6.81

Total

0.10

4.58

9.30

9.90

7.16

8.47

11.00

alkyl benzenes

7.00

21.04

24.85

17.02

24.62

13.32

11.42

3.24
Naphthalenes
Polycyclic compounds
88.24
(3≥ rings)
plus heteroatoms
*other than decalins

4.03

5.61

2.95

2.60

8.92

4.16

69.08

57.19

65.99

61.63

52.61

50.28

Paraffins
•

Cycloalkanes

Total
•

Hydroaromatics

The polycyclic compounds plus heteroatoms display a nice inverse correlation
with hydrogen as shown in Figure 4—10. For the raw decant oil and its intermediate
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levels of hydrotreatment (EI-133 through EI-136) in Figure 4—11, there is a reasonable
relationship between the change in amount of polycyclic compounds from one sample to
the next and the change in alkylbenzenes, which suggests, but does not prove, that the
ring saturation and opening (possibly accompanied by heteroatom loss) is a dominant
reaction at this level of hydrotreating. This relationship between polycyclic compounds
and alkylbenzenes breaks down for EI-137 and EI-138. Probably (but not proven) this is
because the hydrotreating is so severe that multiple reaction pathways are in operation.

90.00
Par (3≥ rings) plus het.
wt% (GC/MS)

85.00
80.00
75.00
70.00
65.00
60.00
55.00
50.00
45.00
7.00

7.50

8.00

8.50

9.00

9.50

10.00

10.50

H, wt %

Figure 4—10: Correlation between polycyclic compounds plus heteroatoms,
Par(3≥rings) plus het., and hydrogen percent
*the line is added to aid illustration and is not a regression fit of data

Par (3≥ rings) plus het.
wt% (GC/MS)
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60.00

65.00

70.00

75.00

80.00

85.00

90.00

Alkylbenzenes, wt %

Figure 4—11: Correlation between
polycyclic compounds plus heteroatoms,
Par(3≥rings) plus het., and alkylbenzenes
The open squares correspond to EI-137 and EI-138 which deviates from the trend
*the line is added to aid illustration and is not a regression fit of data

Figure 4—12 shows correlations among aromaticity, fa and polyaromatic % (3≥
ring) calculated by GC/MS, and total aromatic carbon calculated using

13

C NMR. The

aromaticity (fa) calculation is shown later in section 4.1.1.7. It is observed that as fa
increases the total aromatic carbon increases (determined by

13

C NMR) as well as the

polyaromatics (determined by GC/MS). There is a deviated point from the trend for the
total aromatic carbons, TAC

13

C NMR, which corresponds to EI-133.

correlation was found using two different techniques, GC/MS and
indicates that the gathered data are consistent.

13

The same

C NMR, which
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EI-133

65.00

50.00
40.00
0.56

0.58

0.60

0.62

0.64
fa

Polyaromatics plus heteroatoms-PAr

0.66

0.68

0.70

C NMR

50.00

TAC

55.00

13

EI-133&
EI-135

EI-135

EI-134

60.00

EI-137

70.00

EI-136

80.00

60.00
EI-107

90.00

EI-138

PAr (3 ≥ rings) plus het.
wt % (GC/MS)

100.00

45.00
40.00
0.72

Total aromatic carbons (TAC)

Figure 4—12: Correlation among aromaticity, polyaromatics and total aromatic
carbons
Total aromatic carbons (13C NMR) - TAC = internal aromatic + protonated aromatic
*the line is added to aid illustration and is not a regression fit of data

Figure 4—13 shows the correlation between fa and (cycloalkanes+hydroaromatics
– CA+HA), which were identified using the GC/MS. As the aromaticity increases, the
hydrogen-containing compounds decrease, as one should expect; decant oils EI-133 and
EI-135 display comparable values of (CA+HA) as well as EI-134 & EI-136.
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(GC/MS)

25.00
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10.00
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0.00
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0.68

0.70

0.72

fa

Figure 4—13: Hydrogen-containing compounds as a function of fa
CA+HA=cycloalkanes + hydroaromatics
*the line is added to aid illustration and is not a regression fit of data

Figure 4—14 shows the correlation between total hydrogen and fa. The hydrogen
was calculated by two different methods, from the aliphatic elemental carbon using the
liquid state 13C NMR and by total hydrogen using the elemental analyzer. It is observed
that as aromaticity increases, the content of total aliphatic elemental carbon and total
hydrogen decrease, as expected.
The fact that the relationships found in Figure 4—12, Figure 4—13, and
Figure 4—14 are what one should expect indicates that the data gathered by several
different techniques are internally consistent.

60.00

11.00

55.00

10.00

50.00

9.00

45.00

8.00
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0.58
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fa
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Total aliphatic carbon (T-aliphatic-C)

0.68
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%H
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4.00
0.72

%H

Figure 4—14: Total hydrogen as a function of fa
* T − aliphatic − C = %((−CH 3 ) + ( −CH 2 −) + ( > CH −)) (See Table 4—4)
*the line is added to aid illustration and is not a regression fit of data

4.1.1.7 Aromaticity

Aromaticity, fa, is defined as that fraction of the total of carbon atoms which are
aromatic carbons. The method has a wide application in petroleum and coal research,
being used to characterize such various materials as coal extracts171, 172, coal-tar pitches59,
171, 172

, coal carbonization products171, oils and asphaltenes from coal hydrogenation171, 173

and petroleum fractions171-175. Aromaticity can be calculated using the two most popular
methods reported by the literature that are relevant to petroleum oils: the Brown and
Ladner method61 and the 13C NMR method. The Brown and Ladner method is stated as
follows:
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fa = [(

C
H *
H *
C
) − ( α ) − ( 0 )] /( )
H
x
y
H

4-361

where Ho * has been subdivided:
H 0* =

Hβ *
x

−

Hγ *

4-4150

y

Thus, Equation 4-4 is substituted into Equation 4-3 to finally obtain the equation
used for calculating the aromaticity in this work:

fa = [(

Hβ *
Hγ * C
H *
C
)−( α )−(
)−(
] /( )
H
x
yi
y ii
H

4-5150

where x = 2; yi = 2; yii = 3 ; these values have been reported elsewhere 150.
In order to use Equation 4-5, elemental analysis and 1H NMR are needed. The
percentage of protons in the different environments is reported in Table 4—2, so that the
fraction of protons (HX*) is obtained.
The degree of substitution of aromatic rings (σ) is defined as that fraction of the
aromatic edge carbons which are substituted. Then,
Hα *
O
)+( )
x
H
σ =
H *
O
( α ) + ( ) + H AR *
x
H
(

4-6150

Table 4—10 shows the result of the calculations to obtain the fa, and σ. Looking at
these two structural parameters, it is observed that σ is almost constant, meaning that if
any hydrocracking of side chains occurred, it was at carbons β- or further from the ring.
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The 13C NMR method is stated as follows: fa is the aromatic carbon fraction which
corresponds to the integrated signal between 118-160 ppm

175

. Then, from Table 4—4 ,

fa can be calculated:
fa= Σ(internal aromatic plus protonated aromatic plus naphthenic substituted
aromatics and heteroatom)/100.
Table 4—10: Results of fa, and σ for the seven decant oils
C/H*
1.02
0.89
0.83
0.87
0.84
0.75
0.82
reciprocals

EI-107
EI-133
EI-134
EI-135
EI-136
EI-137
EI-138
*C/H corresponds to the
determine fa, in Equation 4-5.

H AR*
Hα∗/2
Hβ∗/2
Hγ∗/3
0.22
0.06
0.02
0.39
0.22
0.06
0.02
0.38
0.22
0.06
0.02
0.39
0.22
0.06
0.02
0.39
0.22
0.06
0.02
0.38
0.22
0.06
0.02
0.38
0.22
0.06
0.02
0.38
of the H/C values shown in Table 4—1.

fa
σ
0.71 0.36
0.67 0.37
0.64 0.36
0.67 0.36
0.64 0.37
0.58 0.37
0.59 0.37
The ratio C/H is needed to

Quian et al.175 compared aromaticity values of 29 coal-derived products of varying
fa, from 0 to 0.95, using 13C NMR and the Brown-Ladner equation. Deviations for the
two methods for different feedstocks reported by Quian et al.175 are shown in Table 4—
11 as well as the deviations for seven decant oils used in this study.

Looking at Table 4—11, one can observe that the highest deviation between fa
using the

13

C NMR and the fa using the Brown-Ladner equation, expressed as a

percentage of the Brown-Ladner method, is 25%, meaning that there is a discrepancy in
counting one of every four carbon atoms. The objective here, however is not to discuss
about the discrepancy of these two methods or establish which method is more accurate,
but only to compare the current results with ones reported in the literature where authors
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have reported aromaticity using both methods. Brown and Ladner is the method that
most authors whose research deals with carbonization of petroleum streams

31, 56, 60

, and

coal tars42, 176 are reporting. Some other authors, although they do not report fa, provide
the 1H NMR and elemental analysis information, making it possible to calculate the fa
using the Brown-Ladner equation35, 122, 137, 177. Few authors reporting characterization or
carbonization of petroleum streams have reported aromaticity178 using the

13

C NMR

method, perhaps because is time consuming and expensive.
Hereafter, to differentiate the fa obtained from the Brown-Ladner method and fa
obtained from 13C NMR method, the Brown-Ladner method is represented as fa whereas
the

13

C NMR method is represented as fa′. This differentiation is important since for

discussion purposes, authors are reporting fa or fa′; rarely do authors report aromaticity
using both methods. The samples used by Quian175 show the highest deviation between
the two methods, 0.06, while the highest deviation for the decant oils used here is 0.11
(EI-138), as shown in Table 4—11; this deviation value reported by Quian shows
agreement with the highest deviation ⏐fa′-fa⏐ reported by Retcofsky et al.

171

, which is

0.07. A deviation of 0.11 units between the two methods of aromaticity determination
seems to be a very serious error, since it means that 11 atoms out of 100 are being underor over-counted.
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Table 4—11: Comparison of aromaticity fa derived from 13C NMR and Brown-Ladner
Sample
Petroleum Pitch175
Thermally cracked residue175
Decant oil175
Heavy coker distillate175
EI-107
EI-133
EI-134
EI-135
EI-136
EI-137
EI-138

fa
Brown-Ladner (1H NMR)
0.29
0.77
0.71
0.76
0.71
0.68
0.64
0.67
0.64
0.58
0.59

Method13C NMR
0.29
0.69
0.66
0.70
0.71
0.67
0.56
0.58
0.53
0.48
0.48

Deviation
0.00
0.08
0.05
0.06
0.00
0.01
0.08
0.09
0.09
0.10
0.11

According to the results shown in Table 4—11, it is observed that the deviation
increases as the hydrotreatment of the decant oil is increased, which suggests that the
deviation between the two methods depends on the chemical composition of the
feedstock. As it was mentioned at the beginning of this section (4.1.1.7), the materials
that have been characterized are mostly high-aromatic compounds such as coal-tar
pitches, and petroleum fractions. Oils with no or very low aromaticity content have been
reported by Retcofsky et al.171 and they display a low deviation, which suggests that
aliphatic compounds do not present this problem.

Likewise, asphaltenes which are

aliphatic-rich compounds display a low aromaticity deviation171. In order to prove that
the deviation,⏐fa′-fa⏐, depends on the chemical composition of the feedstock, the fa′ and
fa was determined for six model compounds using the software X Win NMR 2.5, and the
results are shown in Table 4—12. The results were as expected: higher deviations are
found for alkylaromatics and alkyl hydroaromatic compounds (compounds No. 2 and 4),
which shows agreement with the deviations found here.
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Table 4—12: Aromaticity difference of some model hydrocarbons obtained by the 13C
NMR and Brown and Ladner method
No.

Compound

fa′
C NMR

13

fa
Brown and Ladner

⏐fa′-fa⏐

1

1.00

1.00

0.00

2

0.88

0.80

0.08

3

1.00

1.00

0.00

4

0.78

0.69

0.09

5

0.50

0.47

0.03

6

0.00

0.05

0.05

According to Weinberg173, aromaticity of oils is a parameter that can be adjusted.
Large planar molecules are needed for mesophase formation, since mesophase is formed
from a precursor that is highly aromatic and polycondensed with short aliphatic side
chains173. Less aromatic precursors, which have a small degree of polycondensation and
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longer aliphatic side chains, tend to suppress mesophase formation by dealkylation during
pyrolysis, disrupting the order of the mesophase and hindering condensations of large
planar molecules173. According to Weinberg, aromaticity, fa, must be between 0.7 and
0.9, so that mesophase can nucleate, grow and coalesce173. In the present work, the
decant oil that has fa within the desired range of aromaticity is the raw decant oil
designated as EI-107, for which fa=0.71.
Four out of seven decant oils were selected to perform carbonization reactions.
First, the raw decant oil, EI-107, was chosen because its physical and chemical properties
are unique with respect to hydrotreated versions and because this is the parent decant oil
from where the other decant oils were derived. Second, the decant oils EI-137 and EI138 display similar physical and chemical properties, but EI-138 was chosen over EI-137
since it displays greater differences when compared with the properties of the raw decant
oil regarding naphthenic content. The decant oils EI-133 and EI-135 display similar
chemical composition and aromaticity, as EI-134 and EI-136 do; however, EI-134 and
EI-135 were chosen because their sample quantity (in gallons) was higher when
compared to the quantity of EI-133 and EI-136. It is important to highlight that the
quantity of the decant oils is critical since they are the feedstock, not only for the cokers
at laboratory scale but also for the Pilot Scale Coker, which needs about 6 kg per run, and
extra feedstock is needed in case operational problems occur in the coker; hence low
amounts of sample may impede completion of the runs under the pre-determined
conditions in the PSC for the decant oils alone and for their correspondent blends. The
results of the further heat treatment of the four decant oils, EI-107, EI-134, EI-135 and,
EI-138, to generate cokes and co-cokes, are discussed in Chapters 5 and 6.
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For further discussions purposes in this document, it is important to recall the
sequence of aromaticity of the four chosen decant oils, is as follows:
EI − 107 > EI − 135 > EI − 134 > EI − 138

4.1.1.8 Saybolt viscosity of decant oils

The viscosity was measured following the methodology in 3.3.10 and shown in
Table 4—13, where the Saybolt seconds were determined experimentally. The viscosity,
μ, was calculated using the Equation 3-3 and Equation 3-4.
Table 4—13: Saybolt viscosity of decant oils
Temperature °C
t (s)
T
T0
ρ at T0
Saybolt seconds
EI-107
3721.0
1.1137
27.5
30
EI-134
698.7
1.0579
27.0
30
EI-135
659.8
1.0553
27.0
30
EI-136
444.8
1.0469
27.5
30
EI-137
191.8
1.0220
28.0
30
EI-138
187.5
1.0197
27.0
30
ρ = specific gravity; ρ at T0 is the density determined experimentally
corrected at temperature T.

δT

μ (centipoises)

1.1104
1.0542
1.0516
1.0438
1.0196
1.0161
at temperature

904.8
161.1
151.7
101.3
42.0
40.9
T0; δT is the density

A correlation was found between the average boiling point and viscosity
(logarithmic scale), η, as shown in Figure 4—15. This correlation indicates that the
lower the average boiling point, the lower the viscosity. This correlation is in agreement
with Altgelt and Boduszynski170 who plotted the viscosity in centipoises at 50°C of
several crude oils versus their correspondent average boiling point.
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Figure 4—15: Correlation between average boiling point with viscosity, η at 27°C.
Figure 4—16 shows the correlation between the H/C ratio with viscosity, η. This
correlation indicates that as the extent of the hydrotreatment increases, the viscosity
decreases.
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Figure 4—16: Correlation between H/C ratio with viscosity, η at 27°C.
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4.1.1.9 Proposed models for the different decant oils

A previous model proposed by Mochida et al.56 for a decant oil was modified, in
order to propose my own models for the different decant oils studied here. The main
motivation to propose my own model is that the chemical characteristics of the decant oil,
which is obtained from the bottoms of the fluid catalytic cracking process (FCC), are
unique since they depend on the characteristics of the crude oil and the conditions of the
FCC process. In addition, the hydrotreatment conditions of the raw decant oil to generate
hydrotreated decant oils make them unique in chemical composition.
Although Mochida et al. do not mention the foundation of their proposed model,
it is thought that the model was derived from the elemental analysis, aromaticity (fa), and
fraction of aromatic edges that are substituted (σ), since they report this information. The
structural model of the decant oil and some characteristics are shown in Table 4—14.
Table 4—14: Structural model of decant oil proposed by Mochida et al.56 and principal
characteristics
Structure model of decant oil

fa*

σ

C, wt%

H, wt%

Empirical
formula**

0.54

0.32

88.9

9.5

C1H1.3≈
C3H4≈
C21H27

*Brown and Ladner method as reported by Mochida et al.56. Values of σ, C and H wt are experimental
values reported by Mochida et al.56.
** 88.9 gC * 1molC = 7.4mol C ; 9.5 gH * 1molH = 9.5mol H
12 gC

1gH

The structural model of decant oil proposed by Mochida et al.56 was slightly
modified to propose my own model, which better represents the average structure of the
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raw decant oil, EI-107.

The structural model of a decant oil proposed here, as well as

some of its characteristics, are shown in Table 4—15.
Table 4—15: Structural model of decant oil proposed here and principal characteristics

Structure model of decant oil

fa*

σ

C,
wt%

0.71

0.36

89.59

H,
wt%

Empirical
formula

7.32

C1H1≈
C22H22

M (g/mol)

M***
M
exp. model

280

286

*Brown and Ladner method.
Values of σ, C and H are experimental values here determined.
**calculated from the proposed structure model
M*** molecular weight experimental obtained from the Winn Nomogram179 (see Appendix F) based on
API and average boiling point.

Although a model of a decant oil might represent an average of most of the
compounds present in the decant oil, other kind of compounds are not represented, such
as heteroatomic compounds. The heteroatomic compounds that have been identified
using the GC/MS in the decant oils are mostly dibenzothiophenes and carbazoles, hence
dibenzothiophene (DBT) and carbazole (CZ) have been proposed as heteroatomic
compounds present in the decant oils.
The results of the hydrotreatment of dibenzothiophenes and carbazoles are
biphenyl, bicyclohexyl, cyclohexylbenzene, and cyclohexylcyclohexene, as proposed
elsewhere180,

181

in the reaction pathways for the hydrodesulfurization (HDS) of

dibenzothiophene and for the hydrodenitrogenation (HDN) of carbazole.

However,

through the GC/MS analysis, only biphenyls were detected. If there is any presence of
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bicyclohexyl, cyclohexylbenzene, and cyclohexylcyclohexene, they are below the
detection limit of the GC/MS.
Ultimately, it is the chemical composition of the feedstock that controls the
structure and properties of resultant cokes. Therefore, it is expected to see different
characteristics in the cokes derived from the four different decant oils, as will be
discussed in Chapter 5.

The proposed structures for the raw decant oil and its

hydrotreated versions are shown in Table 4—16.

The structures or models were

proposed based on the findings discussed in the previous sections.

Table 4—16: Proposed structures for the raw decant oil and its three selected hydrotreated versions
Decant oil

Average structure (%)

Heteroatoms (%)
17.2%

Bi-cyclic compounds
1.51%
Bi-phenyl (BPh)

EI-107

81.29

18.71

0.17

+
Dibenzothiophene (DBT)

+

Carbazole (CZ)

EI-135

86.21

4.98

4.70% (DBT) + 0.28% (CZ)

8.81

BPh

EI-134

84.95

8.31

8.03% (DBT) + 0.28% (CZ)

6.74

BPh

EI-138

91.47

0.28

0.28% (CZ)

8.25

BPh
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Table 4—17 shows the properties for EI-107, calculated for the mixture EI-107,
in the model (see average structure in Table 4—16), and in the mixture calculated
theoretically (from average structure plus heteroatoms plus biphenyls, as shown in
Table 4—16). The NMR peaks of the average structure and the mixture (theoretical)
were calculated using the software X Win NMR 2.5; an example of the calculation is
shown in Appendix G.
Table 4—17: Properties for EI-107, in the mixture calculated experimentally, for the
average structure, and for the mixture calculated theoretically

Elemental
%C
%H
%S
%N
%O
NMR peaks
-CH3
-CH2>CHN-Cal
O-Cal
olefinic
>C=ar
>C=H ar
>CH2
heteroatoms
Molecular weight

Average
structure

EI-107
Mixture
(Theoretically)

Mixture
(experimentally)

92.00
7.69
----

89.71
7.08
2.99
0.13
0.00

89.59
7.32
2.99
0.22
0.00

18.18
9.09
----45.45
13.64
9.09
4.55
286

14.73
7.36
0.00
0.00
0.00
0.00
46.70
13.88
10.20
3.93
267

14.59
9.10
3.94
0.13
0.08
1.49
44.54
17.36
4.08
4.69
280

Table 4—18 shows the properties for the hydrotreated decant oils, EI-135, EI-134
and EI-138, calculated for the mixture, in the model (see average structure in Table 4—
16), and in the mixture calculated theoretically (from average structure plus heteroatoms

plus biphenyl.
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Table 4—18: Properties for the hydrotreated decant oils, in the mixture calculated
experimentally, for the average structure, and for the mixture calculated theoretically

Elemental
%C
%H
%S
%N
%O
NMR
peaks
-CH3
-CH2>CHN-Cal
O-Cal
olefinic
>C=ar
>C=H ar
>CH2
heteroatoms
Molecular
weight

Av.
Struc.

EI-135
Mix.
(Theor.)

Mix.
(exp.)

Av.
Struc.

EI-134
Mix.
(Theor.)

Mix.
(exp.)

Av.
Struc.

EI-138
Mix.
(Theor.)

Mix.
(exp.)

91.25
8.76
----

91.05
8.24
0.82
0.02
--

90.80
8.71
0.44
0.17
0.00

90.65
9.35
----

89.83
8.74
1.40
0.02
--

90.62
8.98
0.94
0.24
0.00

90.76
9.24
----

90.97
9.00
0.00
0.02
--

90.59
9.24
0.02
0.12
0.00

14.29
23.81
----33.33
19.05
4.76
--

13.15
21.91
4.38
0.00
0.00
0.00
39.50
21.19
5.71
1.17

14.61
20.74
5.53
0.00
0.00
1.52
34.83
15.70
3.20
3.88

19.05
23.81
-----28.57
23.81
9.52
--

16.38
20.48
--0.00
0.00
0.00
32.30
24.24
4.93
1.47

14.17
23.23
6.35
0.00
0.00
1.55
29.12
17.44
3.88
4.28

16.67
27.78
----33.33
22.22
0.00
--

15.17
25.28
0.00
0.00
0.00
0.00
34.33
22.89
0.00
1.33

12.54
28.14
9.59
0.00
0.00
1.38
30.55
12.69
2.55
2.57

274

258

280

278

262

275

238

231

270

The close values displayed by the parameters of the mixture calculated
experimentally and theoretically suggest that the proposed models are a good
representation of the average of the actual components present in the decant oils.

4.1.2 Characterization of coal

Table 4—19 shows the data of proximate and elemental analysis and Table 4—20
the plasticity, maceral content and maximum reflectance of Powellton/Eagle.
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Table 4—19: Proximate (dry basis) and elemental (dry basis) analysis of
Powellton/Eagle

Ash

Carbon

Hydrogen

Nitrogen

Sulfur

64.61

27.27

8.12

80.92

4.55

1.28

0.88

Oxygen (by
difference)

Volatile Matter

Ultimate Analysis (%)

Fixed carbon

Proximate Analysis (%)

4.25

Gieseler Plastometer

Maceral composition
Vol %

T. at
maximum
fluidity
(°C)

ddpm

Vitrinite

Liptinite

Inertinite

Table 4—20: Plasticity, maceral content, maximum reflectance and rank of
Powellton/Eagle
Maximum
reflectance

Ro

446

7,002

86.5

1.4

12.2

1.02

Rank

hVAb

ddpm, dials per minute at maximum fluidity

Table 4—21 shows the ash composition of the Powellton/Eagle.
Table 4—21: Ash composition in wt.% of the Powellton/Eagle

Silicon Dioxide
Aluminum Oxide
Ferric Oxide
Titanium Oxide
Phosphorus Pentoxide
Calcium Oxide
Magnesium Oxide
Sodium Oxide
Potassium Oxide
Barium Oxide
Strontium Oxide

SiO2
Al2O3
Fe2O3
TiO2
P2O5
CaO
MgO
Na2O
K2O3
BaO
SrO

wt. %
56.0
26.2
8.17
1.51
<0.05
1.07
2.00
0.63
4.76
0.18
0.08
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The aromaticity of the coal, fa, was calculated by integrating the peak area of
aromatic carbons divided by the integrated peak areas of both aromatic and aliphatic
carbons. Figure 4—17 shows the

13

C NMR spectrum of the Powellton-Eagle. The

aromaticity, fa, is 0.87.

Figure 4—17: 13C NMR spectra of the Powellton-Eagle coal

4.2 Solubility parameters

The solubility parameters were calculated in order to predict whether or not a coal
will dissolve in a particular solvent or mixture of solvents, in this case, decant oil;
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according to the literature, the closer the solubility parameters, the better the miscibility57.
Therefore, the solubility parameter of the raw decant oil alone and its three derivatives, as
well as the solubility parameter of the coal, was calculated.

4.2.1 Solubility parameter calculation of the decant oils

The solubility parameters of the decant oils are calculated based on experimental
13

C NMR, using the assignments reported by Rodriguez et al.151 and the molar attraction

constants reported by Van Krevelen92 using Hoy’s system. Table 4—22 shows some of
the functional groups and their attraction constants as reported by Van Krevelen92 using
Hoy’s system.
The functional groups shown in Table 4—22 show the molar volumes and
attraction constants reported by Van Krevelen using Hoy’s system92 and Table 4—23
associates the molar volumes and attraction constants with the peak assignments reported
by Rodriguez et al.151.
Table 4—22: Molar volume, attraction constant92. Hoy’s system
Molar Volume
Constant
V* (cm3/mol)

Molar Attraction
Constant
F* ((J.cm3)0.5/mol)

-CH3

21.55

303.5

-CH2>CH>C<
=CH2

15.55
9.56
3.56
19.17

269.0
176.0
65.5
259

=CH-

13.18

249

=C<

7.18

173

CH ar

13.42

241

C ar

7.42

201

Functional group
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Table 4—22, continued
Molar Volume
Molar Attraction
Constant
Constant
-C≡N
23.1
725
-O- ether
6.45
235
acetal
6.45
236
epoxy
6.45
361
-OH phenolic
12.45
350
F* is reported in (J.cm3)0.5/mol;
hildebrands (cal.cm3)0.5/mol = ((J.cm3)0.5/mol) / 2.0455
Functional group

The characteristic ranges of band positions are listed in Table 4—23. The total
NMR signal for carbon, C is divided into several parts according to the chemical shift and
assigned carbons shown in Table 4—23.
Table 4—23: Combination between functional groups reported by Rodriguez et al.151
(13C NMR) and molar volume and attraction constants using Hoy’s method 92

Functional group

Band, TMS

Molar Volume
Constant

Molar Attraction
constant

(ppm)

V* (cm3/mol)

F*
((J.cm3)0.5/mol)

Alkanes

-CH3
11-22.5
21.6
303.5
-CH222.5-37
15.55
269
>CH37-60
9.56
176
N-C aliphatic*
N-Cal
60-65
23.1
725
O-C aliphatic**
O-Cal
65-75
6.45
236
olefinic
-HC=CH108-118
13.18
249
Internal aromatic
>C=Ar
118-128
7.42
201
>C=HAr
protonated aromatic
128-135
13.42
241
|
Naphthenic substituted Ar
>CH2
135-138
7.18
173
Heteroatom (N,O,S) aromatic***
N,O,S-Car
138-160
12.45
350
*-C≡N was selected as the example for N-C aliphatic; **acetal was selected as the example for O-C
***
aliphatic;
phenol was selected as the example for heteroatom (N,O,S) aromatic.

An example of the solubility parameter calculation is shown in Table 4—24 for
heptane. Molar attraction functions F and V are reported elsewhere

92

; the integration
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values obtained from the experimental 13C NMR are used to calculate the percentage of
each functional group. The equations are as follows:
^ F = Fi * % i ; ^ V = Vi * % i ; FT = ∑ ^ F ; VT = ∑ ^ V

4-7

Then, solubility parameter is calculated:

δ=

FT
VT

4-8

The solubility parameters of ten solvents were calculated using Hoy’s method in
order to correlate (as is shown later) the solubility parameter of the solvents calculated by
13

C NMR and the solubility parameters of the solvents reported by the literature; an

example of the calculation is shown in Table 4—24 using heptane as a solvent. Besides
heptane, pentadecane, decalin, tetralin, toluene, THF, 1-methylnaphthalene, quinoline,
nitromethane and methanol were used because they cover a wide range of solubility
parameters (7 to 15 hildebrands).
Table 4—24: Example of solubility parameter calculation for heptane
Band, TMS
i

Molar Volume
Constant

Molar
AttractionConstant

(ppm)
11-22.5

V* (cm3/mol)
21.6

F* ((cal.cm3)0.5/mol)
303.5

22.5-37
37-60
75-80
108-118
118-128
128-135
135-138
138-160

15.55
7.18
6.45
13.18
7.42
13.42
7.18
12.45

269
173
236
249
201
241
173
350

*as reported in the literature 92

^F
((J.cm3)0.5/mol)

^V
(cm3/mol)

28.77

8731.31

619.9662

44.32
25.18

11923.05
4431.246

689.2319
240.6972

0.00
0.16
0.07
0.10
1.40
100

0
32.84498
17.35338
16.6569
489.4544
FT=25641.91
FT/VT=

0
1.212486
0.966317
0.69131
17.41059
VT=1570.176
16.2 J 1/2 cm-3/2
7.9 cal1/2 cm-3/2

*

7.4 cal1/2 cm-3/2

%
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The values reported in the literature and the values calculated here using the
solubility parameter component group contributions from

13

C NMR were plotted. The

equation correlating literature values of solubility parameters and experimental values
allows aligning the solubility parameters of the decant oils with literature values, which is
shown in Figure 4—18 and Equation 4-9. The importance of doing this is that there are
no solubility parameter values reported in the literature for the decant oils used in the
current work. In addition, the correlation between solubility parameters calculated by 13C
NMR and literature was useful in order to gauge the effectiveness of Hoy’s model.

13

δ (hildebrands)- C NMR

20.0
18.0
16.0
14.0
12.0
10.0
8.0
6.0
6.0

7.0

8.0

9.0

10.0

11.0

12.0

13.0

14.0

15.0

y = 1.484x - 3.961
δ (hildebrands)-literature

2

R = 0.966

Figure 4—18: Correlation between the solubility parameters (actual values* vs.
calculated-13C NMR)
The following equation derived from the linear correlation found in Figure 4—18
is empirical and there is no significance in the slope and intercept. The solubility range
presented here covers the whole range of solubility parameters, meaning that there are no
values below 7 or above 15 hildebrands.
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δ literature =

δ

13

C NMR

+ 3.961

4-9

1.484

The solubility parameters of the decant oils are reported in Table 4—25. The
solubility parameters calculated from NMR and their corresponding correction using the
linear correlation shown in Equation 4-9 are shown.
Table 4—25: Solubility parameters of the decant oils
ID

Decant oils (fa)

EI-107
EI-135
EI-134
EI-138

0.71
0.67
0.64
0.62

δ 13C NMR
(hildebrands)
9.9
9.5
9.4
9.4

δ aligned with literature
(hildebrands)
9.4
9.1
9.0
9.0

4.2.2 Solubility parameter calculation of the Powellton/Eagle coal

The solubility parameter of the Powellton/Eagle coal was calculated to fulfill two
main objectives: to predict its interaction with the different decant oils, and to determine
the interaction between the coal and pure solvent hydrocarbons present in the decant oil,
using the comparative swelling method.

4.2.2.1 Objective 1: Calculation of the solubility parameter of coal

For this objective the following solvents were chosen: quinoline and methyl-2pyrrolidinone, nitromethane, THF and methanol.
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•

Quinoline and Methyl-2-pyrrolidinone:
These two solvents have been reported to be the two best coal tar pitch solvents

182

and their solubility parameters are 10.81 and 11.30 cal1/2cm-3/2, respectively. It is

important to point out that the pitch used by Guillén et al.183 (92-94 %C and 0.5-2.1 %O)
is not used as a model for the current coal of 88 %C (dmmf) but to select the solvents; the
solvents were selected independently of the elemental composition (i.e. C or O). For
instance, Lucht and Peppas184 have performed swelling experiments using the same
solvents for coals having a wide range of %C, dmmf (69.94-94.17) and wide range of
%O (21.46-0.62). According to Guillén et al.183, the best coal tar pitch solvents
(extraction yields from 65 to 93%) show solubility parameters ranging from 9 to 15
cal1/2cm-3/2; hence, solvents ranging from 9 to 15 cal1/2cm-3/2 were chosen.
•

Nitromethane, the solubility parameter is 12.9

•

THF, the solubility parameter is 9.5

•

Methanol, the solubility parameter is 14.47

4.2.2.2 Objective 2: Interaction between coal and hydrocarbons

For this objective the following solvents were chosen. All of them have are nonhydrogen bonding solvents and are present as constituents in the DO (original and
hydrotreated) at room temperature. The solvents are as follows:
1. 1-Methylnaphthalene. Solubility parameter is 9.86
2. Toluene. Solubility parameter 8.9
3. Tetralin. 9.5
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4. Decalin. 8.8
5. Heptane. 7.5
6. Pentadecane. 8.21.
Table 4—26: Some physical properties and solubility parameters of some solvents 185

Solvent

MF

MW
(g/mol)

BP
(°C)

MP (°C)

ρ
(g/mL)

1-Methylnaphthalene

C11H10

142.2

240-243

-22

1.001

δ
cal1/2cm3/2

9.9

Toluene

C7H8

92.1

110.6

-93

0.865

8.9

Tetralin

C10H12

132.2

207

-35

0.973

9.5

Decalin

C10H18

138.3

189-191

-125

0.896

8.8

Heptane

C7H16

100.2

98

-91

0.684

7.5

Pentadecane

C15H32

212.4

270

9.9

0.769

8.2

THF

C4H8O

72.1

65-67

-108

0.889

9.5

Nitromethane

CH3NO2

61.0

101.2

-29

1.127

12.9

Quinoline
1-Methyl-2Pyrrolidinone
Methanol

C9H7N

129.16

237.1

-15

1.093

10.8

C5H9NO

202

202.0

-24

1.033

11.3

CH3OH

32

64.6

-98

0.791

14.5

Figure 4—19 shows the swelling experiments of the coal Powellton/Eagle with
the non-hydrogen bonding solvents. It is observed that among the hydrocarbon solvents
(pentadecane, decalin, toluene, tetralin and 1-methylnaphthalene), the highest Q value
corresponds to the solvent that has higher fused aromatic rings (1-methylnaphthalene).
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1.20

Decalin

Q

Pentadecane

1.30

Toluene

1.40

Tetralin

1-methylnaphthalene

1.50

1.10
1.00
8.0

8.5

9.0
1/2

9.5
-3/2

δ (cal cm

10.0

)

Figure 4—19: Swelling spectrum. Coal and non-hydrogen bonding solvents
*the line is added to aid illustration and is not a regression fit of data

Figure 4—20 shows the swelling of coal and hydrogen-bonding solvents. It is
observed that the highest swelling ratio Q occurs when quinoline is used as a solvent. It
is assumed that the coal has the same solubility parameter as the solvent that yields the
maximum swelling57, following the theory of swelling polymer networks, where chains
swell more in good solvents, i.e. as (δcoal − δsolvent) →0. Hence, by comparative
swelling, the coal Powellton/Eagle solubility parameter is roughly 10.8 hildebrands,
which corresponds to the solubility parameter of the quinoline.
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1.90

Quinoline

1.80
1-Methyl-2Pyrrolidinone

1.70

Q

1.50

Nitromethane

1.60
THF

1.40
1.30
1.20

Methanol

1.10
1.00
9.0

10.0

11.0

12.0
1/2

13.0
-3/2

δ (cal cm

14.0

15.0

)

Figure 4—20: Swelling spectrum. Coal and hydrogen bonding solvents
Ideally, one could construct a graph of swelling (Q) versus solubility parameter
(δ), possibly with several lines for coals of different ranks, with the extensive data
provided by the literature; however, this is not possible for the following reasons:
•

Lucht and Peppas

184

have reported the Q values of 17 untreated coals from

different ASTM rank (lignite A to semi-anthracite), different %C (dmmf) from 69.94 to
94.17 and %O (dmmf) variation from 21.46 to 0.62%. The swelling was carried out
using solvents of different solubility parameters:

methanol, ethanol, n-propanol,

pyridine, cyclohexane, acetone and 2-butanone. In general, the degree of swelling (Q)
decreases as the percent of carbon content increases. Different Q values have been
observed for coals that display closely similar carbon and oxygen contents, as well as
same rank, for the different solvents here used.
Lucht and Peppas184 reported the swelling behavior that corresponds to the coals
for which ASTM rank is hVA, the same rank of Powellton/Eagle coal, and is shown in
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Figure 4—21. Although Q values are different for coals having the same ASTM rank,
the maximum swelling corresponds (for both coals) to the solvent pyridine, which has a
solubility parameter of 10.7 hildebrands. This result shows agreement with my findings.
2.00
1.80

Q

1.60
1.40
1.20
1.00
9.00

11.00

13.00
1/2

δ (cal cm

15.00

-3/2

82.48%C and 9.00%O (dmmf)

)

86.01%C and 5.29%O (dmmf)

Figure 4—21: Swelling spectrum of hVA coals as reported by Lucht and Peppas184
*The Powellton/Eagle coal is 88%C and 4.6%O (dmmf)

•

The swelling (Q) varies according to the pretreatment, even though the same coal

is used. Different authors have reported different Q values for the same coal according to
the solvent chosen in the pre-treatment process. For instance, Chen et al.186 reported
different Q values for the Shuangyashan (SY) and Zaozhuang (ZZ) coals, both
bituminous coals, for the untreated and for the NMP-CS2 Soxhlet extracted coals. Also,
Larsen et al.187 reported different Q values for the native Illinois No. 6 coal (high-volatile
bituminous coal) for unextracted or untreated coal and for pyridine Soxhlet extracted
coal; the highest Q value was obtained when coal was swollen with pyridine, therefore
the solubility parameter of the coal corresponds roughly to 10.7 hildebrands, showing
agreement with the data reported here. Sanada and Honda188 found that the equilibrium
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swelling degree Q increases with increase of the solubility parameter δ of the solvent,
reaches a maximum at about δ=10.8, and then decreases with increase of δ, which
correlates with the current finding. The swelling behavior is shown in Figure 4—22.

Figure 4—22: Relation between equilibrium swelling degree of coals and solubility
parameter of solvents at 25.0°C188
The current result of solubility parameter determination is also in agreement with
swelling experiments reported for coals that have the same rank of the Powellton/Eagle
and coals that have been pyridine-extracted before the performance of the swelling
experiment. Davis et al.189 reported the Q values for the Blind Canyon coal of rank hvAb
using four different solvents, methanol, THF, pyridine and TBAH (0.03M
tetrabutylammonium hydroxide). The highest Q value was reached when the coal was
swollen by pyridine, for which the solubility parameter is 10.7. Besides the information
provided by Davis et al.189, some comparive swelling experiments were carried out at The
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Energy Institute by determining the solubility parameters of some hvAb rank coals.
Griffith190 has reported similar values of solubility parameters for Pittsburgh, Kitanning
and Markfork when compared to Powellton-Eagle190. Pittsburgh and Kitanning have
shown a solubility parameter of 10.8 hildebrands while Markfork coals has shown a
solubility parameter of 11.1 hildebrands, which shows agreement with the solubility
parameters determined for the Powellton-Eagle coal.
After determining the solubility parameters of the decant oils and the
Powellton/Eagle coal, one can say that they meet the quantitative requirement for a good
solubility, meaning that the difference in solubility parameters between the coal and each
decant oil is lower than 2.44 hildebrands166. However, coal should interact better with
the raw decant oil when compared to its hydrotreated derivatives since the solubility
parameter of the coal is closer to the solubility parameter of EI-107.

4.3 Preliminary summary of results

The first part of this chapter was devoted to the characterization of the feedstocks.
The analysis of the chemical and physical properties of the decant oils, the raw decant oil,
and its seven hydrotreated derivatives, was carried out using different analytical methods.
Then, the raw decant oil, and three out of six hydrotreated derivatives of the raw decant
oil were selected to continue with the carbonization process, or coking, using three
different reactors, which are described in Chapters 5 and 6. The selection was based on
the quantity available, and on higher differences of chemical composition between the
hydrotreated decant oils and the raw decant oil. Therefore, the main differences in
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chemical composition of the four selected decant oils were discussed in more detail and
their structural models were proposed.
The characteristics or properties of the decant oils studied here were compared to
the properties of the preferred delayed coker feedstocks reported by Goval et al.26. All
the decant oils studied here meet the requirement for boiling range (fbp-ibp>260°C),
asphaltene content (<8 wt.%), nitrogen (<0.7 wt.%), and aromatics (50-80 wt.%). All the
decant oils except EI-107 meet the requirement for API gravity (0.0-10.0) and four out of
seven decant oils meet the requirement for sulfur content (0.0-0.7 wt.%), which are EI135, EI-136, EI-137, and EI-138. Ultimately, the characterization of the cokes generated
from each decant oil and from decant oil-coal mixtures will provide information as to
whether hydrotreating the decant oil upstream of the coker has an impact on coke quality.
Hence, the four selected decant oils and their blends with coal were pyrolyzed using
different reactors, as will be shown in Chapters 5 and 6.
The raw decant oil, EI-107, has the highest content of polycyclic aromatic
compounds plus heteroatoms, while the lowest content of hydroaromatics, naphthenics,
alkylbenzenes, five-membered ring compounds (indenes) and biphenyls.

The most

hydrotreated decant oil, EI-138, has the lowest content of polycyclic aromatic compounds
plus heteroatoms, while the highest content of naphthenic and hydroaromatics
compounds; this decant oil displays intermediate content of alkylbenzenes and indenes
when compared among the four selected decant oils.
The mild hydrotreated decant oils, EI-134 and EI-135, have the highest content of
alkylbenzenes while intermediate content of polycyclic aromatic compounds plus
heteroatoms. The decant oil EI-135 has lesser amount of biphenyls when compared to
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EI-134, probably due to the high activity of the catalyst for direct desulfurization. The
decant oil EI-135 has lesser amount of alkylbenzenes than EI-134. In addition, EI-135
display the highest amount of five-membered ring compounds (indenes) among the four
selected decant oils.
In addition to decant oils, coal has been characterized because blends of coal with
decant oils were used here as feedstocks. Only one coal was used in this investigation. A
good miscibility between the coal with the decant oil is very important to obtain a high
quality co-coke. Therefore, the second part of this chapter was devoted to the solubility
prediction between coal and decant oil, since a good dissolution is important to avoid the
formation of mosaic texture which decreases the coke quality.

According to the

solubility parameter theory, the coal should dissolve better in the raw decant oil and not
as well with the most hydrotreated decant oil, EI-138. However, coal and all decant oils
meet the requirement of good solubility since their differences in solubility parameter are
lower than 2.4 hildebrands.
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Chapter 5
Results and Discussion 2. – Cokers operated under atmospheric and nearatmospheric pressure

The four selected decant oils, as discussed in Chapter 4, were carbonized using
three different reactors, two cokers operated under atmospheric and near-atmospheric
pressure, LSCopen and PSC respectively, and one coker operated under autogenous
pressure, LSCclose. Different reactors were used since no single reactor was able to
produce the samples needed and operational conditions to fulfill the objectives of the
current work.
It is highly unlikely that any refinery would consider running a coker (or other
pyrolysis unit) under the high pressures at which the LSCclose operates, unless there is a
compelling reason to do so, such as a significant improvement in the coke quality.
However, the small scale and ease of operation of the LSCclose reactor make it possible to
do a scouting study to see whether coke quality does improve significantly at high
pressure. The characteristics of the LSCclose reactor, and the coke quality obtained as the
result of the pyrolysis of decant oil and blends, are explained in detail in Chapter 6.
The current chapter is focused on the reactors that operate at atmospheric or nearatmospheric pressure. The working pressures of the LSCopen and PSC are within the
working pressure of delayed cokers (1-6 atm)14. The working temperature of these
reactors is 465°C, which is within the working temperature of delayed cokers (450475°C)14; this temperature was selected in order to compare results from previous
studies36, 134 and to decrease the influence of secondary reactions in the coke formation133.
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Even though some research has been performed using coking temperatures at 500°C67,
this temperature is not recommended to be used in delayed cokers because it causes
operational problems 177, such as coking in the pipes.
This Chapter is divided into four sections. The first section compares the results
obtained in the LSCopen and PSC reactors; the second section shows the results obtained
through the variation of the reaction time (using the LSCopen). The third section discusses
the correlation between the chemistry of the feedstock with the coke quality, and finally,
the fourth section presents a summary of the results obtained in the current chapter.

5.1 Comparison between LSCopen and PSC

Several comparisons between these two reactors are discussed here. This section
discusses the reactor designs, coke yield, and coke evaluation.

5.1.1 Reactors design: comparison between LSC open and PSC

The LSC

open

reactor is the so-called basic reactor because of its versatility and

because it provides the most information among the reactors used in this research. The
LSC

open

reactor is useful for scouting studies and it can be run under a wide range of

reaction conditions such as temperature and reaction time, but it is not a delayed coker
itself. The main reason to study the delayed coker as an example of an ideal reactor is
because it is the only commercial refinery coking process where coke is a marketable
product. It is different from the other two commercial coking processes, flexi-coking and
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fluid coking, where coke is partially or totally burned to satisfy the heat requirements of
the reactor and the feed preheat14; a description of the three commercial processes has
been reported elsewhere4. The summary of the operational similarities and differences
between these two reactors is shown in Figure 5—1.

Figure 5—1: Summary of the operational similarities and differences between LSC
and PSC

open

165
Both reactors, LSCopen and PSC, are operated under comparable conditions of
pressure and temperature, the working pressure and temperature being 1 atm and 465°C
in the LSCopen and 1.7 atm and 470±5°C in the PSC. There are two main differences
between these two reactors. The first difference is the reactor size; LSC

open,

which is a

laboratory-scale coker produces between 1-3 g of coke, depending on the feedstock,
while the PSC, which is a pilot-scale coker, produces 1kg or more. The advantage of
using the PSC is in obtaining a large amount of coke, making it possible to determine the
coefficient of thermal expansion (CTE), which indicates the end-use of the coke.
The second main difference is the recycle ratio.

The recycle ratio (RR) is

defined in Equation 5-1191 as the ratio between heater flow (HF) and fresh feed flow (FF).
The heater flow, HF, is formed by the vaporized high-boiling point compounds present in
the coker fractionator192 as is shown in Figure 5—2. The common recycle ratios (RR)
used in the delayed coking process vary from 1.03 to 1.30, the last one being used to
make needle coke.

RR =

HF
FF

where HF is the heater flow and FF is the fresh feed

5-1191
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Figure 5—2: Delayed coking process191
*LCGO=Light cycle gas oil; HCGO= High cycle gas oil

Our PSC is not designed to operate under different recycle ratios. It works under
a zero recycle ratio. Figure 5—3 is a modification of Figure 5—2 and shows the coking
process in the PSC; the fractionator is not attached to the coker (PSC).
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Figure 5—3: Coking process in the PSC. Modification of Figure 5—2.
Likewise, the LSCopen does not operate under different recycling ratios.
Equation 5-1 cannot be applied to this reactor because LSCopen is a batch reactor while
the PSC is a semi-batch reactor; the products of the pyrolysis remain in the reactor,
except for those products (gases) whose boiling points are below the ambient temperature
(≈25-30°C), and which are released to the atmosphere. Consequently, the products of the
pyrolysis used as feedstock present in the LSCopen facilitate side reactions and increase
the contact time between the components present in the decant oil and components
present in the coal, when blends are used as feedstocks.
The fact that the PSC works under true zero recycle does not exclude its being
called a “delayed coker”, since some refiners have updated their coking via zero-recycle
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operations or true zero recycle192 (see Figure 5—4). Under zero recycle conditions, the
coke is formed mostly from compounds whose boiling point is higher than 465°C.

Figure 5—4: Zero-recycle coker design192
As mentioned, the LSCopen is the reactor with higher versatility when compared to
the PSC. The LSC

open

is operated under different reaction times (6, 12 and 18 h),

whereas the PSC is operated under 12 h only. Although the PSC can be operated at any
other reaction time as well, only one reaction time was chosen since its versatility is
limited regarding to cost and manpower.

5.1.2 Yields and coke evaluation: comparison between LSC open and PSC

The yield and coke evaluation starts with the simplest experiment, which is the
coking of the raw decant oil, EI-107. The cokes derived from the raw decant oil were
obtained using both reactors.
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5.1.2.1 Pyrolysis of the raw decant oil

The coke yields obtained from the raw decant oil, EI-107, in the LSCopen and PSC
are compared. The conditions and yields obtained when the raw decant oil was coked is
shown in Table 5—1. The conditions used in the LSCopen are 465°C and 12 h reaction
time.
Table 5—1: Conditions and yields obtained from raw decant oil alone
Conditions
PSC
LSC open
Feedstock (h)
6
NA
hold* at 500°C (h)
6
NA
12
12
Total reaction time (h)
feed rate, g/min
16.7
NA
preheater inlet, °C
144
NA
preheater outlet, °C
445
NA
coke drum inlet, °C
475
NA
coke drum lower/middle, °C
474
NA
coke drum top, °C
476
NA
467
465
Average temperature °C
Material Fed to Reactor (g)
5932
5.0
Coke (g)
1175
2.4
Liquid (g)
4200
2.0
liquid/coke
3.57
0.83
% coke
19.81
47.61
% liquid product
70.80
39.41
*the drum was held at 500°C to release volatiles. Pressure is 1.7 atm
NA, not applicable

The coke yield obtained in the LSCopen at 12 h is 47.61%, while the coke obtained
in the PSC is 19.81%. Therefore, an additional 27.80% of coke in the LSC open has been
formed, presumably as the result of the secondary reactions.
Side or secondary reactions occur when the recycling of the compounds is high192,
as may happen in LSC

open

where the liquid products of the coking are retained in the

reactor throughout the process, and therefore, the coke content is higher when compared
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to the coke content generated in the PSC. This is in agreement with Elliot et al.193 who
reported that the increasing recycle ratio in the delayed coker leads to an increase in the
coke yield. Although the LSCopen does not operate with a recycle unit, it has been
observed that the distillates produced during the pyrolysis do not leave the reactor but
remain in it, being recycled as feedstock to generate coke. On the other hand, PSC does
not have a recycle unit either but it works as if it has a true zero-recycle.
Table 5-2 shows the proximate and ultimate analysis of the cokes obtained from
the two different reactors and derived from EI-107. The elemental analysis shows that
the values are very close. The lower ash content and sulfur in the coke obtained in the
PSC coker suggest that minerals present in the EI-107 leave the drum and become a part
of the distillates. The lower volatile matter present in the LSCopen may be related with the
procedure to obtain the coke; in the LSCopen, the coke is Soxhlet-extracted with THF and
some volatile matter may be in the THF-S fraction, whereas in the PSC this process was
not carried out.
Table 5—2: Proximate and Ultimate analysis of the cokes derived from EI-107 obtained
in the LSCopen and PSC
(dry)
S ±0.01
N±0.08
C±1.90
H±0.13
Volatile matter±0.40
Fixed carbon±0.38
Ash±0.12
Moisture*±0.06
*as received

LSC open
2.18
0.06
92.90
3.42
14.60
83.12
2.28
0.12

PSC
1.98
0.15
94.70
3.13
17.15
82.85
0.32
0.13

Although CTE is the most important parameter to determine whether a coke is
premium or not, this analysis was not carried out for the cokes obtained at laboratory
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scale because this technique requires a large amount of sample (at least 1 kg)

21, 194

as

mentioned; the amount of sample obtained at laboratory scale is in the order of few
grams. Therefore, techniques that need only a small amount for the analysis, mainly
optical microscopy and X-ray diffraction, have been used to obtain some correlation with
CTE values23, 194, 195, 196.
As explained in section 5.1, one of the virtues of the LSC open is to carry out many
runs due to its versatility to vary reaction parameters such as reaction time. The reaction
time can be varied in the PSC but is time-consuming and is more expensive. It was
observed in the LSCopen that at 12 h the anisotropy content was not fully complete. Since,
according to the literature, the longer the reaction time, the better the coke quality35, it
was decided to run the LSCopen at 18 h. A higher anisotropic content at 18 h (97.0%)
when compared to the anisotropic content found was observed at 12 h (95.4%), the
precision of the measurement being 0.5%. Those values (95.4 and 97.0%) are very close;
however they are not when anisotropic content is compared for the cokes derived from
the hydrotreated decant oil, as shown later in section 5.2.4.1. Therefore, to be consistent
in choosing the optimum reaction time for all the cokes, 18 h was selected to be the
optimum.
Since the higher mesophase development has been reached at 18 h, the coke
obtained at this reaction time is the one that will be compared in quality with the coke
obtained in the PSC at 12 h. The coke EI-107 obtained in the PSC has a very low
isotropic carbon (0.1%), and hence the anisotropic content is 99.9%. The fact that the
LSCopen needs longer reaction times to produce a better coke when compared to the PSC,
means that the conditions of this reactor (LSCopen) produce a poorer quality coke when
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compared to the conditions of the PSC and the reason may be attributed to the side
reactions that contribute to the coke formation.
The obtaining of a good quality coke at 12 h using the PSC is in agreement with
observations from the experts in the industry; according to Dr. John Chang21, a good
feedstock to produce a needle coke should be fully carbonized at 13 h, which shows
agreement with the current findings, as well as reaction times reported by Elliot et al193.
Escallón4 found near-fully carbonized or near-hundred percent anisotropic carbon in the
coke formed as the result of the pyrolysis of decant oil at 465°C and 12 h using a cocoker operated at laboratory scale4; the reactor used by Escallón4 was not designed to
operate under different recycle ratios, but it works under zero-recycling ratio, likewise the
PSC. This short reaction time does not contradict the common reaction times used in the
delayed coking process, which is around 18 h, according to Sasol197. It is important to
point out that the optimum reaction time also depends on the chemical composition of the
feedstock and some of them may need additional reaction time to complete the
carbonization process, such as feeds rich in naphthenic compounds67, which correspond
to hydrotreated feeds.
The isotropic carbon and X-ray diffraction parameters are shown in Table 5-3.
The comparison in the size of isochromatic units of the coke EI-107 obtained in both
reactors cannot be made. This comparison of domains (isochromatic units larger than 60
μm), as well as the determination of optical texture index (OTI) (see section 5.1.2.2) is
not accurate since the coke obtained in the LSC open has fine particles whose size may be
below 60 μm, whereas the particle size of the coke obtained in the PSC is 1.19 mm after
crushing. The particle size is an important consideration for point counting, since by
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using a larger particle size, the area of the polished surface is increased, so there are
enough particles to read from, and particles above 60 μm may be observed below 60 μm
because the particle is broken when fines are produced, thus giving an inferior OTI
value110,

198

.

Hence, the only way to compare the coke quality is through X-ray

diffraction.
Table 5—3: Isotropic carbon and X-ray diffraction parameters

SAMPLE
ID
EI-107-LSC open
EI-107-PSC
I=isotropic carbon

X-ray diffraction parameters
FWHM
d002(Å)
Diff. Angle
(°)
Lc (Å)
±0.0007
±0.006
±0.011
3.376
26.029
24
3.4205
3.260
26.031
25
3.4203

Optical Microscopy
I, vol %
2.5
0.1

According to the X-ray diffraction parameters shown in Table 5-3, the values of
diffraction angle and d002 for both cokes are within the reproducibility of the
measurement and hence, the only thing one can say is that, based on X-ray parameters,
the cokes are identical.
Optical microscopy and X-ray were performed on the green cokes and co-cokes
while the CTE test was performed on the graphitized coke. The CTE corresponding to
the coke derived from the raw decant oil in the PSC is 0.368 x 10-6/C, and hence, the
coke is classified as premium needle coke106.
The current section covered the base case, which is the pyrolysis of the raw
decant oil. The following section covers the yields and coke quality when the raw decant
oil is hydrotreated.
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5.1.2.2 Pyrolysis of the hydrotreated decant oils

The raw decant oil was hydrotreated to different levels in order to study the effect
of chemical composition variation of the decant oils on the coke quality. This section
provides a comparison of yields and coke quality obtained from the raw decant oil and
the hydrotreated decant oils, when the LSC open is used.
The hydrotreated decant oils were pyrolyzed using both reactors, LSC

open

and

PSC; however, no coke derived from the hydrotreated decant oils was obtained in the
PSC, whereas cokes derived from the hydrotreated decant oils were obtained using the
LSC

open.

The cokes were not formed in the PSC because the compounds with boiling

point lower than 465°C distill. Hence, no comparisons are possible between the cokes
obtained from the hydrotreated decant oils pyrolyzed in the PSC and LSC

open.

Consequently, this section compares the yields and coke quality of the cokes obtained in
the LSC open alone, obtained at 18 h.
The yields are shown for coke and oils.

Figure 5—5 shows the coke yield

variation with aromaticity, fa. In order to get more data points, and a clearer trend, the
raw decant oil has been included. It is observed that the highest coke yield is obtained
from the coke derived from decant oil of highest aromaticity (EI-107 or raw decant oil)
while the lowest is for the coke derived from the most hydrotreated decant oil, EI-138.
Cokes derived from the intermediate hydrotreated decant oils display intermediate values
of coke yield.
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60.00

TI wt.%

50.00
40.00
30.00
20.00
10.00
0.00
EI-138

EI-134

EI-135

EI-107

fa

Figure 5—5: TI or coke yield variation with aromaticity at 18 h using the LSC open
Figure 5—6 shows the liquid or oil variation with aromaticity at 18 h. It is
observed that the liquid yield is the highest for the pyrolysis of the most hydrotreated
decant oil while the lowest for the raw decant oil; intermediate oil yields are observed for
the pyrolysis of the mildly hydrotreated decant oils. In summary, the hydrotreatment of
the decant oil decreases the coke yield formation. This is no surprise, since one might
expect an inverse relationship between coke yield and liquid yield.
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Figure 5—6: Oil yield variation with aromaticity at 18 h using the LSC open
Eter
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has reported that premium and intermediate grades of petroleum cokes

have low to moderate levels of sulfur (0.5-2.5%), whereas the poorest grade of petroleum
has typically higher concentrations of sulfur (2.5 to ≥5 wt.%). Table 5-4 reports the
sulfur content of the cokes derived from the decant oils obtained in the LSC

open.

It is

observed that the cokes can be classified as premium and intermediate grades based on
their sulfur content alone.
Table 5—4: Sulfur content in wt. % of the cokes derived from decant oil alone using the
LSCopen at 18 h
Sample ID
EI-107
EI-135
EI-134
EI-138

Sulfur ±0.01
2.18
0.50
0.70
0.28

The amount of sulfur present in the cokes correlates with the amount of sulfur
present in the feedstocks (reported in Table 4-1), as shown in Figure 5—7. According to
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this correlation, one can say that the higher the sulfur content in the feedstock leads to a
higher the sulfur content in the coke, as shown in Figure 5—7.

Sulfur in the coke, wt.%
dry

2.50
2.00

EI-107

1.50
1.00
EI-134
0.50
EI-138
0.00
0.00

0.50

y = 0.651x + 0.201

EI-135

1.00

2

R = 0.992
1.50

2.00

2.50

3.00

3.50

Sulfur in the feedstock, wt.% as determined

Figure 5—7: Correlation between the sulfur content present in the feedstocks and the
sulfur content present in the cokes obtained in the LSCopen at 18 h
Table 5—5 shows the proximate analysis for the cokes derived from the decant
oil alone. According to the specifications200, moisture should be lower than 3%, volatile
matter lower than 12% and ash lower than 0.3% in order to be classified as premium
grade coke. The cokes EI-135 and EI-138 meet the specifications for volatile matter but
none of them follow the specifications for ash content.
Table 5—5: Proximate analysis of the cokes derived from the decant oil alone using the
LSCopen at 18 h
Sample ID
EI-107
EI-135
EI-134
EI-138

Moisture (as received)
±0.06
0.12
0.15
0.26
0.26

Volatile matter (dry), wt. %
±0.40
14.60
9.18
19.39
8.04

Ash (dry), wt. %
±0.12
2.28
1.03
0.51
1.23
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Table 5—6 shows the elemental analysis of the cokes derived from the decant oil
alone. It is observed that the carbon content is slightly higher in the cokes derived from
the hydrotreated decant oils when compared to the one derived from the raw decant oil.
Hydrogen and nitrogen display comparable values since they are within the
reproducibility of the measurement.
Table 5—6: Elemental analysis of the cokes derived from the decant oil alone using the
LSCopen at 18 h
Sample ID
EI-107
EI-135
EI-134
EI-138

C (dry), wt.%
±1.90
92.90
93.44
93.84
93.74

H (dry), wt. %
±0.13
3.42
3.49
3.68
3.50

N (dry), wt. %
±0.08
0.06
0.00
0.05
0.07

The cokes obtained at 18 h were evaluated by optical microscopy and their quality
was compared. Assuming that all the cokes generated in the LSC

open

have the same

amount of fine particles, and, since the procedure to obtain the coke is the same, the size
of the isochromatic units can be compared. Unlike the coke obtained in the PSC, which
is a whole chunk of coke, the coke obtained at laboratory scale is obtained after the
mixture of products (oil plus THF-S plus coke), which has a jelly-like appearance, is
Soxhlet-extracted with pentane and THF.
The optical texture index (OTI) was calculated as shown in Equation 5-2 17. The
correspondent OTI and X-ray diffraction parameters are shown in Table 5-7.

OTI = (0 * % I ) + (1 * %m) + (5 * %d ) + (50 * % D) + (100 * % FD)
I= isotropic carbon; m= mosaic; d= small domain; FD= flow domain and D= domain

5-2
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Table 5—7: The relationship between optical textures and X-ray diffraction parameters
with near-constant anisotropic carbon content. Atmospheric pressure at 18 h
X-ray diffraction parameters
SAMPLE
ID

FWHM (°)
±0.011

Diff. Angle
±0.006

Lc (Å)

Optical texture
d002(Å)
±0.0007

I

m

EI-107
3.336
26.029
24
3.4205
2.5
5.3
EI-135
3.361
25.998
24
3.4245
1.2
5.2
EI-134
2.950
26.083
26
3.4136
1.4
1.8
EI-138
3.236
26.038
26
3.4194
4.8
2.2
I=isotropic carbon; m=mosaic; d=small domain; D=flow domains + domain.

d

D

OTI

57.0
68.2
48.6
50.3

35.5
28.6
47.2
39.2

23.1
19.6
29.3
23.6

It has been reported that the highest domain content (isochromatic units > 60 μm),
leads to the lowest the CTE and hence, a better coke quality111. Then, the coke quality
sequence by OTI alone is: EI-134> EI-138> EI-107>EI-135.
A correlation has been found between FD+D or total domains (D) and OTI. The
correlation is shown in Figure 5-8. It is important to recall that flow domains (FD) and
domains (D) have the highest OTI values, as it was shown in Equation 5-2.
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30
EI-134

28

OTI

26
24
22

EI-138
EI-107

20
EI-135
18
25.0
30.0

35.0

40.0

FD+D, vol %

45.0

50.0
2

R = 0.966

Figure 5—8: Correlation between OTI and (FD+D) for the cokes derived from decant
oils alone
An apparent correlation between OTI with the X-ray diffraction parameters has
been found. Figure 5—9 shows the correlation between OTI and d002.

Although the

X-ray parameters are close, an apparent trend is observed between X-ray parameters and
optical microscopy (OTI); the close values in the X-ray parameters suggest that the cokes
have similar or close coke qualities when the green coke is analyzed.

As it was

previously discussed, the coke obtained from the raw decant oil, EI-107, in the PSC is a
premium-grade needle coke; the cokes from EI-107 obtained in the PSC and LSC

open

have roughly the same quality based on X-ray parameters. Therefore, one can say that
the coke quality of the cokes obtained from the hydrotreated decant oil in the LSCopen
may be premium or super-premium grade needle coke.
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32
30

EI-134

28
EI-138

OTI

26

EI-107

24
22

EI-135

20
18
3.416

3.418

3.420

3.422

3.424

3.426
2

d002 (A)

R = 0.887

Figure 5—9: Correlation between OTI and d002 for the cokes obtained from the decant
oil alone at 18 h
The error bars for d002 were obtained from the precision of the measurements by determining the d002 values
by duplicate, as explained in Appendix D.

The correlation between OTI and diffraction angle is shown in Figure 5—10; the
higher the OTI, the higher the diffraction angle.

32
30

EI-134

28

OTI

26
EI-138

24
22

EI-107

20
18
25.98

EI-135
26.00

26.02

26.04

diff angle

26.06

26.08
2

R = 0.886

Figure 5—10: Correlation between OTI and diff. angle for the cokes obtained from the
decant oil alone at 18 h
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The Lc is higher for EI-134 and EI-138 and lower for EI-107 and EI-135. A
correlation between OTI with FWHM was found as shown in Figure 5—11; the lower the
FWHM, the higher the OTI.

32

EI-134

30
28

EI-138

OTI

26

EI-107

24
22
20

EI-135

18
2.900

3.000

3.100

3.200

3.300

FWHM

3.400
2

R = 0.854

Figure 5—11: Correlation between OTI and FWHM for the cokes obtained from the
decant oil alone at 18 h
In summary, X-ray diffraction supports what was found by optical microscopy.
Hence, according to XRD parameters, the lower the d002 and FWHM, while the higher
diffraction angle and higher Lc, the better the quality coke, which is in agreement with
what will be shown in section 5.1.2.4, where the X-ray diffraction parameters of the cocokes are correlated with their corresponding CTE values. According to the findings in
optical microscopy and X-ray diffraction, the sequence of coke quality, following the
apparent trend found between OTI and X-ray parameters, of the cokes obtained at 18 h is:
EI-134 > EI-138 > EI-107 > EI-135

Therefore, there are two hydrotreated decant oils that provide better coke quality
when compared to the raw decant oil, and one hydrotreated decant oil which produces
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coke of lower quality when compared to the coke obtained from the raw decant oil. The
correlation between coke quality and chemistry of the feedstock is discussed later in
section 5.3.

5.1.2.3 Pyrolysis of the raw decant oil plus coal

The idea of blending decant oil with coal derives from getting light coal-derived
compounds into the coker liquids. What makes the co-coking process attractive is that,
besides the obtaining of light coal-derived compounds, high-value carbon may be
obtained. Hence, some of the work reported in this chapter studied whether there is any
benefit when coal is added to the decant oil in terms of improvement in the coke quality.
This section compares the yields and coke quality when the two different reactors (LSC
open

and PSC) are used and compares the yields and coke quality of the coke derived from

the decant oil with that derived from the blend.
Table 5—8 shows the conditions and yield results for the blends derived from the
raw decant oil and Powellton/Eagle coal in a 4:1 wt. ratio, using the reactors PSC and
LSCopen.
Table 5—8: Conditions and yield for the blends derived from EI-107 and
Powellton/Eagle coal, EI-107/coal, using LSC open and PSC reactors at 12 h
Conditions
Feedstock, hours
Hold* at 500°C, h
Total time, h
Feed rate, g/min
Preheater inlet, °C
Preheater outlet, °C
Coke drum inlet, °C
Coke drum lower/middle, °C

PSC
6
6
12
16.8
120
464
503
490

LSC open
NA
NA
12
NA
NA
NA
NA
NA
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Table 5—8, continued
Conditions
PSC
Coke drum top, °C
477
483
Average temperature, °C
Material fed to reactor, g
5506
Coke
1523
Liquid
3460
Liquid/coke
2.27
% coke
27.66
% liquid product
62.84
*the drum was held at 500°C to release volatiles

LSC open
NA
465
5.0
2.1
1.7
0.81
41.59
33.23

The coke yields obtained from the co-coke EI-107/coal in Table 5—8 are
compared to the yields obtained from the coke EI-107 in Table 5—1.

When the PSC

was used, the coke yield was improved when coal was added into the decant oil, whereas
when the LSC open was used, the coke yield decreased at the expense of the formation of
higher gas and THF-S yields.
The co-cokes derived from blending the raw decant oil were evaluated by optical
microscopy and X-ray diffraction when the cokes were produced using different reactors,
LSCopen and PSC.
Optical microscopy was performed on the green co-cokes and provides
information about the contribution of petroleum and coal to the coke.

The optical

microscopy of the co-coke EI-107/coal obtained in the PSC and LSCopen is shown in the
next section altogether with the coal blended with the hydrotreated decant oils.
Table 5—9 shows the X-ray parameters of the cokes derived from the blend. The
X-ray parameters determined for the co-coke EI-107/coal obtained in the PSC and
LSCopen are comparable, implying that the change in the reactor has little or no influence
on the coke quality.
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Table 5—9: X-ray diffraction parameters of the cokes derived from the blend obtained at
18h using both reactors
PSC
LSC open
Diffraction
Diffraction
d002
FWHM
FWHM
d002
angle
angle
Lc
Lc
±0.0028* ±0.004*
±0.0003 ±0.008
±0.02
±0.02*
EI-107/coal
26.187
3.4003
4.077
20
26.045
3.4185
4.087
20
*It is important to note that the reproducibility of the measurement in the X-ray parameters is different in
the cokes derived from decant oil alone (see Table 5—22), co-cokes (see Table 5—9, Table 5—18), cokes
derived from coal alone (Table 5—24) and petroleum cokes that have been graphitized at 2800°C
(Table 5—27). This is explained in Appendix H.

The CTE of the co-coke produced in the PSC is 1.800x10-6/°C, which exceeds the
value of 0.8x10-6/°C; therefore this co-coke cannot be classified as graphite-grade or
needle coke. Above this value, the co-coke can be either sponge or shot coke and
additional tests are needed to determine if the co-coke can be classified as sponge coke.

5.1.2.4 Pyrolysis of the hydrotreated decant oils plus coal

This section examines whether any change in co-coke quality occurs when
hydrotreated decant oils are used instead of raw decant oil. This section also compares
the co-coke yields and qualities when the two different reactors are used.
Table 5—10 shows the yields of the blends between coal and hydrotreated decant
oils generated in the PSC and LSC

open.

It is observed that the co-coke yield is always

higher when coke is obtained in the LSC

open

when compared to the co-coke yield

obtained in the PSC. This shows agreement with what has been observed and explained
in the previous sections.
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Table 5—10: Yields for the blends generated in the PSC and LSC open
EI-134/coal
EI-135/coal
Conditions
PSC
LSC open
PSC
LSC open
Total time (h)
12
12
12
12
463
465
462
465
Average temperature, °C
Material fed to reactor
5948
5
5752
5
Coke, wt.%
24.43
48.36
18.76
43.19
liquid product, wt. %
70.95
51.64
72.27
56.81
*the drum was held at 500°C to release volatiles

EI-138/coal
PSC
LSC open
12
12
477
465
5850
5
17.25
38.96
73.98
61.14

A correlation between coke yield obtained in the PSC and LSC

open

was found.

The data of EI-107 has been included in order to get a meaningful r2. This is shown in
Figure 5—12.

43.00

coke yield, wt.%
LSC open

41.00
39.00
37.00
35.00
33.00
31.00
29.00
15.00

17.00

19.00

21.00

23.00

25.00

coke yield, wt.% PSC

27.00

29.00

y = 0.8893x + 15.778
R2 = 0.905

Figure 5—12: Correlation between the coke yield of the co-cokes obtained in the PSC
and LSCopen
Table 5—11 reports the sulfur content of the co-cokes obtained in LSC

open

and

PSC. It is observed that the cokes can be classified as premium and intermediate grades
based on their sulfur content, according to Eter199. In this Table one can observe that the
sulfur content present in co-cokes generated in the PSC is lower than the sulfur content

187
present in cokes from the LSCopen. The results suggest that one benefit of hydrotreating
the decant oil is a lower sulfur content in the coke.
Table 5—11: Sulfur content in wt.% of the co-cokes obtained in the LSC open and PSC
Sulfur ±0.01
LSC open
PSC
1.79
1.20
0.61
0.10
0.93
0.13
0.29
0.25

Sample ID
EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

Table 5—12 shows the proximate analysis for the cokes derived from the decant
oil alone. According to the specifications199,
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, moisture should be lower than 3%,

volatile matter lower than 12% and ash lower than 0.3% in order to be classified as
premium grade coke. All cokes follow the specifications, based on moisture, volatile
matter and ash alone. According to the literature, based on ash content and volatile
matter alone, the green co-cokes exceed the permitted values (0.3 and 12 wt.%,
respectively) to be classified as a premium grade coke. The volatile matter is lower in the
co-cokes obtained in the LSC

open;

perhaps the THF extracts some components of the

volatile matter when the co-coke obtained in the LSC open is Soxhlet-extracted with THF.
Table 5—12: Proximate analysis of the co-cokes obtained in the LSC open and PSC

Sample ID

Moisture
(as received)
±0.60

EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

0.55
0.88
0.52
3.79

LSC open
Volatile
matter
(wt. % dry)
±0.40
26.47
11.39
22.56
10.46

PSC
Ash
(wt.% dry)
±0.38

Moisture
(as received)

Volatile
matter
(wt. % dry)

Ash
(wt.% dry)

3.18
4.02
4.51
3.79

0.32
0.62
0.59
0.72

30.19
36.12
42.01
14.08

3.57
5.03
5.33
7.40
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Table 5—13 shows the elemental analysis of the co-cokes obtained in the LSCopen
and PSC. Carbon and hydrogen show comparable values while nitrogen is higher in the
co-cokes obtained in the PSC, which suggests that nitrogen-containing compounds are
present in the heavy fraction of the decant oil, hence do not distill during the pyrolysis.
Table 5—13: Elemental analysis of the co-cokes obtained in the LSC open and PSC
LSC open
Hydrogen
(wt. % dry)
±0.13
3.50
3.31
3.36
3.43

Carbon
(wt. % dry)
±1.90
90.90
91.71
89.16
92.06

Sample ID
EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

PSC
Nitrogen
(wt.% dry)
±0.08
0.44
0.49
0.31
0.44

Carbon
(wt. % dry)

Hydrogen
(wt. % dry)

Nitrogen
(wt.% dry)

91.5
88.9
88.6
88.4

2.79
3.00
3.05
2.72

0.97
1.35
1.51
1.21

The following Table lists an example of the individual textures observed in the
petroleum-derived and coal-derived textures following the methodology shown in section
3.8.1; total coal and total petroleum-derived textures are the sum of their respective

individual textures. However, for discussion purposes, only the total coal-derived and
petroleum-derived textures will be shown.
Table 5—14: Distribution of carbon textures in vol. % derived from decant oils and coal

Non-Enhanced
vitrinite

Inertinite derived

Isotropic Vitrinite

Mineral matter

Total coal-derived

Isotropic

Mosaic

Small Domain

Domain

Flow Domain

Total petroleumderived

Petroleum-derived textures

Enhanced vitrinite

Coal-derived textures

a

b

c

d

e

∑ a , b, c , d , e

1

2

3

4

5

∑1,2,3,4,5
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The cokes derived from blending coal and decant oil were fully carbonized at 18 h
when mesophase formation was complete. This also occurred in the cokes derived from
the decant oils alone, as was discussed in section 5.2. Table 5—15 shows the total coalderived and petroleum-derived textures obtained in the LSC

open

at 18 h, and in the PSC

for the co-cokes derived from blending coal with the decant oils. In Table 5—15, one
can observe a constant value for the coal and petroleum-derived textures of the co-cokes
obtained in the LSCopen except for the co-coke EI-138/coal; this apparent deviation could
result from error in sampling due to poor homogenization of the coal-derived textures
with those of the petroleum textures, or, that the hydrogen transfer is so strong that it is
observed in fractions other than coke, i.e. THF-S fraction, coal-derived textures being in
this fraction.
Table 5—15: Distribution of coal- and petroleum-derived textures in vol. % in the cocokes obtained from blending hydrotreated decant oils and coal (4:1 wt. ratio) – Using
LSC open and PSC

Sample ID

Total coal-derived
(vol. %)

Total petroleum-derived
(vol. %)

LSC open

PSC

LSC open

PSC

EI-107/Coal

24.5

15.9

75.5

84.1

EI-135/Coal

24.0

18.9

77.0

81.1

EI-134/Coal

24.0

20.7

76.0

79.3

EI-138/Coal

10.9

25.4

89.1

74.6

Different correlations were found between coal- and petroleum-derived textures
obtained in the PSC with boiling point and ash content in the co-coke. Because there is
no recycle stream in the PSC, lighter compounds in the hydrotreated decant oils and
especially in the most hydrotreated decant oil, EI-138, are allowed to distill rather than
remain in the reactor, thus having a shorter contact time with the coal. The petroleum-
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derived texture (shown in Table 5—15) was plotted against the average and initial boiling
point of the decant oil, and is shown in Figure 5—13; the data corresponding to EI107/coal have been included in order to get a meaningful r2 value. According to this
Figure, the larger the initial and average boiling point of the decant oil, the higher the

420.0
410.0

Av. bp (° C)

400.0
390.0
380.0
370.0
360.0

EI-138/coal

350.0
72.0

74.0

76.0

78.0

80.0

82.0

300
280
EI-107/coal 260
240
220
200
180
160
140
120
100
80
84.0
86.0

ibp (° C)

petroleum-derived texture.

Petroleum-derived texture, vol. %
2

R = 0.932

2

R = 0.925

Figure 5—13: Correlation between petroleum-derived texture determined in the co-cokes
obtained from the PSC with initial (ibp) and average boiling point of the decant oil
Another trend supporting the idea that during the co-coking process in the PSC
components of the decant oil distill instead of being a part of the coke, is the correlation
found between coal-derived texture and ash content shown in Figure 5—14.
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Coal-derived Texture, vol.%

26.00
24.00

EI-138/coal

22.00
20.00
18.00
16.00
14.00
3.00

EI-107/coal

4.00

5.00
Ash, wt.%

6.00

7.00

8.00
2

R = 0.988

Figure 5—14: Correlation between coal-derived texture and ash content determined in
the co-cokes obtained from the PSC
The higher content in coal-derived textures present in the co-cokes obtained in the
LSCopen when compared to the coal-derived textures present in the co-cokes obtained in
the PSC are due to the greater contact time between coal and petroleum components (see
section 5.1.2.3), during which decant oil increases the size of the isochromatic units
present in the coal while its own isochromatic units (petroleum-derived texture) decrease.
During the co-carbonization with decant oil the isochromatic areas of bituminous rank
vitrinite can become enhanced from 0.5-2 μm to 2-6 μm. The enhanced vitrinite, already
described in section 3.8.1 is shown in Table 5—16. It is observed in this Table, that the
enhanced vitrinite is always higher in the co-cokes obtained in the LSCopen (although
decreasing as the hydrotreatment of the decant oils are increased) when compared to the
co-cokes obtained in the LSCopen, except for EI-138/coal. This may be explained by the
presence of transferrable hydrogen, whose calculation is explained in the upcoming
paragraph; as the transferrable hydrogen increases, the result of the interaction
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coal/decant oil is observed in a fraction other than coke, for instance THF-S, as is later
discussed in section 5.2.3.7.4.
Table 5—16: Enhanced-vitrinite derived (coal-derived texture) present in the co-cokes
obtained in the PSC and LSCopen
Enhanced vitrinite (coal-derived texture)
2-6 μm
Sample ID

LSC open

PSC

EI-107/Coal

19.4

9.6

Δ enhanced vitrinite
(LSCopen-PSC)
9.8

EI-135/Coal

19.9

15.4

4.5

EI-134/Coal

20.2

17.5

2.7

EI-138/Coal

7.4

23.4

-16.0

Figure 5—15 shows the correlation between the Δ enhanced vitrinite
(LSCopen – PSC) with total transferrable hydrogen. This Figure suggests that as the total
hydrogen transfer from decant oil to coal is increased, lower interaction between decant
oil and coal is observed in the co-coke because the interaction has shift to another
fraction, which is THF-S; after coke, the THF-S fraction is the most highly condensed
fraction.

Δ enhanced vitrinite (LSCopen-PSC)
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15.0
10.0

EI-107/coal

5.0
0.0
0.00
-5.0

5.00

10.00

15.00

-10.0

20.00

R2 = 0.999

-15.0
EI-138/coal

-20.0
TTH/1000g

Figure 5—15: Correlation between Δ enhanced vitrinite (LSC
transferable hydrogen (TTH)

open

– PSC) with total

The total transferable hydrogen is calculated as follows: although decalin is not
the only naphthenic compound present in the hydrotreated decant oils, for discussion
purposes decalin is taken as an example of hydrogen transferability, as reported by
Pajak201. He studied the hydrogen transfer from decalin to the coal using glass tubes
placed in a heated bath at 380-400°C. The coal had the following elemental analysis: C
70.8%; H 4.6%; N 1.0%; S 0.9%; ash 8% (wt.%, dry basis), and the following maceral
composition; vitrinite 57%, exinite 13%, inertinite 23% and mineral matter 7 vol%. The
coal / decalin ratio was 1:1 (50mg:50μL). The coal used in the current work has higher
carbon (80.92 wt. %) and lower inertinite content (12.2 wt.%).
Figure 5—16 shows the hydrogen transfer from decalin to coal and it is observed
that the hydrogen transfer increases as the reaction time increases, as reported by
Pajak201.
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Figure 5—16: Transferable hydrogen (TH) from decalin to coal201
In order to estimate the total transferable hydrogen of the different decant oils to
coal, one assumption is made, by saying that the cycloalkanes or naphthenes are decalin,
and all the hydroaromatics are tetralins. Although this is not literally true, as seen in
Table 4-9, this assumption gives a reasonable estimate of the amount of transferable
hydrogen. For decalin, the reaction is C10H18 = C10H8 + 10H, which means that the ratio
of grams of transferable hydrogen per gram of decalin (10/138) is equal to 0.07.
Similarly, for tetralin the reaction is C10H12 = C10H8 + 4H, and the grams of transferable
hydrogen per gram of tetralins is 0.03. The calculation of the total transferable hydrogen
of the different decant oils on the basis of this assumption is shown in Table 5—17.
From Table 5—17 and Figure 5—16 one can say that with the exception of EI138 (possibly), the amount of hydrogen that can be transferred is limited when compared
to Pajak’s work. At least with EI-107 and EI-134, all hydrogen is going to be transferred
within 6 hours, assuming that the rate of hydrogen transfer is the same as Pajak (which it
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almost certainly is not); most or all of the hydrogen transfer that is going to take place is
already over by the time the reaction reaches six hours.
Table 5—17: Calculation of the total transferable hydrogen of the different decant oils
Compound
Cycloalkanes (decalin)

EI-107
EI-134
EI-135
EI-138
%
0.99
1.98
3.73
21.09
TH-D
0.07
0.14
0.26
1.48
Hydroaromatics (tetralins)
%
0.10
9.30
9.90
11.00
TH-T
0.00
0.28
0.30
0.33
TTH/100g
0.07
0.42
0.56
1.81
TTH/1000g*
0.72
4.18
5.58
18.06
TH-D: Transferable hydrogen decalin; TH-T: transferable hydrogen tetralins; TTH: total transferable
hydrogen
*The arithmetic on the same basis as Pajak’s work

One main drawback in comparing the current results with Pajak is that he is using
much lower temperature (380 and 400°C) while the current work’s temperature is 465°C.
However, taking the standard rule of thumb that reaction rates double for every 10°C rise
in temperature202 and the current temperature is about 70°C higher than Pajak’s, the
current reaction rate should be 2^7 or 128 times faster. Figure 5—16 suggests that H
transfer will level off somewhere around 12h, hence, in the current system one might
expect H transfer to be complete in 12/128=0.09h or about 6 minutes.

The decant oil

EI-138 shows the highest amount of total transferable hydrogen and is consistent with the
idea that coal has experienced liquefaction to some extent as the result of blending these
two feedstocks.
The CTE, as well as the X-ray parameters, are shown in Table 5—18; the CTE
was determined from the graphite artifact, while the X-ray parameters were determined
from the green co-coke.

According to what is shown in Table 5—18, the co-cokes
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cannot be classified as graphite-grade needle coke since the CTE exceeds the value
0.8x10-6/°C.
Table 5—18: CTE of the graphites rods made of the co-cokes generated in the PSC and
XRD parameters calculated for the green co-cokes
CTE x 10-6/°C
EI-134/coal
EI-135/coal
EI-107/coal
EI-138/coal

1.800
1.880
2.090
2.230

Diffraction angle
±0.02
26.288
26.231
26.187
25.894

d002
±0.0028
3.3874
3.3946
3.4003
3.4380

FWHM
±0.004
3.622
3.717
4.077
5.600

Lc
23
22
20
15

Some correlations were found between the CTE and X-ray diffraction parameters
in the co-cokes generated in the PSC, as shown in Figure 5—17 through Figure 5—20. It
is important to recall that the CTE (except for the coke derived from the raw decant oil)
could not be performed on the cokes generated from the LSC

open

due to the limited

quantity of coke produced in this reactor. In these correlations, the data point that
corresponds to the blend of coal and the raw decant oil is also included.
A deviation from the general trends is observed from the co-coke EI-107/coal,
which suggests that this coke suffers a significant dilation (called puffing) during the
graphitization process. This is attributed to its higher sulfur content when compared to
the co-cokes derived from coal and hydrotreated decant oil. This is in agreement with
Mochida et al.203, who said that with puffing, the artifact exhibits a rapid expansion,
giving larger CTE values than expected. The sulfur content of the co-coke derived from
EI-107/coal is roughly 1% above the sulfur content of the co-cokes
blending coal with the hydrotreated decant oils (0.40-0.60).

derived from
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According to the linear correlation between CTE with diffraction angle, which is
shown in Figure 5—17, an equation (see Equation 5-3) was determined in order to
calculate the CTE that EI-107/coal would have if sulfur were present in lesser amount,
comparable to the quantities of sulfur present in the co-cokes derived from the
hydrotreated decant oils and coal. The following equations are semi-quantitative and
what is obtained is a rough estimative of the expected CTE value of EI-107/coal since r2
is obtained from fitting the data of three points.
The CTE that might correspond to EI-107/coal would be expected to be
1.92x10-6/°C from this correlation, so the CTE is negatively affected by having roughly
1% of sulfur above the sulfur content present in the co-cokes derived from blending
hydrotreated decant oil with coal. Hence, the puffing, as the result of the presence of
sulfur in the coke, affects its quality by increasing the CTE value in 0.17x10-6/°C per
percent of S in the coke.

CTE =

27.97 − diff angle
0.9303

5-3

Another correlation was found between the CTE value and the d002; the lower the
CTE, the lower the d002, as it is shown in Figure 5—18. According to the d002, the CTE
should be 1.92*10-6/°C; hence 0.17x10-6/°C is increase per percent of S.

diff angle
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26.35
26.30
26.25
26.20
26.15
26.10
26.05
26.00
25.95
25.90
25.85

EI-107/coal

1.7

1.8

1.9

2.0

2.1

2.2
2.3
y = -0.9303x + 27.97
2

6

R = 0.998

CTE*10 /°C

Figure 5—17: Diffraction angle as a function of CTE
Sulfur content of EI-107/coal=1.45%; sulfur content EI-134/coal, EI-135/coal and EI-138 coal=0.40-0.60.

CTE =

d 002 − 3.1711
0.1196

5-4

3.45
3.44

d002

3.43
3.42
3.41

EI-107/coal

3.40
3.39
3.38
1.7

1.8

1.9

2.0

2.1
6

CTE*10 /°C

Figure 5—18: d002 as a function of CTE

2.2
2.3
y = 0.1196x + 3.1711
2

R = 0.998
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Other correlations are between FWHM and Lc. It is observed that the lower the
CTE, the higher the Lc while the lower FWHM, as expected.

This is shown in

Figure 5—19 and Figure 5—20. Correlations were made excluding the coke EI-107/coal
and are shown in Equation 5-6 and Equation 5-5.

24
22

Lc

20

EI-107/coal

18
16
14
12
1.7

1.8

1.9

2.0

2.1
6

CTE*10 /°C

2.2

2.3

y = -19.025x + 57.479
2

R = 0.996

Figure 5—19: Lc as a function of CTE
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6.000

FWHM

5.500
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4.500
EI-107/coal

4.000
3.500
3.000
1.7
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2.1
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CTE*10 /°C

2.2

2.3

y = 4.8347x - 5.2114
2

R = 0.982

Figure 5—20: FWHM as a function of CTE
According to the Lc, the CTE is increased by 0.12x10-6/°C, which is slightly
lower when compared to the shift CTE found from d002, FWHM and diffraction angle.

CTE =

57.479 − Lc
19.025

5-5

According to the FWHM, the CTE should be 1.92*10-6/°C; hence 0.17x10-6/°C is
increased per percent of S

CTE =

FWHM + 5.2114
4.8347

5-6

Averaging the CTE increase per percent of sulfur, using the values obtained for
d002, diffraction angle, FWHM and Lc, the average increment in CTE is 0.16x10-6/°C per
percent of S. Roughly, 1% of sulfur content present in the green co-coke increases the
CTE value by 0.16x10-6/°C.
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The co-coke quality using PSC and LSC

open

was compared using the X-ray

parameters shown in Table 5—19. The cokes that are derived from blending coal with
the so-called intermediate hydrotreated decant oils display comparable quality whether
the feedstocks are pyrolyzed in the PSC or LSC open. The co-cokes derived from blending
coal with the most hydrotreated decant oil, EI-138, display a higher quality when the
feedstocks are pyrolyzed in the LSC

open

reactor. The explanation may be in the contact

time that coal and decant oil experience when PSC because this works under zerorecycling.
Table 5—19: Comparison of the X-ray diffraction parameters of the co-cokes obtained
in the PSC and LSC open obtained at 18 h
PSC

EI-134/coal
EI-135/coal
EI-138/coal

Diffraction
angle
±0.02
26.288
26.231
25.894

LSC open

d002
±0.0028

FWHM
±0.004

Lc

3.3874
3.3946
3.4380

3.622
3.717
5.600

23
22
15

Diffraction
angle
±0.02
26.086
26.091
26.056

d002
±0.0003

FWHM
±0.008

Lc

3.4132
3.4126
3.4170

3.751
3.705
3.876

22
22
21

For the co-cokes produced in the PSC, the co-coke quality based on CTE and Xray diffraction is EI-134/coal > EI-135/coal > EI-107/coal > EI-138/coal, while the cocoke quality found in the LSCopen based on X-ray diffraction is EI-134/coal ≥ EI-135/coal
> EI-107/coal > EI-138/coal. In summary, independently of the reactor used, the cocokes that are the result of blending coal with the raw and mildly hydrotreated decant oils
(EI-134, EI-135) display comparable quality (according to the X-ray parameters). The
co-coke resulting from the blend of coal with the most hydrotreated decant oil displays a
higher quality when the LSCopen is used, since the contact time is higher.
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5.2 Reaction time variation (LSC open): Yield and coke evaluation

As it was discussed at the beginning of Chapter 5, the LSC

open,

the so-called

“base case reactor”, is the one that gives the greater amount of information with less
sample size between the two reactors used here, because
•

Cokes are formed derived from the hydrotreated decant oils, thanks to the

recycling of the products of the pyrolysis.
•

Cokes and co-cokes were obtained at different reaction times, due to its

operational flexibility and low cost.
This section is divided into two subsections: yields and coke evaluation

5.2.1 Yields

The yields are obtained as the result of the pyrolysis of the decant oils alone, coal
alone, and blends. The yields are reported at different reaction times, 6, 12, and 18 h.

5.2.1.1 Decant oil alone

Newman178 carbonized sixteen feedstocks of various aromaticities, fa′, varying
from 0.11 to 0.81, using a laboratory-scale coker at 4 atm, 482°C and 8h. He reported a
correlation between the aromaticity of the feedstocks with the gas and coke yield. The
feedstock descriptions and their correspondent aromaticities, are shown in Table 5—20.
Although Newman’s experimental conditions are not the same as carried out in the
current work, his results are relevant to the current research, since this work deals with
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yields formed as the result of carbonizing feedstocks of different aromaticities. Gas and
coke yield results are compared here with gas and coke yields reported by Newman. This
section is divided into four subsections which are gas, TI, oils and THF-S.
Table 5—20: Feedstock description and aromaticity178
Feedstock description
Thermal Tar
Thermal Tar
Thermal Tar
Thermal Tar
Resid
Hydrotreated Resid
Slurry Oil
Hydrotreated Slurry Oil (362 SCFB)*
Hydrotreated Slurry Oil (459 SCFB)
Hydrotreated Slurry Oil (1228 SCFB)
Hydrotreated Slurry Oil (1393 SCFB)
Pyrolysis Tar
Thermal Cracked Feed
Low Severity Thermal Tar
Mid Severity Thermal Tar
High Severity Thermal Tar

Aromaticity (fa′)
0.79
0.69
0.51
0.47
0.11
0.16
0.68
0.58
0.58
0.47
0.45
0.70
0.56
0.66
0.72
0.81

*

Values in parenthesis refer to hydrogen uptake by the coker
feedstock during hydrotreating

5.2.1.1.1 Gas yield formed from the pyrolysis of the decant oil alone

Newman178 reported the total gaseous by-products at ambient temperature and
atmospheric pressure.

The gas yield presented by Newman178 is reported as mL-gas/g

coke, as is shown in Figure 5—21; hence, some assumptions and calculations had to
made in order to express his results in weight percent to compare his trend with the trend
obtained in the current work. In order to convert mL-gas/g coke into mL, 100 g was
assumed as the total weight (see Equation 5-7).
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Figure 5—21: Quantity of gaseous by-products produced in a coking process versus the
aromaticity of the feedstock178

mL − gas =

mL − gas
* %coke
g coke

5-7

Basis =100g; the %coke is reported by Newman and is equivalent to g

Having the mL-gas, this is converted into g-gas by following the equation of the
ideal gases:

g − gas =

PVM
RT

5-8

Where P=1 atm; V is calculated from Equation 5-7 and expressed in L; M=molecular weight,
R=universal gas constant and T=298K, assuming ambient temperature of 25°C.

The molecular weight of the gases was not reported by Newman178; hence, a

molecular weight of gases generated from the carbonization of petroleum streams was
sought in the literature. It was found that Martinez-Escandell et al.35 reported a mean
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molecular weight of gases as the result of the carbonization of different feedstocks having
different aromaticities, fa. Martinez-Escandell et al.35 carried out the experiments at
460°C and atmospheric pressure. The aromaticity, fa, of the feedstocks used by the
Martinez-Escandell et al. was calculated based on the reported values of 1H NMR and
elemental analysis using the Brown-Ladner method. The aromaticities are 0.77, 0.50 and
0.38. Their corresponding molecular weights of gases produced from these feedstocks
were 20.5, 24.5, and 28.5 g/mol, respectively. Then, some assumptions were made: 1)
fa of the feedstocks calculated for Martinez-Escandell et al.35 and fa′ reported by
Newman178 have no or very little deviation between them, and 2) the molecular weight,
M, is calculated from the equation obtained by plotting the values of fa against their
corresponding molecular weight values reported by Martinez-Escandell35, assuming a
linear correlation; this is shown in Equation 5-9,
M = −19.549 * fa + 35.252

5-9

Then, the Figure presented by Newman reporting mL-gas/g as a function of fa′
(Figure 5—21), is transformed into a plot of gas yield in weight percent as a function of
aromaticity, fa, as shown in Figure 5—22. Even though a trend is observed, some scatter
is evident. Then, a group of five samples, called slurry oil, was noticed in Table 5—20,
in which one is a raw material and the others correspond to its hydrogenated derivatives;
these samples were chosen as a subset because they correspond to feedstocks derived
from only one source, as is the case of the current work, where a raw decant oil was used
to produce three hydrotreated derivatives.
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Figure 5—22: Gas wt.% as a function of aromaticity, fa, based on Newman 178, 204
*the line is added to aid illustration and is not a regression fit of data

The gas yield in wt. % from the raw slurry oil and its four hydrotreated
derivatives was plotted against fa and a clearer trend was observed; as the aromaticity, fa,
increases the gas yield decreases. This is shown in Figure 5—23.

207

17.00

Gas wt.%

16.00

15.00

14.00

13.00
0.40

0.45

0.50

0.55
fa

0.60

0.65

0.70

Figure 5—23: Gas wt.% as a function of aromaticity, fa for the slurry oil and its
hydrotreated derivatives
*the line is added to aid illustration and is not a regression fit of data

Figure 5—24 shows the gas yield generated at different reaction times for the raw
decant oil EI-107 and its hydrotreated versions EI-134, EI-135 and EI-138. Roughly,
from Figure 5—24 one can say that at any particular reaction time the gas content
decreases as the aromaticity increases, following Newman’s trend, except for EI-135 at
12 and 18 h.

Gas wt.%
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Figure 5—24: Gas yield variation with aromaticity at different reaction times
The bars are indicators of the reproducibility of the measurement

Now, the gas content obtained in the current work, as well as the aromaticity of
the four decant oils carbonized here, is included in Figure 5—23 (Newman’s work)
generating a new plot, Figure 5—25. The fact that there is a nice correlation for gas
yields against aromaticity, fa, shows how the current data mesh nicely with Newman’s,
under reasonably similar experimental conditions.

Gas wt.%
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Figure 5—25: Combination of the current data from Figure 5—23 for 6 h and Newman’s
data from Figure 5—24.
* Open dots represent the current data for 6 h

It is observed in Figure 5—24, that the highest gas yield was generated at 18 h for
the hydrotreated decant oils, whereas the raw decant oil EI-107 displayed little gas yield
variation (<2%) as reaction time is increased.

5.2.1.1.2 Coke yield formed from the pyrolysis of the decant oil alone

Figure 5—26 shows the correlation reported by Newman178 between fa′ and coke
yield, where the increase in fa′ leads to an increase in coke yield.

Therefore, it is

expected to obtain the highest coke yield as the result of carbonizing EI-107, which has
the highest fa′ among the decant oils; intermediate coke yields from the pyrolysis of EI134 and EI-135, which have intermediate aromaticity values; and finally, the lowest coke
yield from the pyrolysis of EI-138, which has the lowest fa value among the feedstocks.
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Figure 5—26: Variation of the coke yield with aromaticity fa′ of the feedstock178
*the line is added to aid illustration and is not a regression fit of data

The same samples were chosen as a subset in the previous section (slurry oils and
its hydrotreated derivatives from Newman). The coke yields generated by the oils were
plotted as a function of aromaticity, fa′, and are shown in Figure 5—27.
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Figure 5—27: TI wt. % as a function of aromaticity, fa’ for the slurry oil and its
hydrotreated derivatives
*the line is added to aid illustration and is not a regression fit of data

Figure 5—28 displays the total insoluble yield variation with the reaction time as
the result of carbonizing EI-107, EI-134, EI-135 and EI-138 under atmospheric pressure.
The trend shows that the increase in aromaticity at 12 and 18 h reaction time leads to a
higher coke formation, such Newman reported in Figure 5—26.
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Figure 5—28: TI wt. % obtained from decant oil varying reaction time
The data for TI at 6 h in Figure 5—28 were combined with the coke yield
information reported by Newman for the slurry oil and its four derivatives (Figure
5—27). The fact that there is a nice correlation for TI yields vs. aromaticity, fa′, for

hydrotreated derivatives of feedstocks reinforces the argument that the results obtained
here are in agreement with the literature 178.
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Figure 5—29: Combination of the current data from Figure 5—27 for 6 h and Newman’s
data from Figure 5—28
* Open dots correspond to the data obtained in the current work.
The aromaticity used for the current data was fa’ as reported in the first column of Table 4-11.

Looking at the TI yields obtained in Figure 5—28, it is observed that the TI
content increased with reaction time, except for EI-138. In summary, the highest TI yield
was produced at 18 h reaction time, for all decant oils except the most hydrotreated, EI138. The increasing TI percent as reaction time increased is in agreement with Escallón’s
4

findings, where the coke yield generated from a raw decant oil increased with reaction

time; the reaction conditions used by Escallón were atmospheric pressure, 465°C, and
different reaction times, 2, 6 and 12 h.
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5.2.1.1.3 Oil yield formed from the pyrolysis of the decant oil alone

The oil yield generated from the carbonization of the different decant oils is
shown in Figure 5—30. It is observed that as the aromaticity of the decant oil increased,
the oil yield decreased at any given reaction time, except EI-135 at 12 h. The oil yield
was maximized at shorter reaction times (6 and 12 h) and dropped considerably from 12
to 18 h, which suggests that oil components experienced cracking reactions, generating

Oil wt.%

more gas yield (see Figure 5—24), and/or condensation reactions generating THF-I.
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Figure 5—30: Oil yield for the different decant oils generated under atmospheric pressure
Figure 5—30 shows that the hydrotreated decant oils produced higher oil yield
when compared to the raw decant oil. These results are in agreement with those reported
by Mallari23. Although he did not use hydrotreated feedstocks but rather hydrogenated
the feedstock in-situ, he found an improvement in the liquid hydrocarbon yield as a
consequence of the hydrogenation. Mallari hydrogenated the petroleum stream in-situ
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under conditions of pressure and temperature typically used for conventional delayed
coking 23.

5.2.1.1.4 THF-S yield formed from the pyrolysis of the decant oil alone

The compounds present in this fraction (THF-S) have not experienced enough
cracking to be converted into gas or oil, or enough condensation reaction to become solid
(TI or coke).
Figure 5—31 shows the THF-S wt. % generated under atmospheric pressure for
the different decant oils at different reaction times. At 6h reaction time the THF-S
increased as the aromaticity of the decant oil was increased.
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Figure 5—31: THF-S wt. % for the different decant oil generated under atmospheric
pressure
Figure 5—31 shows that at 12 h reaction time, the THF-S content derived from
the hydrotreated decant oils EI-138, EI-134 and EI-135 increased when compared to the
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THF-S yield at 6 h, whereas the THF-S derived from the raw decant oil decreased. This
suggests that the compounds present in the THF-S from the raw decant oil EI-107 were
experiencing condensation reactions, turning into THF-I; whereas, perhaps some
components of the TI generated from the hydrotreated decant oils were experiencing
some degree of hydrogenation reactions, hence turning into THF-S. Finally, the THF-S
content was about constant at 18 h for all the decant oils, the values being within the
reproducibility of measurements, suggesting that the THF-S yield at 18 h was
independent of the composition of the starting material, at least for the materials studied
in this work.

5.2.1.2 Coal

Table 5—21 shows the product distribution of the carbonized coal at different
reaction times, 465°C, and atmospheric pressure. A slight variation in yields is observed
as reaction time is increased but mostly within the reproducibility of the measurements.
Table 5—21: Product yield distribution of the coal under atmospheric pressure
Reaction time
(h)
6
12
18

GAS

TI

OIL

THF-S

7.41±2.53
9.23±1.90
9.81±1.90

88.42±2.67
87.89±1.70
88.74±2.01

1.10±0.40
0.83±0.13
0.92±0.20

3.07±1.71
2.05±0.25
0.53±0.11

For later discussions regarding synergism or antagonism when coal is added to the
decant oil, the oil yield derived from coal at any reaction time was neglected, as
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explained below. The calculation of the expected yield assuming linear behavior is
shown in Equation 5-10.
5-10

χ linear = χ i = 0.8χ DO + 0.2 χ coal
where χ is the yield (%) and I may be gas, oil, TI or THF-S yield and

DO

is decant oil.

Then, the oil yield is

Oillinear wt.% = 0.8(oil DO wt.%) + 0.2(oil coal wt.%) . The lowest oil yield obtained from
the decant oils at all reaction times was 32.12% while the highest oil yield for coal was
1.10%. So,

Oillinear wt.% = 0.8(32.12 %) + 0.2(1.10%) = 25.70 + 0.22 = 25.92 . These two numbers,
25.70 and 25.92, are considered the same within the reproducibility of the measurement.

5.2.1.3 Blends

This section shows the yield distribution from the blends and is divided into four
subsections, gas, TI, oils and THF-S. In order to assess the synergistic or antagonistic
effect of blending it is important to recall Equation 5-10.

5.2.1.3.1 Gas yield formed from the pyrolysis of the blends

The gas yield from the blends is shown in Figure 5—32. There are twelve sets of
data (four blends times three different reaction times).

Seven out of twelve show

agreement within the reproducibility of measurements, whereas four show some
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indication of synergy (experimental > calculated). Those are: at 12 h, EI-135/coal, EI107/coal, and EI-134/coal; at 18 h EI-134/coal. In conclusion, in most cases the gas
yields are comparable to what one might be expected from coking the coal and the decant
oil separately. It can be foreseen that, as the large structures in the coal and decant oil
begin to crack, the very small molecular fragments that would report to the gas phase will
simply escape from the system without undergoing further reaction, as is the current case
where the pressure is atmospheric.
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Figure 5—32: Comparison of the gas yield obtained experimentally and linearly
The bars are indicators of reproducibility of measurements
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5.2.1.3.2 TI yield formed from the pyrolysis of the blends

The TI insolubles yields are shown in Figure 5—33.

It is observed that as

reaction time increased, the TI wt. % experimental increased. The sequence from higher
to lower TI yield wt. % (experimental) is EI-107/coal>EI-135/coal>EI-134/coal>EI138/coal. Hence, when this coal (Powellton-Eagle) is blended with decant oil, the coke
yield is ruled by the aromaticity, fa, of the decant oil, where the highest fa of the decant
oil produces the highest coke yield.
From the twelve sets of data, nine out of twelve show agreement within the
reproducibility of measurements, whereas three show some indication of synergy (TI
linear or calculated > TI experimental). Those are: at 6h, EI-138/coal; at 12h, EI107/coal; and, at 18h EI-134/coal. Briefly, in most cases the coke yields are comparable
to what one might expect from pyrolyzing coal and decant oil separately.
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Figure 5—33: Comparison of the TI yield obtained experimentally and linearly
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5.2.1.3.3 Oils (pentane-solubles) formed from the pyrolysis of the blends

Figure 5—34 shows the oil yield for the blend obtained experimentally and
linearly. It is observed for the oil yield obtained experimentally that, as the reaction time
increased, the oil yield decreased.
A synergistic effect is observed in a few cases at 6h EI-107/coal; at 12 h, EI134/coal; at 18h, EI-135/coal and EI-138/coal. Since in most cases the data are within
the reproducibility of the measurement, the oil yields are comparable to what one might
expect from coking coal and decant oil separately.
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5.2.3.7.4 THF-S yield formed from the pyrolysis of the blends

Figure 5—35 shows that the THF-S yield for the blend obtained experimentally
decreased as the reaction time was increased. At 6 h there was an evident synergistic
effect (experimental>calculated or linear) for EI-134/coal, EI-135/coal and EI-138/coal,
at 6 h while for EI-107/coal at 12h. The possible explanation for the synergism at 6 h is
that the reactions were governed by kinetics, being the fastest for EI-138 and the slowest
for EI-107, or by the presence of available hydrogen. By the time that the system had
been coked for 18 h, the system had enough time to reach equilibrium. Although this
cannot be proved, intuitively one might think that at equilibrium the experimental yield
should equal the one calculated assuming simple linear additivity of the yields from the
decant oil and coal alone.
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Figure 5—35: Comparison of the THF-S yield obtained experimentally and linearly
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The data that are the best evidence (and the only consistent evidence) for synergy
are the ones found at 6 h. The degree of synergism can be expressed as indicated in
Equation 5-11:

Synergism = (THF − S exp erimental ) − (THF − S linear )

5-11

There are some simple linear correlations between the synergism and the main
properties of decant oil that were reported in Table 4-4 (13C assignments for functional
groups) and between the synergism and the total transferable hydrogen of the different
decant oils (Table 5—17).
Figure 5—36 shows the correlation between the functional groups >CH- and –
CH2- (which are present in the aliphatic region) as a function of synergism between
decant oil and coal, which indicates that the greater the content of these functional
groups, the higher the synergy. The blend EI-107/coal shows the least synergy whereas
EI-138/coal the highest.

These functional groups are main indicators of the

hydrotreatment, as it was explained in section 4.1. Therefore, the synergism is a function
of the degree of hydrotreatment of the decant oil, which shows agreement with what was
discussed at the end of section 5.1.2.4. It is important to point out that the synergism of
EI-138/coal is nearly twice the synergism of the mildly hydrotreated decant oils and is
higher when coal interacted with compounds of the decant oil having the >CH- group
rather than -CH2-.
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Figure 5—36: Functional groups present in the decant oil as reported in Table 4-4 as a
function of synergism
Figure 5—37 shows the correlation between the total transferable hydrogen, TTH,
previously calculated and shown in Table 5—17 as a function of synergism between
decant oil and coal, and indicates that the greater the content of transferable hydrogen, the
higher the synergy.
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Figure 5—37: Total transferable hydrogen of the different decant oils as reported in
Table 5-17 as a function of synergism

5.2.2 Evaluation of the cokes as reaction time is increased

Cokes were evaluated using different techniques: optical microscopy, X-ray
diffraction, and proximate and ultimate analysis. The evaluation is divided into three
sections: evaluation of cokes derived from decant oil alone, from coal alone, and from the
blends.

5.2.2.1 Evaluation of the cokes derived from decant oil alone

As it was mentioned in section 5.1, isotropic texture or low mesophase
development (mosaic texture) is unwanted since it has been identified as the main optical
texture for shot coke, which has the lowest price in the market.

As observed in

Figure 5—38, anisotropy increased with increasing reaction time, hence, the optimized
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reaction time is 18 h; all the cokes derived from different feedstocks reached nearhundred percent mesophase development. The increasing mesophase development as
reaction time increased is in agreement with Martinez-Escandell et al.35.

They

carbonized petroleum pitch residues of different aromaticities (fa 0.77, 0.50 and 0.38) at
1 atm and 460°C varying reaction time from 0 to 12 h and found increasing mesophase
development as reaction time increases. The current results are also in agreement with
Honda et al.84, who found that the nucleation and growth of mesophase occur
progressively as residence time is increased; the mesogens coalesce with complete
disappearance of the isotropic phase. Honda et al. carbonized coal-tar pitch, and naphthatar pitch, varying the reaction time from 0 to 20 h at a constant temperature; pressure was
not reported.
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Figure 5—38: Variation of mesophase content measured by optical microscopy (A) of the
cokes with reaction time
It is observed in Figure 5—38, the coke derived from EI-138 displayed the lowest
development of anisotropy at 6 h when compared to the cokes derived from EI-107, EI-
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134 and EI-135.

It is important to recall that EI-138 has the highest content of

cycloalkanes, or naphthenic compounds, hence its reactivity toward coking is the lowest
among the decant oils tested here, delaying the coking process by potential internal
hydrogen transfer reactions. According to Mochida et al.

56

, the carbonization reaction

consists of pyrolytic radical reactions, which proceed through radical initiation,
propagation, condensation and termination. The radicals are stabilized through hydrogen
transfer to terminate the chain reaction.

Hydrogen transfer is a major termination

mechanism with no increase of molecular size, and the carbonization reaction is delayed
through this reaction.

Hence, as observed in Figure 5—38, cycloalkanes and

hydroaromatics act to retard or delay the carbonization reaction; roughly, EI-138 has
been delayed 6 h with respect to the carbonization of the raw decant oil, EI-107. Initial
condensation depends on dehydrogenative polymerization, and this process can be
retarded by potential hydrogen donor compounds. After the delayed time has passed, the
newly formed aromatics condense and carbonize. The reactions are shown in Figure
5—39.

Figure 5—39: Newly formed (in-situ) aromatics

227
The X-ray parameters were determined for the cokes obtained at different reaction
times, and hence, having different anisotropic content. The coke EI-107 was taken as an
example to show correlations between XRD parameters with optical microscopy, as
shown in Table 5—22.
As anisotropic carbon increased, as a consequence of the increasing reaction time,
the d002 decreased while the diffraction angle increased; this shows agreement with
Honda et al.84 and Oya et al.8. The decreasing FWHM and hence, increasing Lc, when
anisotropy content is increasing has been reported elsewhere9, 84.
Table 5—22: The relationship between optical textures and X-ray diffraction parameters
varying reaction time for EI-107, and EI-138
X-ray diffraction parameters
Optical texture
FWHM (°) diff angle
d002(Å)
Lc
I
A
(Å)
±0.011
±0.006
±0.0007
6h
3.709
26.023
22
3.4270
22.0
78.0
EI-107
12h
3.578
26.024
23
3.4259
4.6
95.4
18h
3.336
26.029
24
3.4205
2.5
97.5
EI-135*
18h
3.361
25.998
24
3.4245
1.2
98.8
6h
3.358
26.032
24
3.4196
10.3
89.7
EI-134
12h
3.265
26.046
25
3.4185
6.1
93.9
18h
2.950
26.083
26
3.4136
1.4
98.6
6h
3.692
25.987
22
3.4234
25.7
74.3
EI-138
12h
3.600
25.996
23
3.4219
9.1
90.9
18h
3.236
26.038
26
3.4194
4.8
95.2
I=isotropic; A=anisotropic. A=100-I; *X-ray diffraction parameters of the coke EI-135 obtained at 6 and
12 h could not be determined since the instrument was out of order and no longer available.

5.2.2.2 Evaluation of cokes derived from the coal alone

The classification of the coke textural components was determined following the
ASTM Standard D 5061 and is shown in Table 5—23. The classification of the coke
textural components was carried out only for cokes generated at 18 h since it was
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observed that this is the optimum time for the coke to develop anisotropy and larger
isochromatic units.
Table 5—23: Classification of textural components of the coke derived from coal alone
at 18 h and atmospheric pressure
Textures
Incipient vitrinite
Fine circular
medium circular
Inertinite
Mineral Matter

Width, μm
0.5
0.5-1.0
1.0-1.5

Length, μm
L=W
L=W
L=W

vol, %
86.5
6.0
1.7
5.7
0.1

All the isochromatic units of the cokes derived from the coal were below <10 μm,
which is equivalent to the mosaic (<10 μm) in a petroleum-derived texture.

The coal

alone was carbonized at 18 h under atmospheric pressure and the X-ray parameters are
shown in Table 5—24.
Table 5—24: X-ray diffraction parameters of the coke derived from the coal obtained at
18 h and atmospheric pressure
SAMPLE
ID
Coke Powellton/Eagle, 18h

FWHM (°)
±0.249
5.540

Diffraction angle
±0.021
26.280

Lc (Å)
±1
15

d002 (Å)
±0.0026
3.3884

5.2.2.3 Evaluation of cokes derived from the blends

In order to study the variation in optical texture in the petroleum-derived texture
when coal was added, the isotropic texture (petroleum derived) of the cokes derived from
the blend was normalized and compared to that of cokes derived from the decant oil,
when reaction time was varied. The isotropic texture (petroleum-derived) is different
from the inertinite and isotropic vitrinite, as is shown in Appendix (B.1 and B.2);

229
therefore, they can be well differentiated under the microscope. Table 5—25 shows the
variation in isotropic content present in the co-cokes as the reaction time was increased.
It is observed in this Table that as reaction time was increased, the isotropic carbon
content decreased; this shows agreement with what was reported in section 5.2.4.1.
Table 5—25: Variation of isotropic carbon content present in the co-cokes as the
reaction time is increased

SAMPLE ID
EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

Isotropic carbon
(Petroleum derived)
6h
12 h
18 h
21.5
4.7
2.8
17.5
5.6
4.0
26.2
3.5
1.9
30.2
6.6
2.5

The textural components of coal do not have isochromatic units below 0.5 μm
(isotropic carbon), but it has some components that do not go through a plastic stage,
such as inertinite, isotropic vitrinite and mineral matter. It was hypothesized that by
adding coal, the complete carbonization (or anisotropic content) in the blends was going
to be reached at shorter reaction times when compared to the cokes obtained from the
decant oil alone, at a given reaction time. Table 5—26 shows the anisotropic content of
the co-cokes derived from the blend and the anisotropic content of the cokes derived from
the decant oil alone. It is observed in this Table that the anisotropic content was always
slightly higher in the cokes when compared to the anisotropic content obtained in the cocokes, except for a few cases where the anisotropic carbon content is considered the
same. Therefore, there is no benefit when coal is added to the petroleum stream toward
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the faster formation of anisotropic carbon or faster development of carbonization. In
other cases, the anisotropic values are comparable, specially as reaction time is increased.
Table 5—26: Anisotropic carbon content in the co-coke and coke
Co-cokes
Anisotropic carbon
(petroleum-derived texture)

Cokes
Anisotropic carbon

SAMPLE
6h
12h
18h
6h
12h
18h
ID
EI-107/coal
73.2
94.1
96.6
78.0
95.4
97.0
EI-135/coal
78.1
93.1
95.0
80.7
94.6
98.8
EI-134/coal
67.3
95.6
97.6
89.7
93.9
98.6
EI-138/coal
62.3
91.8
96.9
64.3
90.9
95.2
*Anisotropic carbon = 100- Isotropic carbon normalized (from petroleum-derived texture)
Isotropic carbon normalized = (Isotropic carbon [from Table 5—25] * 100)/80. The factor 100/80 is used since
the petroleum-derived texture has been diluted 20% by adding coal.

5.3 Correlation between chemistry and coke quality

This section correlates the chemistry of the decant oil with the coke quality
derived from their respective decant oils.

As it will be discussed, the extent of

mesophase development is related to both the chemical structure and the concentration of
these components
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.

In summary, the mesophase development is dependent upon

geometry, carbonization rate, and presence of heteroatoms.

5.3.1 Geometry

One can divide the geometry into two topics, the extent of planarity and free
rotation.

231
5.3.1.1 The extent of planarity

The best example of planarity is anthracene. As it was explained in section
2.4.3.5, the high reactivity at the 9-position leads to further polymerization, resulting in

the formation of a large, planar, and fully condensed polyaromatic molecules which align
parallel to form mesophase. The fully condensed (and planar) molecule contained sixmembered rings only205.
As discussed in section 2.4.3.5, the carbonization of phenanthrene, which is a
branched aromatic as described by Walker205, leads to the formation of a five-membered
ring, causing curvature and hence, loss of planarity. Smith and Harper206 polymerized
indene (five-membered ring) and observed that the trimer is non-planar. Hence, fivemembered ring compounds hinder the growth of planar structures, desirable for
mesophase formation.
Mitchell and Heights207 reported the CTE values of graphites obtained from five
different cokes, which were derived from the pyrolysis of anthracene, phenanthrene,
naphthacene, pyrene and indene. The lowest CTE value corresponds to the planar and
six-membered ring compounds anthracene, pyrene and naphthacene; the intermediate
CTE value corresponds to phenanthrene, which, although being a six-membered ring
compound, its dimer forms a five-membered ring. Finally, the highest CTE corresponds
to indene, which is a five-membered compound.
In Chapter 4, no analysis was made in order to determine occurrence of
anthracene and phenanthrene; however, indenes were determined by GC/MS. The decant
oil that has the highest content of indenes is EI-135, which suggests, based on this
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parameter alone, that this coke derived from this decant oil might develop the poorest
mesophase among the four decant oils used to carry out the pyrolysis. The sequence in
coke quality, based on indene content alone (see Table 4-9) should be: EI-135 < EI-138
< EI-134 < EI-107.

5.3.1.2 The free rotation

Biphenyls are compounds that exhibit free rotation about the single bond205. The
carbonization of biphenyls leads to a low developed optical texture in the cokes132 and
randomly structured aromatic polymers that are nongraphitizable and do not undergo

205

further intramolecular condensation reactions. Based on the presence of biphenyls alone,
the sequence in coke quality should be: EI-135 < EI-138 < EI-134 < EI-107.

5.3.2 Carbonization rate

A high carbonization rate means high condensation; when high carbonization rate
occurs, the changes take place too rapidly and there is a little time for the isochromatic
units to grow, so that the textures are arranged randomly56. The carbonization rate has
been studied for naphthenes, aromatics and short alkylaromatic groups; long alkylaromatic groups and alkanes are not discussed here since these kinds of compounds were
not detected in the analysis of the decant oil (see Chapter 4).
The naphthenic hydrogens favor the mesophase growth, as well as the
development of the flow texture. The presence of naphthenic compounds retards the
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condensation as well as short alkylaromatic groups, so that the reactivity is stabilized 208;
for instance Eser et al.67 have reported that hydrotreated feedstocks give high degrees of
mesophase development, explained by the low rate of carbonization due to the presence
of hydrogen donors. Aromatic rings favor the mesophase growth; however, rings of
excess size may hinder it208.
As it was shown in Chapter 4, the result of hydrotreatment not only formed
naphthenic compounds but short-chain alkylbenzenes. Therefore, it is expected that the
cokes derived from the hydrotreated decant oils, which have higher short alkyl-aromatics
(EI-134 and EI-135) and higher naphthenic compounds (EI-138), would develop larger
isochromatic units when compared to the raw decant oil (EI-107). The coke quality,
based on the carbonization rate alone should be: EI-107 < EI-135 < EI-134, EI-138.
Although both cokes EI-135 and EI-134 have alkylbenzenes, EI-135 has lower content;
hence, the quality may be lower than EI-134. The content between alkylbenzenes in EI134 and cycloalkanes or naphthenic compounds in EI-138 is close, as it was shown in
Table 4-9.

5.3.3 Presence of heteroatoms

The presence of heteroatoms refers here to the presence of sulfur and nitrogen.
However, this work focuses on the presence of sulfur since nitrogenated compounds were
found in much lesser amount when compared to the presence of sulfur compounds in the
decant oils. The presence of heteroatoms may affect the coke quality in two different
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aspects:

first, the mesophase development, which occurs at low carbonization

temperatures; and, second, the puffing, which occurs at high temperature.

5.3.3.1 Heteroatoms effect at low-carbonization temperatures (<700°C)

Nesumi et al.31 have reported that sulfur functional groups tend to accelerate the
condensation reactions and hence contribute to the formation of poorly developed
mesophase.
Greinke and Lewis209 studied the incorporation of sulfur into pitches made from
dinaphthalenethiophene, dibenzyl disulfide and dibenzothiophene and the subsequent
elimination of sulfur during carbonization; the sulfur structures are shown in Figure 5—
40.

The strained five-membered ring in the dinaphthalenethiophene leads to facile

removal of sulfur: the sulfur content in the pitch was 4.9% while the coke obtained at
500°C (90% coke yield) contained only 1.0%. For the dibenzyl disulfide, the coking of
the pitch at 500°C reduced the sulfur content from 0.8 to 0.2%. In the dibenzothiophene,
the sulfur in the pitch is 11.6% compared to 10.6% in the coke.
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Figure 5—40: Structure of model sulfur compounds (I) dinaphthylenethiophene, (II)
dibenzyl disulfide and (III) dibenzothiophene209
As it was shown in Chapter 4, dibenzothiophene is the sulfur compound that
represented the majority of sulfur in the decant oil and hence is used as my representative
sulfur compound. The sulfur in dibenzothiophene is stabilized, and subsequent thermal
polymerization incorporates it into large structures, so that it is eliminated only at high
temperatures, as is shown in Figure 5—41.

Once the sulfur is incorporated into

polycondensed heterocyclic ring systems, it is very stable thermally through most of the
low-temperature carbonization range209.
Unlike hydrogen and alkyl group substituents, sulfur can incorporate into
heterocyclic ring systems and become stabilized in the developing carbon polymeric
structure. A similar effect occurs for the nitrogen heterocyclic components of pitches.
Sulfur and nitrogen are released only at very high temperature by a phenomenon known
by puffing210, as discussed in section 5.3.7.2.
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Figure 5—41: Sulfur loss and coke yield for dibenzothiophene coke during heat treatment
from 800°C to 1800°C209
Marsh et al.211 co-carbonized aromatic compounds and heterocyclic compounds
containing sulfur. They co-carbonized acenaphthylene with dibenzothiophene (DBT) at
500°C; the addition of 1.7% of sulfur (as DBT) had little effect upon the anisotropic
development but additions of 5.8% of sulfur reduced the mesophase spheres from
isochromatic units >10 μm to 0.5 μm.
Marsh et al.211 co-carbonized aromatic compounds and heterocyclic compounds
containing nitrogen. The co-carbonization of acenapthylene with carbazole having 2.8%
nitrogen at 500°C showed no negative influence on the size of isochromatic units;
however, further addition (5% nitrogen) destroyed the growth of the mesophase,
generating isotropic carbon (<0.45 μm).
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In summary, at this low-temperature carbonization, a negative effect on the
mesophase development due to the presence of sulfur or nitrogen is expected to little or
no extent. The percentages of sulfur and nitrogen in the cokes generated from the decant
oil alone were within the lower percentages mentioned above for nitrogen and sulfur,
which do not harm the mesophase development, except the sulfur content in the coke EI107, which is 2.18%.
Hence, the influence in coke quality due to the presence of heteroatoms is:
EI-107 ≤ EI-134 ≤ EI-135 ≤ EI-138.

5.3.3.2 Heteroatom effect at high temperature

The phenomenon of releasing sulfur and nitrogen at high temperature is known as
puffing210. Puffing displays a negative effect in the end-use of the coke, giving higher
CTE values than those expected203. To study the puffing influence, the cokes were
graphitized at 2800°C, and the X-ray parameters were determined.
As it was observed in Table 5-7, where the X-ray diffraction parameters of the
green cokes obtained in the LSC

open

were presented, the cokes EI-107 and EI-135

displayed the lowest quality among the cokes tested. This is confirmed in Table 5—27,
where the X-ray diffraction parameters of their correspondent graphites are shown and
where the quality sequence has been carried out based on the Lc value, although some
respected members in the field of carbon science have defined the d-spacing or d002 as
indicator of the extent of graphitization212. The coke quality based on the Lc is as
follows: EI-138 > EI-134 > EI-107 > EI-135.
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Table 5—27: X-ray parameters obtained from the graphitized petroleum cokes obtained
in the LSCopen. Graphitization temperature is 2800°C
Diffraction angle*

d002

FWHM

Lc

La

EI-107

26.516±0.001

3.3589±0.0002

0.259±0.000

372±0

917

EI-135

26.518±0.002

3.3586±0.0002

0.291±0.000

323±0

498

EI-134

26.481±0.000

3.3632±0.0000

0.217±0.000

468±0

978

EI-138

26.437±0.000

3.3686±0.0000

0.196±0.000

536±0

1138

*The X-ray of individual graphites was determined by duplicate in order to establish some differences
among graphites derived from the petroleum cokes. Therefore, different reproducibility of measurements,
±, are displayed.

There are different examples where similar d-spacings or d002 are interpreted to
mean different extents of graphitization, as shown in Table 5—28 and the different
interpretations may depend on heat-treatment time and heating rate212. Edstrom and
Lewis presented a model for graphitizability for which they heat-treated a large number
of samples under the same reaction conditions, and found the most acceptable criterion to
know if a material is more graphitic is the one whose d002 is closest to 3.354 A, which is
the d002 of hexagonal graphite212, 213.
Table 5—28: Interpretation of d002 to mean different extents of graphitization

Author
Lewis214, 215
Walker and Weinstein216
Peters, et al.217
Edstrom and Lewis218

High
graphitizable
≤3.358
3.3696

d-spacing (d002)
Reasonable
Disordered
graphitizable
carbon
3.371-3.380

Nongraphitizing
≥3.47

3.363-3.452
3.354

The graphites EI-107 and EI-135 displayed comparable diffraction angle and d002,
while Lc was higher for EI-107. According to Table 5—28, these samples are in the
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range of “reasonable graphitizable” according to Lewis and Peters, high graphitizable for
the graphite EI-138 according to Peters and high graphitizable for graphite EI-135
according to Edstrom and Lewis.

Assuming that all the four graphites are in the range

of “reasonable graphitizable”, the factor to see is Lc since this parameter may give us
more information about the end-use of the coke. For instance, it has been studied that
puffing, which occurs due to the presence of heteroatoms in the coke, produces a higher
CTE, which is unwanted203. Then, the d-spacing and Lc of anthracene and acridine are
compared, as shown in Table 5—29. According to Esdrom and Lewis, acridine should
be more graphitizable than anthracene; however acridine’s Lc is lower than that of
anthracene. This suggests that Lc is more important than d002 for the kind of materials
used in this particular research. The d-spacing (d002) give us atomic information while
the Lc give us long range information. Besides the previous discussion, Matsuo and
Sasaki have suggested that the CTE values in the c-direction decreases with the
increasing stack height of crystallites (Lc)219.
Table 5—29: Properties of carbonized and graphitized anthracene and acridine
d002 (A)220

Lc (A)220

CTE 207

Anthracene

3.365

760

0.8 x10-6/°C

Acridine

3.360

756

3.46x10-6/°C

Compound

Structure
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At this high temperature of graphitization (2800°C), puffing influence occurs;
hence, on one hand the quality of EI-107 is decreasing when compared to EI-135 because
it has higher sulfur content while on the other hand the quality of EI-107 is increasing
when compared to EI-135 because it has lower content of five-membered ring
compounds and no or little presence of biphenyls. As a net effect, at high temperatures,
the cokes may have comparable quality, EI-107 being higher; therefore, the net effect of
the hydrotreatment is zero since the advantage in the reduction of sulfur is neutralized by
the production of five-membered ring compounds and biphenyls.
As it was observed in Table 5-7, the green cokes derived from LSC

open

that

displayed a higher quality were EI-134 and EI-138. Table 5-7 is compared to Table 5—
27, where the X-ray parameters of their graphites are displayed. In both Tables, the

higher coke qualities are for EI-134 and EI-138 whereas the lower are for the cokes EI107 and EI-135.

In Table 5—27 the coke EI-138 displays a higher quality when

compared to EI-134. The reason may be the lower presence of sulfur in EI-138 when
compared to EI-134. In both Tables, coke EI-107 is higher than coke EI-135.
In summary, the coke quality was affected at low and high temperatures. At low
temperature, the mesophase was affected by the geometry (planarity and free rotation),
carbonization rate and presence of heteroatoms. According to this study, the decant oils
whose cokes had the lowest coke quality are EI-135 (planarity and free rotation) and EI107 (carbonization rate and little influence for the presence of sulfur), whereas the cokes
having the highest quality are EI-134 and EI-138. Therefore, according to the study, the
coke quality is EI-107, EI-135 < EI-134, EI-138. This sequence in coke quality shows
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agreement with what was found experimentally in section 5.1.2.2, where it was found
that coke quality follows the sequence EI-135 < EI-107 < EI-138 < EI-134.
At high temperature the coke quality was affected by the puffing and, hence, the
coke displaying the lowest coke quality was EI-107.

According to the degree of

graphitization, the coke quality sequence is EI-135 < EI-107 < EI-138 < EI-134. The
cokes EI-107 < EI-138 < EI-134 followed the trend of coke quality according to the
presence of sulfur; although EI-135 has lower sulfur content than EI-107, its quality are
lower because of the presence of biphenyls and five-membered ring compounds.

5.4 Preliminary summary of results

•

The reactor design played an important role in the coke yield. A reactor working

at zero-recycling produces little or no coke, such as when hydrotreated decant oils were
used as feedstock. Coke was not formed as the result of pyrolyzing hydrotreated decant
oil in the PSC, a reactor that works under zero-recycling, whereas it was formed when
using the LSC

open;

in this reactor the products of the pyrolysis, except gases, are reused

as feedstock.
•

The coke quality derived from the raw decant oil produced in the LSC

open

and

PSC was compared using the X-ray parameters. Work under zero-recycling (PSC) or
under the conditions of the LSC

open

does not suggest an influence on the coke quality

when decant oil alone is used as a feedstock.
According to the CTE value, the coke derived from the raw decant oil was
classified as a premium needle coke. The only preferred characteristics to be a suitable
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feedstock to manufacture needle coke that EI-107 did not follow were sulfur content
(2.99% instead of 0.7%) and API gravity (-4.3 instead of zero).
If only 1.25% of sulfur present in the decant oil is removed and hence, 1% of
sulfur in the coke is removed (see Figure 5—7), the coke would increase its quality by
decreasing the CTE, roughly, by 0.16x10-6/°C.

Therefore, the raw decant oil EI-107,

whose CTE was 0.368x10-6/°C and classified as premium needle coke, would have a
CTE of 0.208x10-6/°C, which falls in the classification for super-premium needle cokes
(CTE <0.25x10-6/°C).
•

During the hydrotreatment process, the chemical composition of the raw decant

oil experienced different variations in chemical composition which can be of benefit or
detriment to both coke quality and coke yield. The disadvantages of the hydrotreatment
were the formation of biphenyls and five-membered ring compounds whereas advantages
were the formation of short-chain alkylbenzenes and naphthenic compounds. During the
hydrotreatment, the presence of heteroatoms such as sulfur and nitrogen decreased; this
reduction is important, especially at high temperatures during the graphitization process,
where sulfur and nitrogen are released (puffing). A summary is shown in Figure 5—42:
as the decant oil was hydrotreated, the presence of heteroatoms decreased while forming
biphenyls and five-membered ring compounds. On one hand, the coke quality was
improved through the decreasing of heteroatoms but on the other hand, the coke quality
deteriorated from the formation of biphenyls and five-membered ring compounds.
Therefore, the coke quality was a compromise between the disappearance of heteroatoms
and formation of five-membered ring and biphenyls (Figure 5—42a). The coke quality
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was improved, besides the removal of heteroatom compounds, with the formation of
short-chain alkylbenzenes and naphthenic compounds (Figure 5—42b).

Figure 5—42: Compounds that (a) deteriorate and (b) improve the coke quality during
the hydrotreatment process
This figure is to aid illustration, is merely qualitative and does not represent actual data

•

The addition of coal to the raw and hydrotreated decant oils showed a detriment to

the coke quality, since, according to the CTE values of the co-cokes, they cannot be
classified as premium needle cokes.
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It was found that the co-coke quality did not depend on the kind of reactor used
except for the coke derived from the most hydrotreated decant oil, EI-138. This may be
due to two reasons: The first may be the highest contact time between coal and decant oil
experienced in the LSCopen; the second reason may be that when using the PSC the low
boiling point compounds present in EI-138 distilled, hence petroleum compounds
contribute in a lesser proportion to the form the co-coke.
A high chemical interaction between the most hydrotreated decant oil and coal
has been observed. This is because the decant oil EI-138 had the highest amount of
transferable hydrogen among the four decant oils used for the pyrolysis, and the results
suggest a partial liquefaction of the coal. As well, a higher synergism was observed
between EI-138 and coal when the THF-S fraction was measured at 6 h reaction time.
No correlation between synergism and coke quality (blend) was observed. The sequence
of co-coke quality using LSCopen and PSC is EI-107/coal<EI-138/coal< EI-135/coal ≤ EI134/coal.
•

Two unexpected results were found in this chapter: 1) the coke derived from the

decant oil EI-135 has lower coke quality when compared to the coke derived from the
raw decant oil, EI-107, and 2) the d-spacing (d002) of the graphitized cokes increase as the
Lc values increase. The explanation to these unexpected results were addressed in their
respective sections.
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Chapter 6
Results and discussions 3. – Laboratory scale coker operated under autogenous
pressure

It is highly unlikely that anybody would consider running a coker (or other
pyrolysis unit) under the high pressures that the tubing reactor, or laboratory scale coker,
were operated here; however, the tubing-bomb reactor, or laboratory scale coker
(LSCclose), is a relatively quick and cheap way of scouting the influence of pressure on
coke yields and coke quality.
The working pressure of this reactor is called autogenous since the generated
pressure is independent of any external influence. Pressure is generated by the gases
formed during the carbonization reaction of the feedstocks, where the gas yield depends
on the chemical composition of the feedstocks. Martinez-Escandell et al.35 has reported
that the main gases obtained during the pyrolysis of three petroleum streams of different
aromaticity (fa 0.77, 0.51 and 0.37) are CH4, C2 to C6 hydrocarbons, H2 and H2S. The
hydrocarbons reported by Martinez-Escandell et al.35 show agreement with the gases
found here, as shown in Figure 6—1.
This chapter is divided into four sections: the first shows the yield and coke
quality variation with time when LSCclose was used. The second section compares the
results obtained in the LSCclose and LSCopen. The third section gives an explanation of the
main differences in coke quality between the two reactors based on the effect of dissolved
gases on viscosity; and finally, the fourth section presents a summary of the results.
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CH 4

Figure 6—1: Gases present in the LSCclose at 18 h under autogenous pressure

6.1 Reaction time variation (LSCclose): Yield and coke evaluation

This section is divided into two sub-sections: Yields and coke evaluation of the
decant oil, coal and blend obtained under autogenous pressure at different reaction times,
6, 12, and 18 h.

6.1.1 Yields

The yields obtained as a result of the pyrolysis of the decant oil alone, coal alone
and blends are reported here for different reaction times, 6, 12 and 18 h.
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6.1.1.1 Decant oil

The yields obtained as the result of the decant oils carbonization under closed
system or autogenous pressure, 465°C, varying the reaction time are gas, TI (or coke), oil
and THF-S.

6.1.1.1.1 Gas yield formed from the pyrolysis of the decant oil alone under
autogenous pressure

Figure 6—2 shows the gas yield generated at different reaction times for the raw
decant oil EI-107 and its hydrotreated versions EI-134, EI-135 and EI-138; it is important
to recall the sequence of aromaticity displayed by these decant oils, EI-107>EI-135>EI134>EI-138. The general trend shows that the gas yield generated during the pyrolysis
decreased as the aromaticity of the decant oil was increased at all reaction times except at
12 h, where EI-135 displayed comparable gas yield to EI-138 and EI-134.
30.00

Gas wt.%

25.00
20.00
15.00
10.00
EI-138

EI-134

EI-135

EI-107

fa
6h

12h

18h

Figure 6—2: Gas yield variation with aromaticity at different reaction times under
autogenous pressure
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Figure 6—3 shows a correlation between cycloalkanes plus tetralins plus
alkylbenzenes with gas yield. The good correlation (r2=0.971) suggests that at 6 h,
cycloalkanes, tetralins and alkylbenzenes produced gases; when the reaction was pushed
to longer reaction times, a poor correlation was found, perhaps because at longer reaction

CA + TET+Alkylben
wt% (GC/MS)

times these compounds have reacted already.
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Figure 6—3: Correlation between cycloalkanes plus tetralins plus alkylbenzenes,
(CA+TET+Alkylben), with gas yield
The possible reactions that form gas from cycloalkanes, tetralins and
alkylbenzenes are shown in Figure 6—4.
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Figure 6—4: Examples of possible reactions that form gas from cycloalkanes, tetralins
and alkylbenzenes

6.1.1.1.2 TI yield formed from the pyrolysis of the decant oil alone under autogenous
pressure

Figure 6—5 shows that the TI yields increased for all the decant oils at different
reaction times except at 18 h for EI-135. It is observed that the decant oil that had the
highest percentage of TI was the raw decant oil EI-107, while the lowest TI yield was for
EI-138, at all reaction times.

TI wt.%
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Figure 6—5: TI wt.% generated under autogenous pressure from decant oils varying
reaction time
Figure 6—6 shows a linear correlation between polycyclic compounds plus
heteroatoms (Table 4-9) and the TI wt.%, at the three different reactions times, 6, 12 and
18 h. The good correlation found, r2, with the exception of only one data point out of
trend at 18 h, suggests that polycyclic compounds contributed to the formation of TI or
coke at the three different reaction times.
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Figure 6—6: Correlation between polycyclic compounds plus heteroatoms, Par(3≥rings)
plus het., and TI yield

6.1.1.1.3 Oil yield formed from the pyrolysis of the decant oil alone under
autogenous pressure

Figure 6—7 shows the oil yield generated under autogenous pressure. As the
aromaticity, fa of the decant oil decreased, the oil yield increased at all reaction times
except at 12 and 18 h for EI-135. When the oil yields of EI-107 and EI-138 are
compared, EI-138 (which is the decant oil of lowest aromaticity) displayed a higher oil
yield than EI-107 (which is the decant oil of highest aromaticity), at any reaction time.

Oil wt.%
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Figure 6—7: Oil yield from the different decant oils generated under autogenous pressure
Figure 6—8 shows the correlation between cycloalkanes plus tetralins plus
alkylbenzenes with gas plus oil yield at 18 h. The good correlation (r2=0.913) suggests
that these compounds produced gas plus oil at this reaction time.
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Figure 6—8: Correlation between cycloalkanes plus tetralins plus alkylbenzenes
(CA+TET+Alkylben) with gas plus oil yield
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6.1.1.1.4 THF-S yield formed from the pyrolysis of the decant oil alone under
autogenous pressure

Figure 6—9 shows the THF-S generated under autogenous pressure. No specific

THF-S wt.%

trend is observed.
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Figure 6—9: THF-S yield for the different decant oils reacted under autogenous pressure
Figure 6—10 shows the correlation between cycloalkanes plus tetralins plus
alkylbenzenes with oils plus THF yields at 12 h. The high correlation (r2= 0.994)
suggests that these compounds may have experienced condensation reactions, being a
part of the THF-S fraction and may have released hydrogen that can react with some
components to produce oils.
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Figure 6—10: Correlation between cycloalkanes plus tetralins plus alkylbenzenes,
CA+TET+Alkylben, with Oils plus THF yields
An example of a possible reaction that shows the transformation of
CA+TET+Alkylben into Oils plus THF is displayed in Figure 6—11.

Figure 6—11: Example of possible reaction that form Oil plus THF from cycloalkanes,
tetralins and alkylbenzenes
Another correlation that was found is THF-S with indenes at 18 h, as shown in
Figure 6—12, where the raw decant oil, EI-107, has been included in order to get a
representative r2. This suggests that the indenes (five-membered ring compounds) may
have experienced mild condensation reactions, unable to form coke but forming THF-S;
however the chemistry of this reaction is not clear and it has not been reported in the
literature.
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Figure 6—12: Indene content as a function of THF-S obtained under autogenous pressure
at 18 h

6.1.1.2 Coal

Table 6—1 shows the product yield distribution of the carbonized coal at different
reaction times, 465°C and autogenous pressure.

It is observed that gas formation

increased as reaction time was increased from 12 to 18 h, while TI decreased as reaction
time increased; no significant difference in yields was observed for oil and THF-S and
oils.
Table 6—1: Product yield distribution of the coal under autogenous pressure
Reaction time
(h)
6
12
18

GAS

TI

OIL

THF-S

6.34±2.03
7.35±1.32
13.50±0.35

89.29±1.97
89.43±0.96
82.91±0.03

0.71±0.44
0.90±0.05
0.46±0.18

3.66±0.20
2.32±1.13
3.13±0.05
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Unlike the TI yield obtained under atmospheric pressure (LSCopen) where the TI
was about constant at any reaction time, the TI obtained under autogenous pressure
decreased from 12 to 18 h.

6.1.1.3 Blends

This section shows the yield distribution of the blends obtained under autogenous
pressure.

In order to test for a synergistic or antagonistic effect of blending, it is

important to recall Equation 5-10, where linear yields are calculated.

6.1.1.3.1 Gas yield formed from the pyrolysis of the blends under autogenous
pressure

The gas yield of the blends is shown in Figure 6—13. It is observed in the
experimental yield that for a given sample, the gas content remained near-constant; this
suggests that the gas came off at ≤ 6 h. The highest gas yield was displayed by EI138/coal while the lowest was for EI-107/coal. In all cases, the experimental value of gas
was lower than the value obtained from the linear combination of the yields from coal
and decant oil alone, except for EI-135/coal and EI-107/coal at 6 h, where the values
showed agreement with the reproducibility of the measurement. Synergistic effect for
gas yield was only observed at 12 h reaction time. At ≤12 h, decant oil blended with coal
released a lower amount of gases than were coming off individually from coal or decant
oil alone.
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Figure 6—13: Comparison of the gas yield obtained experimentally and linearly under
autogenous pressure

6.1.1.3.2 TI yield formed from the pyrolysis of the blends under autogenous
pressure

The TI yield is shown in Figure 6—14. It is observed that as reaction time
increased, the TI wt. % experimental increased. For the different blends, the sequence
from highest to lowest TI yield was EI-107/coal>EI-135/coal>EI-134/coal>EI-138/coal.
It is observed that the TI yield was higher than the value calculated from linear
combination, except for EI-138/coal and EI-134/coal at 6 h, where the values show

258
agreement with the reproducibility of the measurement. Synergistic effect was observed
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Figure 6—14: Comparison of the TI yield obtained experimentally and linearly under
autogenous pressure

6.1.1.3.3 Oil formed from the pyrolysis of the blends under autogenous pressure

Figure 6—15 shows the oil yield for the blend obtained experimentally and
linearly. It is observed for the oil yield that as the reaction time increased, the oil yield
decreased. The sequence of oil yields for the blend obtained experimentally was EI138/coal>EI-134/coal≥EI-135/coal>EI-107/coal.
The highest synergistic effect occurred at 6 h and was larger for the blends of
hydrotreated decant oil with coal, when compared to the blend of raw decant oil EI-107
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with coal. This suggests that the extraction of coal components by the decant oil was
favored at lower reaction times under autogenous pressure. At longer reaction times, the
linear value was higher than the experimental except for EI-135/coal at 12 h where the
values showed agreement within the reproducibility of the measurement.
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Figure 6—15: Comparison of the oil yield obtained experimentally and linearly under
autogenous pressure

6.1.1.3.4 THF-S yield formed from the pyrolysis of the blends under autogenous
pressure

Figure 6—16 shows that the THF-S yield for the blend obtained experimentally
decreased as the reaction time increased. A great synergistic effect is observed for the
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THF-S derived from blending the EI-134 and EI-135 with coal at 6 h while lesser
synergistic effects are observed for EI-107/coal and EI-138/coal.
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Figure 6—16: Comparison of the THF-S yield obtained experimentally and linearly
under autogenous pressure

6.1.2 Evaluation of the cokes obtained under autogenous pressure as reaction time is
increased

Cokes obtained under autogenous pressure were evaluated using optical
microsocopy. The evaluation is divided into three sections: evaluation of cokes derived
from decant oil alone, coal alone and the blends.
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6.1.2.1 Evaluation of the cokes derived from decant oil alone under autogenous
pressure

One purpose of this work was to explore the coke quality from co-coking.
Figure 6—17 shows the development of mesophase (anisotropy) of the cokes derived
from the decant oil alone.

As observed in this Figure, anisotropy increased with

increasing the reaction time. The optimized reaction time was 18 h, since the highest
anisotropic content was reached at that time.
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Figure 6—17: Variation of anisotropic carbon (A) measured by optical microscopy in the
cokes obtained under autogenous pressure with reaction time
*the line is added to aid illustration and is not a regression fit of data

6.1.2.2 Evaluation of cokes derived from the coal alone under autogenous pressure

The classification of the textural components derived from coal alone is shown in
Table 6—2. All the isochromatic units of the cokes derived from the coal, were below
<10 μm, which is equivalent to the mosaic (<10 μm) that is a petroleum-derived texture.
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Table 6—2: Classification of textural components of the coke derived from coal alone at
18 h and autogenous pressure
Textures
Incipient vitrinite
Fine circular
medium circular
Inertinite
Mineral Matter

Width, μm
0.5
0.5-1.0
1.0-1.5

Length, μm
L=W
L=W
L=W

vol, %
44.7
43.2
6.1
5.6
0.4

6.1.2.3 Evaluation of cokes derived from the blends (co-cokes) under autogenous
pressure

The anisotropic content of the cokes obtained from the different decant oils at
different reaction times that are correspondent to the petroleum-derived texture is shown
in Table 6—3. It can be observed that the lowest isotropic carbon content and hence, the
highest anisotropic content occured at 18 h. Therefore, 18 h is the optimum reaction time
if the objective is to make anisotropic coke.
Table 6—3: Anisotropic content of the petroleum-derived texture present in the blends
Anisotropic content, vol%

EI-107/Coal
EI-134/Coal
EI-135/Coal
EI-138/Coal

6h

12 h

18 h

26.1
34.2
35.9
43.0

15.0
17.6
16.9
9.1

3.3
6.0
4.7
6.2

Table 6—4 shows the anisotropic carbon of the co-cokes present in the
petroleum-derived texture and the anisotropic carbon of the cokes; this is to determine the
influence of coal in the petroleum-derived texture when coal is added in a 20% blend. It
is observed that the anisotropic carbon content was always higher in the co-cokes when
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compared to the cokes (except EI-138/coal at 6 h). This suggests that when coal is added,
the reduced viscosity obtained in the LSCclose should help coal to go more easily through
a fluid state, facilitating the self-assembling, and hence, mesophase growth.
Table 6—4: Anisotropic carbon content in the co-coke and coke obtained in the LSCclose
Co-cokes
Anisotropic carbon
(petroleum-derived texture)

Cokes
Anisotropic carbon

SAMPLE
6h
12h
18h
6h
12h
18h
ID
EI-107/coal
67.4
81.3
95.9
26.3
64.5
85.9
EI-135/coal
55.1
78.9
94.1
44.9
55.3
72.0
EI-134/coal
57.3
78.0
92.5
25.5
50.1
70.9
EI-138/coal
46.3
88.6
92.3
56.2
60.0
77.5
*Anisotropic carbon = 100- Isotropic carbon normalized (from petroleum-derived texture)
Isotropic carbon normalized = (Isotropic carbon [from Table 6—4] * 100)/80. The factor 100/80 is used since
the petroleum-derived texture has been diluted 20% by adding coal.

6.2 Comparison between LSCclose and LSCopen

This section discusses the differences in the reactor design, yield and coke
evaluation. The LSCclose is compared with the LSCopen since the latter was selected as the
base-case reactor.

6.2.1 Reactor design: comparison between LSCclose and LSCopen

Unlike the large differences present between the reactors studied in chapter 5,
there are only small differences between the designs of these two reactors. The reactor
capacity, versatility and cost are the same for both reactors. The only difference is the
presence of a weld-on tube fitting (female) coupled to the weld-on tube fitting (male) and
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open valve present in the LSCopen reactor, which allows it to work under atmospheric
pressure; this coupling is not present in the LSCclose and hence, the reactor works under
autogenous pressure; the diagram of the reactors is shown in Figure 6—18.

Figure 6—18: Diagrams of the LSC open and LSC close
The summary of the operational similarities and differences between these two
reactors is shown in Table 5—25.
Table 6-5: Summary of the operational differences and similarities between LSCclose and
LSCopen

Batch reactor
LSC close
Batch reactor
LSC open

Differences
• Autogenous pressure
• Hundred-percent of the products as
feedstock

•
•

Atmospheric pressure
Reuse of products, except gas, as feedstock

Similarities
• Low cost
• Versatility to use different reaction times
• Small reactor capacity
Small amount of coke (CTE analysis cannot be
performed).
• Same procedure to obtain coke
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6.2.2 Yields and coke evaluation: comparison between LSCclose and LSCopen

The yield and coke evaluation starts with the coking of the decant oils alone and
the coking was performed using both reactors. Although the LSCclose and LSCopen are
easily operated at different reaction times (6, 12 and 18 h), the comparison is carried out
at 18 h only, since this was the optimized reaction time, as it was shown in section 6.1.
The raw decant oil and its three hydrotreated versions were pyrolyzed using both
reactors, as well as the blends DO/coal in a 4:1 wt. ratio.

6.2.2.1 Pyrolysis of the raw decant oil

The coke yields, as well as oil, gas and THF-S yields were obtained from the
pyrolysis of the raw decant oil, EI-107, in the LSCclose and LSCopen at 18 h and the
comparison is shown in Table 6—6. The gauge pressure reached in the LSCclose when
EI-107 is used as a feedstock is 54 atm.
Table 6—6: Product yields obtained from the pyrolysis of the raw decant oil using LSC
close and LSCopen reactors
wt. %
TI
Oil
Gas
THF-S

LSC close
58.10±0.20
13.88±1.67
18.62±0.58
9.40±0.88

The coke yield obtained in the LSC

close

LSC open
52.24±0.04
32.12±1.50
10.01±0.45
5.63±0.09

was higher when compared to the coke

yield obtained in the LSCopen. Two factors influenced the higher production of coke yield
in the LSCclose when compared to the LSCopen: the recycling of the products as feedstock
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and the higher pressure. These results show agreement with what was reported by
Elliot192; he found that a higher recycling led to higher coke production.
The oil yield was higher at atmospheric pressure when compared to autogenous
pressure. This finding is in agreement with Martinez-Escandell et al.35; they pyrolyzed
different feedstocks in pilot plant at 460°C and two pressures, 1 and 10 atm. MartinezEscandell et al.35 report a significant reduction in the oil yield by increasing the pressure
from 1 to 10 atm for the three feedstocks tested.
The gas and THF-S yields were higher in the LSCclose when compared to the
LSCopen. This suggests that the oil fraction experienced cracking at high pressures so that
the gas yield was increased; since the light fraction was cracked and little light fraction
remained in the system, the heavy oil fraction may have lost solubility, and hence gone
through condensation reactions and formed a higher yield of THF-S and/or coke.
Table 6—7 shows the proximate and ultimate analysis of the cokes obtained from
the two different reactors and derived from EI-107.
Table 6—7: Proximate and ultimate analysis for the cokes derived from EI-107 obtained
in the LSCclose and LSCopen
dry
S±0.01
N±0.08
C±1.90
H±0.13
Moisture±0.06
Volatile matter±0.40
Fixed carbon±0.38
Ash±0.12

LSCclose
2.43
0.22
95.15
3.48
0.07
8.12
90.86
0.95

LSCopen
2.18
0.44
92.90
3.50
0.06
14.60
83.12
2.28

The sulfur content was higher in the coke obtained in the LSCclose than in the coke
obtained in the LSCopen, which suggests that sulfur-containing gases were released to the
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atmosphere when the pyrolysis was carried out under atmospheric pressure. Higher fixed
carbon content was present in the cokes obtained in the LSCclose.
As it was mentioned, CTE analysis could not be performed on the cokes obtained
from the LSC, and hence, a comparison of coke quality was carried out based on optical
microscopy and X-ray diffraction, as shown in Table 6—8. According to the results in
this Table, the EI-107 exhibits higher coke quality when LSCclose was used, and hence,
the coke quality was positively affected by the pressure.
Table 6—8: Optical textures and X-ray diffraction parameters of the cokes generated
from EI-107 at 18 h in LSCclose and LSCopen reactors
ID
LSC close
LSC open

FWHM (°)
±0.011
3.281
3.376

Diff. angle
±0.006
26.183
26.029

d002
±0.007
3.4008
3.4205

Lc (Å)
25
24

I

OTI

14.4
2.5

26.8
23.8

As observed in Table 6—8, the OTI, Lc, and diffraction angle values were
slightly higher in the LSCclose when compared to LSCopen whereas FWHM and d002 were
lower, hence showing a comparable or higher quality of the coke EI-107 when this was
pyrolyzed in the LSCclose. The only unexpected value is that the isotropic carbon, I, was
higher in the LSCclose when compared to I in the LSCopen. According to Chang21, the CTE
value increases as the isotropic carbon increases, however, no correlation between
isotropic carbon percent and CTE value has been studied21. Hence, it is unknown what
percentage of isotropic carbon can harm the coke quality.
The current section covered the base case, which is the pyrolysis of the raw
decant oil. The following section covers the yields and coke quality of the hydrotreated
decant oils.
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6.2.2.2 Pyrolysis of the hydrotreated decant oils

The hydrotreated decant oils were pyrolyzed using both reactors, LSCclose and
LSCopen. The coke yields obtained from the decant oils in the LSCclose and LSCopen are
compared. The conditions for both reactors were 465°C and 18 h reaction time. Because
the comparison is carried out at 18 h, the gauge pressure reading is reported for the end of
this reaction time, as shown in Table 6—9.
Table 6—9: Gauge pressure reading at 18 h for the pyrolysis of the decant oils in the
LSCclose
Sample ID
EI-135
EI-134
EI-138

Gauge pressure (atm)
48
75
68

The coke yield obtained in the LSCclose was always higher than the coke yield
obtained in the LSCopen when hydrotreated decant oils were pyrolyzed, as shown in
Figure 6—19. The same behavior was displayed in the pyrolysis of the raw decant oil as
explained in section 6.2.2.1 for the pressure effects. Varfolomeev et al.221 studied the
effect of pressure on coke yield in the delayed coking process and their data show that
increasing the coking pressure had an important effect on the coke yield, particularly in
the coking of lighter feeds, as it is here observed with the decant oil EI-138.
It appears that the coke yield formed from the pyrolysis of the most hydrotreated
decant oil, EI-138, was influenced by the high pressure. A slight influence occurred with
the coke yield from the pyrolysis of the intermediate hydrotreated decant oils and raw
decant oil (see Table 6—6).
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Figure 6—19: TI wt. % obtained from hydrotreated decant oil using LSCclose and LSCopen
The gas yields obtained from the decant oils in the LSCclose and LSCopen are
compared and shown in Figure 6—20. The gas yields were higher for the autogenous
when compared to the atmospheric pressure except for EI-135; however, a small
difference in gas yield was obtained when both reactors were used and the values are
within the reproducibility of the measurement.
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Figure 6—20: Gas wt. % obtained from hydrotreated decant oil using LSCclose and
LSCopen
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A higher oil yield was obtained at atmospheric pressure as shown in Figure
6—21. This finding is in agreement with Martinez-Escandell et al.35 as it was discussed

in the previous section (6.2.2.1).
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Figure 6—21: Oil wt. % obtained from decant oil using LSCclose and LSCopen
The THF-S yield was higher under autogenous pressure when compared to the
THF-S yield when obtained under atmospheric pressure, as shown in Figure 6—22. This
suggests, but does not prove, that in the LSCclose the presence of H• radicals may have
delayed the ring saturation of the compounds; hence, they remained in this fraction.
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Figure 6—22: THF-S wt. % obtained from decant oil using LSCclose and LSCopen
Table 6—10 shows the proximate and elemental analysis of the cokes derived
from the hydrotreated decant oils using the two different reactors. Sulfur and nitrogen
contents were slightly lower in the cokes obtained in the LSCopen when compared to the
ones obtained in the LSCclose, which suggests that some nitrogen and sulfur compounds
were released as a gas when the LSCopen was used.
Table 6—10: Proximate and elemental analysis of the cokes derived from the
hydrotreated decant oils obtained in the LSCclose and LSCopen
dry, wt.%
S±0.01
N±0.08
C±1.90
H±0.13
Volatile matter±0.40
Fixed carbon±0.38
Ash±0.12
*as received

EI-135
0.60
0.17
96.90
3.72
11.35
87.31
1.12

LSCclose
EI-134
0.98
0.16
94.20
3.39
8.64
90.44
0.64

EI-138
0.96
0.19
95.90
3.48
8.87
89.86
1.14

EI-135
0.50
0.00
93.44
3.49
9.18
88.79
1.03

LSCopen
EI-134
0.70
0.05
93.84
3.68
19.39
80.10
0.51

EI-138
0.28
0.07
93.74
3.50
8.04
89.73
1.23
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As it was mentioned the CTE of the cokes could not be determined because of the
small amount of sample.

Thus, the coke quality is compared based on optical

microscopy. The information about optical texture at autogenous pressure and 18 h is
shown in Table 6—11. It is observed that OTI and D (flow domains plus domains) were
always lower whereas I was higher for the cokes obtained in the LSCclose. Therefore,
high pressures had a negative effect on the coke quality when hydrotreated decant oils
were used as feedstocks.
Table 6—11: Optical textures of the cokes generated at 18 h under autogenous pressure

ID
EI-135
EI-134
EI-138

I
1.2
1.4
4.8

LSCopen
D
28.6
47.2
39.2

OTI
19.6
29.3
23.6

I
29.1
28.0
27.5

LSCclose
D
17.3
20.6
19.8

OTI
14.1
16.4
15.0

6.2.2.3 Pyrolysis of the raw and hydrotreated decant oils plus coal

The decant oils and coal were pyrolyzed using both reactors, LSCclose and
LSCopen; the yields are compared. The co-coke yield obtained in the LSCclose was always
higher than the coke yield obtained in the LSCopen for the reason already explained:
higher pressure. This is shown in Figure 6—23.

TI wt.%
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75.00
70.00
65.00
60.00
55.00
50.00
45.00
40.00
35.00
30.00
EI-138/coal

EI-134/coal

EI-135/coal

EI-107/coal

fa
Autogenous

Atmospheric

Figure 6—23: TI wt. % obtained from the pyrolysis of the blends decant oil and coal
using LSCclose and LSCopen at 18 h
The gas yields obtained from the co-cokes derived from the blend are compared
and shown in Figure 6—24. It is observed that the difference between the gases obtained
in the two different reactors decreased as the aromaticity increased.
30.00

Gas wt.%

25.00
20.00
15.00
10.00
5.00
EI-138/coal

EI-134/coal

EI-135/coal

EI-107/coal

fa
Autogenous

Atmospheric

Figure 6—24: Gas wt. % obtained from the pyrolysis of the blends decant oil and coal
using LSCclose and LSCopen at 18 h
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A lower oil yield was obtained at autogenous pressure, as shown in Figure 6—25.
This has been discussed previously and is because of the higher pressure. The oil yield
was about the same for the oils produced from blending hydrotreated decant oils and coal
and was roughly 20% higher when the LSCopen reactor was used.
40.00
35.00
Oil wt.%

30.00
25.00
20.00
15.00
10.00
5.00
EI-138/coal

EI-134/coal

EI-135/coal

EI-107/coal

fa
Autogenous

Atmospheric

Figure 6—25: Oil wt. % obtained from the pyrolysis of the blends decant oil and coal
using LSCopen and LSCclose at 18 h
The yield of THF-S is higher under autogenous pressure when compared to the
yield obtained under atmospheric pressure, except for the blend between raw decant oil
and coal, whose value is within the reproducibility of the measurements (see
Appendix D).
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Figure 6—26: THF-S wt. % obtained from the pyrolysis of the blends decant oil and
using LSCclose and LSCopen at 18 h
Table 6—12 shows the proximate analysis of the co-cokes derived from blending
decant oils and coal obtained in the LSCclose and LSCopen. Ash was higher in the co-cokes
obtained in the LSCopen (except EI-107/coal) when compared to the co-cokes obtained in
the LSCclose. As it was discussed previously in Chapter 5, some petroleum components of
low boiling point present in the hydrotreated decant oils left the system as gases and
hence, the co-coke was enriched with coal-derived components, which are rich in mineral
matter (ash value).
Table 6—12: Proximate analysis of the co-cokes derived from the blending decant oils
and coal obtained in the LSC close and LSC open

Moisture
EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

0.81
0.68
0.44
0.26

LSC close
Volatile
Fixed
Matter
Carbon
10.13
8.62
9.85
7.31

85.33
87.37
86.31
96.06

Ash

Moisture

3.73
3.33
3.40
0.37

0.55
0.88
0.52
0.26

LSC open
Volatile
matter
26.47
11.39
22.56
10.46

Fixed
carbon
70.35
84.59
70.93
85.75

Ash
3.18
4.02
6.51
3.79
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Table 6—13 shows the data of elemental analysis of the co-cokes derived from
blending decant oils and coal obtained in the LSCclose and LSCopen. The values are close
or within the reproducibility of the measurement.
Table 6—13: Elemental analysis of the co-cokes derived from blending decant oils and
coals obtained in the LSCclose and LSCopen
LSC close
EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

S

N

C

H

S

1.97
0.46
0.79
0.19

0.42
0.50
0.47
0.47

91.10
93.50
90.87
95.00

3.53
3.56
3.46
3.41

1.72
0.44
0.77
0.28

LSC open
N
C
0.44
0.49
0.31
0.44

90.90
91.71
89.16
92.06

H
3.50
3.31
3.36
3.43

When comparing Tables 6—12 and 6—13 (co-cokes) and Table 6—10 (cokes)
one can say that the introduction of coal to the petroleum stream caused a reduction in the
sulfur content with an increase in ash value.
Table 6—14 shows the comparison of the X-ray diffraction parameters of the cocokes obtained in the LSCclose and LSCopen at 18 h. This section discusses whether the
co-coke quality was improved when high pressures and full-reuse of products were main
characteristics of the reactor.

According to this Table, diffraction angle and Lc were

higher while FWHM and d002 were lower in the co-cokes obtained in the LSC

close

when

compared to the co-cokes obtained in the LSCopen. The qualities of the co-cokes obtained
in the LSCclose were similar, since some of the X-ray parameters were within the
reproducibility of the measurement. Hence, one can say that at higher pressures, and
higher content of naphthenic compounds, the co-coke quality was improved.
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Table 6—14: Comparison of the x-ray diffraction parameters of the co-cokes obtained in
the LSCclose and LSCopen at 18 h
LSC close

EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

Diffraction
angle
±0.02
26.272
26.270
26.266
26.333

LSC open

d002
±0.0028

FWHM
±0.004

Lc

3.3894
3.3897
3.3902
3.3818

3.341
3.483
3.452
3.185

25
24
24
26

Diffraction
angle
±0.02
26.045
26.086
26.091
26.056

d002
±0.0028

FWHM
±0.004

Lc

3.4185
3.4132
3.4126
3.4170

4.087
3.751
3.705
3.876

20
22
22
21

Table 6—15 shows the distribution of coal- and petroleum-derived textures of the
co-cokes obtained using LSCclose and LSCopen. This small difference suggests that the
optical microscopy gives a relatively good accuracy in volume percent of the petroleum
and coal-derived texture. The only co-coke that displayed a high difference is EI138/coal, which suggests, as it was shown in section 5.1.2.4, that at the working
conditions of the LSC open, coal-derived compounds are present in another fraction which
is THF-S.
Table 6—15: Distribution of petroleum-derived textures in vol. % in the co-cokes
obtained from blending hydrotreated decant oils and coal (4:1 wt. ratio) – Using LSCclose
and LSCopen

EI-107/coal
EI-135/coal
EI-134/coal
EI-138/coal

Total petroleum-derived or “apparent petroleum-derived”, vol. %
LSC close
LSC open
75.6
75.5
76.6
77.0
74.8
76.0
78.4
89.1

Difference
0.1
0.4
1.2
10.7
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6.3 Dissolved gas effect on viscosity

Reactions taking place in a closed reactor are governed by the solubility of gases
in the liquid phase, decreasing the viscosity of the system, as several authors have
reported

222 44, 45

. Miadonye et al.44 have studied the effect of dissolved gases on the

viscosity of heavy oils, since it has been reported that the in-situ addition of gases such as
CO2, CH4, N2, C2H6 and CO reduces the viscosity of heavy oil and bitumen223.
Miadonye et al.44 varied the concentration of CO2, CH4 and C2H6 and showed that the
higher gas concentration added to the heavy oils led to a reduction in viscosity.
Therefore, it is expected that the evolved gases retained in the reactor by using a closed
system during the carbonization process will decrease the viscosity of the system.
The solubility of gases in liquids is governed by Henry’s law. The solubility of
gases in liquids ( xi ) is proportional to partial pressure of component i in the gas phase
( yi P ). Then, the relation is shown in Equation 6-1.

y i P = k i xi

6-1

This relation is known as Henry’s law and the proportionality constant k i is
called Henry’s constant ( k i − solvent ); this constant has the unit of pressure per mole (or
weight fraction) and for any given solute and solvent system is a function of temperature.
The main application of Henry’s law is to calculate solubility of gases in liquids where
the solubility is limited (small xi ).
The solubility of gases in liquids ( xi ) also depends on the composition of the
liquid, as it is shown in the following equation. If the vapor phase is pure component 1
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and is in contact with solvent at pressure P and temperature T, the solubility in terms of
mole fraction, xi , is found as:
xi =

φ1V P
γ 1 f1L

, ki = γ i f iL

6-2

In order to calculate k i and φ1V , f i L , critical pressure , Pc , critical temperature,

Tc , and other constants are needed and depend on the chemical composition of the liquid.
Additional literature on Henry’s law and equations needed to calculate the solubility of
gases in a liquid is shown in Appendix I, following the equations reported by Riazi179.
This appendix also shows equations used to calculate the viscosity when a gas is
dissolved in a pure or mixed liquid hydrocarbon. The current work does not intend to
calculate the viscosity decrease due to the gas dissolution in the liquid, since special
experiments are needed to obtain necessary data and to verify the results, and they are
beyond the scope of the current work. The current system (LSC

close)

is not at constant

pressure but is continuously changing in pressure and chemical composition of the
feedstock. Therefore gas solubility, xi , and viscosity decrease vary with time.
The viscosity would have an effect on the mesophase development and is
considered as the central property of mesophase that controls the optical texture of
carbons, therefore by extension controlling the physical and chemical properties of
carbons and graphites222.

A mesophase, having a low-medium viscosity, enhances the

size of the optical texture; however, further reduction of viscosity may hinder the
mesophase development, impeding the mesogen units’ coalescence222.
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Krebs et al.123 pyrolyzed different coal-tar pitches at 550 and 580°C for 2 h,
varying the pressure (1-20 atm). They found at both temperatures that the higher flow
domain texture was reached at 20 atm; hence, they conclude that the higher the pressure
the better the coke quality. According to Krebs et al.123, the increasing pressure delayed
the departure of volatiles, therefore maintaining the fluidity of the system, which is a
requirement for mesophase formation and further coalescence.

Mochida et al.64

pyrolyzed decant oil at 500°C and different pressures, 1, 16 and 41 atm. They found that
the optimum working pressure is 16 atm, meaning that, at this pressure, higher flow
domain texture was formed when compared to the flow domain formed at 1 and 41 atm.
The different optimum pressure reported by these two authors, in addition to the ones
reported by other authors (see section 2.4.2.1), suggests that there is an optimum pressure
for different feedstocks (i.e. coal tar pitch, decant oil, vacuum resid, hydrotreated feed),
and hence, optimum viscosity of the system at any given temperature.
As it was discussed in section 6.2.2.1, the coke derived from the raw decant oil
displayed a higher quality when obtained in the LSC

close;

hence, the coke quality was

improved when this system worked at high pressure. In contrast, the coke derived from
the hydrotreated decant oils (see section 6.2.2.2) displayed a detriment in the coke quality
when higher pressure was used. This finding is confirmed by the literature, where the
optimum pressure depends on the feedstock at any given pressure. Accordingly, one can
say that higher pressures improved the coke quality of a decant oil which is rich in polyaromatic compounds, whereas the coke quality of hydrotreated decant oils, which have
alkylbenzenes and naphthenic compounds, deteriorated.
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6.4 Preliminary summary of results

•

The coke yield increased as the pressure was increased. This occurred in all the

feedstocks tested here.
•

There is an optimum pressure for feedstocks that have different chemical

characteristics, in agreement with work reported in the literature. The coke quality
derived from feedstocks rich in polycondensed aromatic rings (EI-107) increased with
pressure whereas the coke quality derived from feedstock rich in alkylbenzenes (EI-134
and EI-135) and naphthenic compounds (EI-138) decreased with pressure at constant
reaction temperature. It is important to point out that the optimum pressure for each
feedstock needs to be determined experimentally at any given temperature. As it was
discussed in section 6.3, an increasing pressure has an effect on gas dissolution and
hence, on the viscosity.
Four cases of optimum pressure can occur, as shown in Figure 6—27. In this
Figure, the closed dots represent the viscosity of the system at 1 atm while the open dots
represent the viscosity at any other pressure. The first case shows when the viscosity at 1
atm falls out of the region to obtain an optimum coke; hence, although pressure is
changed, coke quality is not good, having a high content of isotropic carbon or small size
of isochromatic units. The second case is when the viscosity at 1 atm falls within the
region for optimum coke when changing pressure. The third case is when the viscosity
drops out of the region for optimum coke when changing pressure; examples of this case
are the hydrotreated decant oils EI-135, EI-134 and EI-138. The last case is when the
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viscosity at 1 atm, being in a region for optimum coke, falls but remains in the same
optimum region when changing pressure; an example of this case is EI-107.

Figure 6—27: Different cases of non and optimum viscosity
Case III: EI-135, EI-134 and EI-138; Case II: EI-107

•

The co-cokes displayed a higher quality when the higher contact time between the

coal and decant oil was achieved; this occurred when the reactor used was LSC

close.

In

this context, contact time refers to the time that coal components and decant oil
components in the reactor are in contact. For instance, in the PSC, the low boiling point
of some decant oil components means that they leave the reactor soon, as liquid (by
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distillation) or gas (cracking as the result of the pyrolysis), the contact time between
decant oil and coal components being short. In the LSCopen, gases leave the system as the
result of the pyrolysis of decant oil components and perhaps coal components, hence the
contact time is short. In the LSCclose, all the coal and decant oil components are closely in
contact having a long contact time.
Under the conditions that the LSCclose operates, the co-coke EI-138/coal was the
one that displayed the highest quality, showing the importance of the presence of
hydrogen-rich compounds in improving the quality.
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Chapter 7
General Summary, Conclusions and Future Work

7.1 General Summary

•

Seven decant oils were characterized; the result of the different levels of

hydrotreatment performed on the raw decant oil, EI-107, led to the formation of decant
oils with different chemical composition. The raw decant oil, EI-107, displayed unique
characteristics; it had the highest amount of polycyclic compounds (n rings) plus
heteroatoms, and the lowest amount of cycloalkanes, hydroaromatics and alkylbenzenes
when compared to its hydrotreated derivatives.

Three out of the six hydrotreated

derivatives from EI-107 were chosen to carry out the coking and co-coking experiments
using a laboratory scale coker (or tubing bomb reactor) operated under different pressures
and a pilot scale coker operated at near-atmospheric pressure. The selection of the
hydrotreated decant oils was made based on greater differences in chemical
characteristics respect to the raw decant oil and based on the available sample quantity.
The chosen hydrotreated decant oils are intermediate hydrotreated decant oils, EI-134 and
EI-135, and the most hydrotreated decant oil, EI-138. The main difference between EI134 and EI-135 is the selectivity toward the heteroatom removal; consequently, EI-135
had a higher content of biphenyls and lower content of heteroatoms when compared to
EI-134.
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•

The result of the hydrotreatment, besides forming decant oils having different

chemical composition, showed a reduction in the heteroatoms content (sulfur and
nitrogen). The reduction of heteroatoms improved the coke quality through the reduction
of puffing, which occurred at high temperatures (calcination and graphitization
temperatures).
•

It has been reported that miscibility among compounds is important to avoid the

formation of small isochromatic areas in the resultant coke. Therefore, the miscibility
between coal and the different decant oils was studied by determining the solubility
parameters.

According to the solubility parameter theory, the closer the solubility

parameter between components, the better the solubility; the requirement to get a good
solubility is to have a difference in solubility parameters of the components below 2.4
hildebrands.

The difference in solubility parameters between all decant oils and

Powellton/Eagle coal is below 2.4 hildebrands, therefore a good solubility is expected.
•

The selected four decant oils, EI-107 (raw decant oil), EI-135, EI-134 and EI-138

were pyrolyzed alone or blended with coal in a 4:1 wt. % ratio using three different
reactors: Two reactors operated at atmospheric and near-atmospheric pressure, and one
reactor operated under autogenous pressure. Three reactors were needed in order to
obtain all the samples needed; for instance, the pilot-scale coker (PSC), which operates at
near-atmospheric pressure produces enough sample (≈1 kg) to determine the coefficient
of thermal expansion (CTE), which ultimately tells the end-use of the coke;
unfortunately, the zero-recycling operation of the PSC did not make possible coke
formation from the hydrotreated decant oils, and only the coke from the raw decant oil
was formed.

Then, the decant oils were pyrolyzed using the laboratory-scale coker
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operated under atmospheric pressure (LSCopen) and where the products of the pyrolysis
were reused to produced coke; all cokes derived from raw and hydrotreated decant oil
were formed. The disadvantage of the cokes produced in the LSCopen is the small amount
of coke, making it impossible to determine the end-use of the coke on the basis of the
traditional industrial CTE test; hence, coke was characterized using optical microscopy
and X-ray diffraction, in order to establish a comparison in coke quality among the four
cokes derived from the four decant oils.
The third reactor used was the laboratory scale coker operated under autogenous
pressure, LSCclose. Although it is highly unlikely to consider running a coker under the
high pressures that this reactor operates, it is a quick way of scouting the influence of
pressure on the coke yield and coke quality. In addition, the presence of gases in the
system suggested that there could be a decrease in viscosity due to the gas dissolution in
the medium, as reported by several researchers.
•

The end-use of the coke derived from the raw decant oil was reported to be

premium needle coke, based on the CTE. Then, the cokes obtained in the PSC and
LSCopen were compared using X-ray diffraction the values being within the
reproducibility of the measurement. This suggests that the end use of the coke derived
from the raw decant oil obtained in the LSCopen is premium needle coke based on CTE.
•

As it was mentioned, the cokes derived from the hydrotreated decant oil were not

formed when PSC was used. Therefore, in order to determine the influence of the
chemical composition on the coke quality, optical microscopy and X-ray diffraction was
performed on the cokes obtained from the LSCopen.

Following the apparent trend

between the OTI (obtained from the optical microscopy) and X-ray parameters, one can
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say that EI-134 and EI-138 have superior coke quality when compared to the coke
derived from the raw decant oil, whereas EI-135 has inferior coke quality. However, the
close values in the X-ray diffraction parameters also suggests that the cokes have similar
end-use and may be in the range of premium or super-premium needle coke.
•

The CTE analyses of the co-cokes obtained in the PSC were reported to be higher

than 0.8 x 10-6/°C, meaning that they cannot be classified as needle coke. Although these
particular co-cokes were not tested with regard to possible use as anodes or sponge coke,
previous investigations224 have shown that co-cokes met or exceeded the standards set by
the industry except for the presence in mineral matter from coal in the co-coke. Other
possible applications of the co-cokes are shown in the future work section.
•

Correlations between CTE (determined on the graphite electrodes) and X-ray

parameters (determined on the green co-cokes) were found, as well as a deviation of the
co-coke EI-107/coal to this correlation due to puffing.

Roughly, making a semi-

quantitative approach, 1% of sulfur content present in the green co-coke increased the
CTE value by 0.16x10-6/°C.
•

Higher synergism between coal and decant oil has been found when coal was

blended with decant oils containing higher total transferrable hydrogen and >CH- and
-CH2- groups; total transferrable hydrogen, as well as >CH- and -CH2- groups, increased
as the degree of hydrotreatment was increased. Therefore, a higher synergism was found
between coal and the most hydrotreated decant oil, EI-138.
•

The co-coke quality was higher when coal was blended with mildly hydrotreated

decant oils, displaying the same results when co-coke was obtained in the PSC and
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LSCopen. However, higher co-coke quality was found in the EI-138/coal obtained in
LSCopen when compared to EI-138/coal obtained in the PSC; this suggests that the contact
time between coal and decant oil was important, especially when the decant oil displayed
low initial and average boiling point, as was the case of the decant oil EI-138.
•

Pressure exerted an indirect influence on the viscosity in the system. The low-

molecular-weight compounds present in the system decreased the viscosity since the
dissolved gas is proportional to viscosity. The low-viscosity system was achieved by
using a tubing bomb reactor that worked under autogenous pressure (LSCclose). The
characterized cokes derived from the intermediate (EI-134 and EI-135) and most
hydrotreated decant oil (EI-138) reacted under autogenous pressure and 18 h reaction
time showed a lower mesophase formation and hence higher isotropic carbon when
compared to their counterparts obtained in the LSCopen. The coke derived from the raw
decant oil was found to display higher quality when LSCclose was used. The different
results found in the cokes derived from the raw and its hydrotreated derivatives suggest
that an optimum pressure exists to make cokes derived from feedstocks of different
composition.
The decrease in the viscosity in the systems that have the hydrotreated decant oils
could have caused a decrease of the viscosity to a point that was too low for the
mesophase spheres to coalesce.
•

Unlike the sequence in co-coke quality obtained in the PSC and LSCopen, the

highest co-coke quality obtained in the LSCclose was from the most hydrotreated decant
oils while the worst, from the blend between coal and the mild hydrotreated decant oils.
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This suggests that at higher pressure and when the products of the pyrolysis are re-used in
the system, higher content of naphthenic compounds improved the co-coke quality.

7.2 General Conclusions

The general conclusions correspond to addressing the original hypotheses. Three
hypotheses were made and hence, three general conclusions are shown here:
•

Higher flow texture contents were observed in the cokes derived from decant ois

having short-chain alkylbenzenes and naphthenic compounds; these are the result of the
hydrotreatment of the raw decant oil, EI-107. The higher presence in flow texture means
that the quality of the coke derived from the hydrotreated decant oils

was better;

however, during the hydrotreatment of the raw decant oil, not only short-chain
alkylbenzenes and naphthenic compounds were formed, but also five-membered ring
compounds and biphenyls, the presence of which harmed the mesophase development
and hence, the coke quality.
Then, the conditions for the hydrotreatment should be controlled to decrease the
formation of biphenyls while decreasing the formation of short-chain alkylbenzenes and
naphthenic compounds.
There is a compromise between the reduction of heteroatoms and the formation of
biphenyls. The reduction of heteroatoms improved the quality of the graphite artifact by
decreasing the puffing effect and hence reduction of CTE; the puffing occurs at high
temperatures while the effect of formation of biphenyls occurs in the pyrolysis to
generate green coke. The hydrotreatment must be carried out in a middle way between
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the removal of heteroatoms and the formation of biphenyls: if the hydrotreatment is
highly selective, a high amount of biphenyls should be formed, perhaps making the effect
of the hydrotreatment useless by having a net effect of zero in the final coke quality.
•

As it was shown in Chapter 6 in equations and literature, the dissolved gas

decreased the viscosity by retaining gases in the medium when the LSCclose reactor was
used. The drop in viscosity was convenient for the development of a good coke quality
when some feedstocks were used, for instance, highly polycondensed feedstocks, i.e.
decant oils whereas it was inconvenient when hydrotreated decant oils were used as
feedstocks.
•

It has been shown in Chapter 4 that coal has a higher degree of polycondensation

when compared to the polycondensation of the decant oils, as it was shown in the
aromaticity values. Besides aromaticity, the anisotropic content, which measures the size
of isochromatic units, shows a degree of polycondensation since an isotropic unit is
anisotropic when its size is larger than 0.5 microns.
The anisotropic carbon contents present in the petroleum-derived texture of the
cokes derived from the decant oils and cokes derived from blending decant oil and coal
(co-cokes) were compared. The comparison was carried out for the cokes and co-cokes
obtained in the LSCopen and LSCclose.
When the LSCopen was used, the anisotropic content present in the cokes was
slightly higher or comparable to the petroleum-derived texture present in the co-cokes;
hence, no benefit was observed when coal was added to the decant oil toward the faster
formation of anisotropic carbon or toward the increase of polycondensation.
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It is important to recall that besides the formation of elongated isochromatic units,
a high degree of polycondensation is important to obtain a high quality coke, since the
degree of polycondensation is related to the anisotropic carbon formation, when coke is
viewed under the microscope. This particular coal (Powellton/Eagle) has higher degree
of polycondensation than the decant oils, hence it was expected to obtain higher
anisotropic content when coal was added to the decant oil. How fast mesophase grows
may not be an issue in the coke quality; however, the obtaining of bulk mesophase at
shorter reaction times may bring economical benefits to the coke industry.
When the LSCclose was used, the anisotropic content present in the cokes was
lower than the petroleum-derived texture present in the co-cokes; hence, the addition of
coal showed a benefit toward the increase of polycondensation. It was discussed that the
presence of gases in the system could have produced a reduction in the viscosity and
hence, could have reduced the coalescence of mesogens, hindering mesophase growth.
When coal was added, the reduced viscosity obtained in the LSC close should have helped
coal to go more easily through a fluid state, facilitating the self-assembling, and hence,
faster formation of anisotropic carbon or carbonization.
It is important to point out that although, under the conditions that LSCclose
operates, a faster formation of anisotropic carbon was reached when coal was added to
the petroleum, the size of the isochromatic units in the co-coke was smaller when
compared to the size of the isochromatic units present in the coke derived from petroleum
alone.

Therefore, these co-cokes did not classify as needle cokes since elongated

isochromatic units are needed.
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7.3 Suggestions for future work

•

During the hydrotreatment, the heteroatoms removal is unwanted since biphenyls

and five-membered ring compounds are formed.

It is important to explore other

processes besides hydrotreatment to remove heteroatoms without changing the chemical
composition of the feedstock. A selective removal of sulfur compounds by adsorbents
has been reported225-227 to be a promising technology to remove sulfur compounds
without varying the chemical composition of the feed since this process is achieved at
low adsorption temperature using no hydrogen.
•

It is important to explore other techniques for the coke characterization besides

CTE, optical microscopy and X-ray diffraction. A potential new method to characterize
cokes may be the c.t.e. which is calculated from the thermal mechanical analyzer TMA; it
is important to recall that the analysis of the coefficient of thermal expansion (c.t.e.) is
carried out on the green cokes whereas the coefficient of thermal expansion (CTE) was
carried out on the graphite electrodes. It is important to continue with this method of
characterization and set up a methodology to make the pellets generated from the PSC
and compare the c.t.e. determined in the TMA with the CTE. The preliminary results are
shown in Appendix C.
•

Several researchers have reported the influence that gas dissolution has in the

viscosity of the medium and hence, in the coke quality; however, no fundamental studies
have been made to determine the percentage of viscosity drop when gas is dissolved in
the medium. Experiments should be designed in order to determine the real effect of gas
dissolution exerts on viscosity in a quantitative manner.
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•

It has been studied that the addition of coal to the petroleum stream decreases the

coke quality toward the obtaining of a needle coke; however, the coke quality here has
been focused toward the production of graphite electrodes. Other kind of applications
can be found such as anodes (if a clean coal is used), or activated carbon.
•

A potential use that co-cokes may have is as nuclear graphites. It is expected that

at the high temperatures that the co-cokes will be heated (around 3000°C), most of the
mineral matter would be driven off. Table 7—1 shows the ash values present in the
green, calcined cokes and graphite electrodes. As it is observed, the ash value present in
some of the graphitized co-cokes are comparable to the ash content present in the coke
derived from the decant oil alone. This suggests that ash should not be a problem if the
co-cokes meet other requirements to be used as graphite electrodes. The ash composition
of the green and calcined co-cokes is mainly formed (roughly) by SiO2 (55 wt. %), Al2O3
(27 wt. %), Fe2O3 (7 wt. %) and K2O (5 wt. %). The ash percent distribution present in
the graphite electrodes could not be determined because of the little amount of sample.
Table 7—1: Ash values present in the green, calcined cokes and graphite electrodes
Green cokes obtained in the
PSC

Calcined cokes
≈1300°C

Graphite
electrodes
≈3000°C

wt. %
EI-107
0.11
0.19
0.05
EI-107/coal
4.75
5.25
0.12
EI-135/coal
7.15
7.76
0.05
EI-134/coal
6.75
7.35
0.06
EI-138/coal
7.82
8.37
0.09
*samples were heated at 950°C for 3 hours. The ash was dissolved by lithium metaborate fusion and run
on a Perkin-Elmer Optima 5300 ICP (inductively coupled plasma emission spectrometer). Rock standards
were used to calibrate the results
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•

A systematic study to model the coking behavior and characteristics to provide

predictive capabilities, better insights and explanations of the chemical and physical
processes is needed. The use of the data in this study would be a significant addition to
the literature.
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Appendix A
Mass balance example (LSC)

The following example is applicable to all the feedstocks run in the closed system
and at different reaction times. This is a blend EI-107/coal reacted under autogenous
pressure for 12 h.
Runs were made in duplicate:
•

Gas%

•

Gas wt.(g)

Run

W BLEND

WR

W −G

W R − W −G

1
2

5.161
5.193

830.450
830.000

829.750
829.500

0.700
0.500

Gas %
(WR − W−G )
* 100
WBLEND
13.56
9.63

Oil%
Oil wt (g)

Oil %
( FlC 2 H 5 − Fl 0 )
Oil % =
* 100
WBLEND

Run

Fl0

FlC 2 H 5

FlC 2 H 5 − Fl0

1

111.3300

112.0550

0.7250

14.05

2

116.6400

117.1600

0.5200

10.01

•

THF-sol%

Run

Fl1

FlTHF

1
2

112.2570
112.4690

112.9400
113.1350

THF-sol wt (g)

FlTHF − Fl1
0.6830
0.6660

THF-sol %
( FlTHF − Fl1 )
THF − sol % =
* 100
WBLEND
13.23
12.82
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•

TI%
M-IS
Run

M0

M P&THF solids

M-IS (g)
M P&THF solids − M 0

1
2

0.9365
0.9428

0.9915
0.9682

0.0550
0.0254

THF-IS
Run

Th0

ThTHF − IS

THF-IS (g)
THF − IS = ThTHF − IS − Th0

1
2

2.6502
4.8523

5.9019
8.1918

3.2517
3.3395

TI% is reported,

Run

TI (g)
(M-IS)+(THF-IS)

1
2

3.3067
3.3649

TI%
(THF − IS ) + ( M − IS )
TI % =
*100
WCOAL
64.0709
64.7968

Next Table shows the yields of all four fractions:
Run
1
2

Gas%
13.56
9.63

TI%
64.07
64.80

Oil%
14.05
10.01

THF-Sol%
13.23
12.82

Total yield%
104.91
97.26

The yields are normalized to 100% yields
Normalization

x yield % normalized =
Gas%
12.93
9.90

TI%
61.07
66.63

x% * (100 ± i )%
100%

Oil%
13.39
10.29

THF-Sol%
12.61
13.18

Being x = Gas%, TI%, Oil% or THF-Sol%
The average (av.) and reproducibility of the measurement (±) are calculated:
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Gas%
Av
±
11.50
1.97

TI%
Av.
±
64.44
0.37

Oil%
Av.
±
12.03
2.02

THF-Sol%
Av.
±
13.03
0.20

312

Appendix B
Microphotographs

The following Figures are the photomicrographs of the textures found in the THFinsoluble fraction, or coke, that has been derived from the decant oil alone.

B.1 Petroleum derived textures4

Figure B—1: Elongated domain texture (isochromatic units >60 μm)
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Figure B—2: Isotropic carbon (gray matrix) with included mesophase-derived spheres
(mosaics)

Figure B—3: Small domain carbon texture (10-60 μm)
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Figure B—4: Flow domain carbon (>60 mm long, <10 mm wide)

B.2 Coal derived textures

Figure B—5: Vitrinite showing different degrees of enhancement4
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Figure B—5 shows different degrees of vitrinite enhancement. To the right,
vitrinite enhanced is observed (isochromatic units >2μm); to left, most of the vitrinite has
not experienced enhancement (isochromatic units <2μm).

Figure B—6: Mineral Matter*
*Courtesy of Gareth Mitchell. Microphotograph was shown during the presentation of “the nature of
delayed coke from blends of petroleum residua and coal” in the 22nd Annual Meeting of The Society for
Organic Petrology, Lexington, KY, 2005.

Figure B—6 shows the example of two types of mineral matter trapped in the
vitrinite-derived matrix. The high-reflecting material is pyrrhotite derived from heating
pyrite (to right), whereas the low-reflecting material (to left) is remnants of clay minerals.
Figure B—7 shows the inertinite and the isotropic vitrinite. The inertinite has a
higher reflectance.

It is surrounded by vitrinite that had become rounded during

thermoplasticity but did not coalesce.
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Figure B—7: Isotropic vitrinite (round structure in the middle of the picture) surrounded
by inertinite
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Appendix C
Thermal Mechanical Analyzer, cte-TMA

A new technique was explored here that is the CTE obtained in the thermal
mechanical analyzer, so-called cte-TMA.

The cte-TMA values were determined for the

cokes derived from the decant oil alone and blends; since there is no understanding of the
impact on the values that the mineral matter present in the coal, the values of cokes from
blends and decant oils are not compared.
Besides the nature of the material tested, the cte-TMA differs from the CTE in that
the cte-TMA was determined for the cokes whose crystals are randomly oriented; hence the

cte-TMA value obtained is an average in the orientation of the crystals.
The coefficient of thermal expansion measurements performed on the cokes
generated under laboratory scale conditions were carried out by using a TA Instruments
thermal mechanical analyzer model TMA – 2940. The temperature range was from room
temperature to 100°C and heating rate of 5°C/min.

The conditions were chosen

according to the conditions followed in the CTE test carried out by GrafTech: same
temperature range and similar heating rate138. Although TMA has not been used to
determine CTE values in coke samples, it has been widely used to determine it in other
materials as nanotubes228.
The coke powder, previously ground using a mortar and pestle, was poured into a
die of 12.7 mm in diameter.
following calculation was made:

In order to know the amount of sample needed, the
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Volume of the die = π r 2 h ; r= (12.7/2)=6.35mm; h=2mm, which is the desired thickness
of the pellet, since this is the maximum height that the TMA instrument can get. Then,
the volume of the pellet should be V=253mm3.
In order to know the mass, the density of the cokes was calculated. The density of
some green cokes was calculated and was in the range 1.42-1.60g/mL. Then, the lowest
density was chosen for the purpose of calculations
δ=1.42 g/cm3= 1.42mg/mm3

mass = V * δ = 253mm 3 *1.42

mg
= 359.7 mg = 0.3597 g
mm 3

Then, the pellet was made by adding to the die about 0.36 g of green coke or 0.36
g of semi-coke. The applied pressure to make the pellet was 2600 psi; this pressure was
maintained for 30 s.
The cte-TMA values are presented for the cokes derived from the decant oil alone.
Besides the cte-TMA values of the cokes obtained in the tubing bombs, the cte-TMA value
was calculated for a raw commercial needle coke from Conoco and the coke derived from
carbonizing EI-107 using the PSC.
In an attempt to correlate cte-TMA and optical microscopy, a correlation was found
with the isotropic carbon and mosaic. Then, a figure was plotted, having x axis as the
added isotropic and mosaic textures (I+m) against the cte-TMA; this is shown in
Figure C—1. The cte-TMA values of two needle cokes were plotted along with the cte-TMA
values of the semi-cokes obtained in the tubing bombs, in order to confirm that the larger
the size of the isochromatic units the higher the cte-TMA values; however no correlation
was found.
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Figure C—1 shows the correlation between i+m (isotropic+mosaic) with the cte:
as the i+m increases, the cte-TMA decreases. This trend is valid for the extremes of I+m;
however it is not valid for intermediate range such as the one in between 25 and 40,
where a trend is dependable on %m only such is observed at the bottom of this Figure.
The lowest CTE corresponded to the graphite electrode derived from the
commercial needle coke from Conoco, whereas higher CTE values correspond to
incompletely carbonized cokes (which are the cokes reacted at 6 h). Therefore, CTE and

cteTMA seem to be inversely proportional. CTE is dependent on texture, puffing (nitrogen
and sulfur content) and porosity229 whereas cteTMA is dependent on texture alone since the
sample was not heated to detect puffing and its dependence on coke porosity.
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Figure C—1: Correlation between cte-TMA and I+m and cte and m in the region i+m 2540 (vol%)
LSC=LaboratoryScale Coker or tubing bomb reactors; PSC=Pilot Scale Coker
CTE conoco needle coke (reported by GrafTech) = 0.126 x 10-6/°C. This coke is classified as super
premium needle coke106. Green coke %S=0.5
CTE needle coke EI-107 in a PSC (CTE reported by GrafTech) = 0.368 x 10-6/°C. This coke is classified
as premium needle coke106. Green coke %S=2.05

It is observed in Figure C—1 that none of the cokes run in the tubing bombs
reached the cte-TMA reported by the two needle cokes. It has been observed the coke has
to be fully carbonized, meaning extremely low or no percentage of isotropic carbon, and
have a high bulk mesophase, meaning high coalescence of the mesophase spheres, in
order to have highest cteTMA or lower CTE. In an attempt to make needle coke, the raw
decant oil EI-107 was run at 500°C under autogenous pressure since it has been reported
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that the high temperatures increase the rate of mesophase formation35; however, this coke
was not fully carbonized, failing to give cteTMA values close to that of needle cokes.
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Appendix D
Precision or reproducibility

Precision is the reproducibility of a measurement and is indicated by the symbol
±.

The precision of the measurements, for instance, TI wt.%, oil wt.%, etc, was

calculated following Equation D-1:
⎡ ∑ ( x av − x n ) 2 ⎤
⎥
σx = ⎢
n −1
⎢⎣
⎥⎦

1/ 2

D-1

The x av is the mean or average. This formula says:
1. Calculate the deviation of each individual measurement from the mean
and square it,
2. Add up all the squared deviations;
3. Divide the sum by the number of measurements, n, and subtract 1. In
most cases, the n used here is equal to 2. When σ χ = ±4 was obtained in
the yield determination more data was taken, being n equal to 3 or 4.
4. Take the square root of the result
The precision of the tubing reactor was obtained using Equation D-1 as well; in this
particular case n is equal to 6. The only difference is that in the calculation a reading of
the gas pressure gauge that was attached to the tubing reactor was made; the objective
was to have data obtained directly from the tubing reactor, without further
transformation, as did happen when information from yields (for instance) were obtained.
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The reading was performed seven times on the gauge after finishing the reaction time of
6 h with the decant oil alone, EI-107. The precision related to the tubing reactor alone is
±2.9%.
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Appendix E
Preparative Liquid Chromatography (PLC) followed by GC/MS

The main objective of this technique was to determine the number of aromatic
rings present in the different decant oils. This technique is semi-quantitative since no
detector was used as in the case of HPLC (UV or IR). The samples were separated into
several groups according to the change in coloring using as a detector the naked eye with
the help of a UV lamp. The results are shown in Table E—1. The reproducibility of this
technique was very low, so a percentage range is displayed.
It is observed from Table E—1 that the heteroatom compounds were present in
the raw decant oil EI-107, whereas their concentration had been reduced in its
hydrotreated versions, confirming the effectiveness of the hydrotreatment. The decant
oils EI-133, EI-134 and EI-135 contained the highest percentage of tetra- and pentacyclic
aromatics. Possibly, some tetra- and pentacyclic aromatics contained sulfur or nitrogen
in their structure, and would be classified with the heteroatom compound group; as the
heteroatom-containing aromatic compounds were hydrogenated, sulfur is released, and
the former heteroatom compounds reported to a different classification, which might be
tricyclic aromatic.
Tetra- and pentacyclic aromatics were not observed in the EI-138; as the
hydrogenation increased, the polyaromatic compounds were saturated, turning into
cycloalkanes, as observed in the Table E—1.
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The most hydrotreated decant oil had the highest content of monocyclic aromatics
(10-20%).

The original decant oil was mostly tricyclic aromatic (70-75%) and the

tricyclic aromatic content remained about constant for the hydrotreated decant oils.
Table E—1: Preparative liquid chromatography (PLC) and GC/MS

Compounds (%)/ID

EI-107

EI-133

EI-134

EI-135

EI-136

EI-137

EI-138

wt, %
5-7
s.c.
3-5

5-7
s.c&c.a
10-20

10-20
s.c&c.a
<1

10-20
s.c&c.a
10-20

6-15

15-25

6-15

tri-Ar
70-75
50-60
50-60
50-60
60-65
tetra and
<5
7-15
7-15
7-15
<5
penta -Ar
Heteroatoms
10-15
<5
<5
<5
<5
s.c. is straight chain alkane; c.a. is cycloalkanes; n.d., not detected

50-60

50-60

<5

n.d.

n.d.

<5

mono-Ar

4-5
s.c.
<1

4-5
s.c.
3-5

4-5
s.c.
3-5

di-Ar

<5

16-25

16-25

Alkanes

15-25
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Appendix F
Winn Nomogram for Characterization of Petroleum Fractions

Source: Winn nomogram for characterization of petroleum fraction, found in p. 74 in “Characterization
and Properties of Petroleum Fractions”, M.R. Riazi, ASTM International, Baltimore MD 179.
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Appendix G
Example of the calculation of the NMR peaks using the Software X Win NMR 2.5

An example of the calculation is shown for the raw decant oil, EI-107. The 13C
NMR assignments for functional groups obtained from the software X Win NMR 2.5 are
shown in the Figure G—1.
Average structure

Biphenyl

DBT

CZ

Figure G—1: 13C NMR assignments for functional groups calculated using the software
X Win NMR 2.5
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The next Table shows the number of carbons that fall in the different functional
groups and then, the percentages were calculated by dividing the #C of a given functional
group by the total number of carbons. This Table shows the number of carbons present
in the different functional groups for the average structure proposed for EI-107 using the
software X-Win NMR 2.5.
Symbol of the different functional groups

Band, TMS

-CH3
-CH2>CHN-Cal
O-Cal
olefinic
>C=ar
>C=H ar
>CH2
heteroatoms

11-22.5
22.5-37
37-60
60-65
65-75
108-118
118-128.0
128-135
135-138
138-160

EI-107
EI-107
Average structure
%
4
18.18
2
9.09
0
0.00
---10
45.45
3
13.64
2
9.09
1
4.55
22

(ppm)

The same procedure was used to calculate the percentage of DBT, CZ and
biphenyl. Next Table shows the percent of each functional group present in biphenyl,
DBT and CZ, using the software X-win NMR 2.5.
Band, TMS

Average structure

Biphenyl

DBT

CZ

18.18
9.09
----45.45
13.64
9.09
4.55

------50.0
33.3

------66.7
16.7
16.7

------83.3

(ppm)

-CH3
-CH2>CHN-Cal
O-Cal
olefinic
>C=ar
>C=H ar
>CH2
heteroatoms

11-22.5
22.5-37
37-60
60-65
65-75
108-118
118-128.0
128-135
135-138
138-160

16.7

16.7
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From the proposed structures shown in Table 4-16, the average structure has
81.29% of the total mixture, 17.2 for DBT, 1.51% for CZ, and 0.17% for BPh.
Therefore, to calculate the percent of any functional group theoretically for the mixture,
for example >C=ar, we have that:
> C = ar , % = (0.8129 * % av.struct ) + (0.172 * % DBT ) + (0.0151 * %CZ ) + (0.0017 * % BPh)
> C = ar , % = (0.8129 * 45.45) + (0.172 * 66.7) + (0.0151 * 83.3) + (0.0017 * 50) = 49.76%
This value of 49.41% for >C=ar is close to the experimental value obtained for the
mixture EI-107, which is 44.54%, using the

13

C NMR. The same method was used to

calculate the other functional groups and the elemental analysis.
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Appendix H
Reproducibility of measurements (±) in the X-ray parameters for the petroleum
cokes, co-cokes, cokes derived from coal alone and graphitized petroleum cokes

In the coke evaluation, X-ray parameters, d002, FWHM, Lc and diffraction angle
cannot be compared since the curve fitting varies according to the material. The signal to
noise S/N ratio was higher in the cokes derived from coal alone while lower in the
graphites derived from petroleum cokes.

Therefore, the reproducibility of the

measurements is applicable to each particular group. As it is observed in the Figure H—
1, cokes derived from the coals alone had a wider range of highest diffraction angle when

compared to the co-cokes, petroleum cokes and graphitized petroleum cokes.

The

narrowest S/N ratio was displayed by the graphitized petroleum cokes (Figure H—4).
All the samples had been exposed to the X-ray beam for two hours.
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Figure H—1: Curve fitting of a coke derived from coal alone
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Figure H—2: Curve fitting of a co-coke

Figure H—3: Curve fitting of a petroleum coke
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Figure H—4: Curve fitting of a graphitized petroleum coke
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Appendix I
Solubility of gases in liquids and viscosity decrease
Solubility of gases in liquids – Henry’s law

The solubility of gases in liquids ( xi ) is proportional to partial pressure of
component in the gas phase ( yi P ). Then, the relation is shown in Equation I-1.

y i P = k i xi

I-1

This relation is known as Henry’s law and the proportionality constant k i is
called Henry’s constant ( k i − solvent ); this constant has the unit of pressure per mole (or
weight fraction) and for any given solute and solvent system is a function of temperature.
The main application of Henry’s law is to calculate solubility of gases in liquids where
the solubility is limited (small xi ), for example, solubilities of hydrocarbons in water or
light hydrocarbons in heavy oils are very limited and Henry’s law may be used to
estimate their solubility. The constant, k i , has been reported for solubility of gases in
water, given at different temperatures and pressures; however, constant for solubility of
gases in the oils and conditions of T and P used in this investigation are not reported,
hence, they have to be calculated.
Henry’s law is a good approximation when:
•

Pressure is low (not exceeding 5-10 bar)

•

The solute concentration in the solvent, xi , is low, not exceeding 0.03
(molar fraction)
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•

Temperature is below the critical temperature of the solvent.

Under the current conditions, sometimes the pressure exceeds 10 bars and the
temperature is above the critical temperature of the solvent. Next section shows the
equations used to calculate k i .
If the vapor phase is pure component 1 and is in contact with solvent 2 at pressure
P and temperature T, then its solubility in terms of mole fraction, xi , is calculated
following the Equation I-2.
φV P
xi = 1
γ 1 f1L

; ki = γ i f iL

I-2

Calculation of k i and φ1V

Calculation of k i : As it was previously mentioned, k i is not reported for the kind
of oils and conditions used in the current research, so that it has to be calculated. When
oils are at temperatures greater than Tc, the Equation I-3 must be used:
∧V

yi φ i P = xi γ i f i L , where k i = γ i f i L

I-3

where f i L is the fugacity of pure liquid i, in a hypothetical liquid state, at T and P of the
mixture and is calculated using the below equations. These equations are used when the
solute (light gas), which is indicated as component 1, and where Tr > 1.

f i L = f roL Pc exp[

V1L ( P − 1.013)
]
RT

I-4
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where

f roL is

the reduced hypothetical liquid fugacity at pressure of 1 atm (

f roL

=

f oL
Pc

)

and it should be calculated from the following equation:

f roL = exp(7.902 −

8.19643
− 3.08 ln Tr )
Tr

I-5

where, Tr is the reduced temperature. This equation is not valid for Tr > 3. Despite this
limitation, this equation is used to calculate f roL values.
The activity coefficient, γ i , is related to fugacity coefficient as
∧

ln γ i = ln φ i (T , P, xi ) − ln φ i (T , P )

H-6

∧

where φ i (T , P, xi ) is the fugacity coefficient of i in the liquid mixture and φ i (T , P) is
fugacity coefficient of pure liquid i at T and P of mixture. Application of PR EOS (see
Table 6-1 in Riazi179) in the above equation, at xi → 0 will result in the following
calculation of activity coefficient at infinite dilution for component 1 ( γ 1∞ ) in a binary
system of components 1 and 2 at T and P.
b
Z − B1
A1
Z + 2.414 B1
a P
Z + 2.414 B 2
1
ln γ 1∞ = 1 ( Z 2 − 1) − ( Z1 − 1) + ln( 1
)+
ln( 1
ln( 2
) − ( 12 )
)
2
2
−
b2
0
.
414
Z 2 − B2
Z
B
Z 2 − 0.414 B 2
2 2 B1
2 B2
1
1
R T

+

Z + 2.414 B 2
ln( 2
)
Z 2 − 2.414 B 2
2 2 B 2 b2
b1 A2

where a12 = a11/ 2 a12/ 2 (1 − k12 ) , in which k12 is the binary interaction parameter

I-7
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k12 = 0.14 SG 2 − 0.0688 ,

where SG is the specific gravity. Parameters a, b, A, and B for PR

EOS are given in Riazi179. Z1 and Z 2 are the compressibility factors for components 1
and 2.
Calculation of fugacity coefficient of pure gas, φ1V
Fugacity is a parameter similar to pressure, which indicates deviation from ideal gas
behavior. It is defined as

f
lim ( ) = 1
P →0 P
With this definition fugacity of an ideal gas is the same as its pressure. The ratio

f
is a
P

dimensionless parameter called fugacity coefficient and it is shown by φ , where for an
ideal gas, φ = 1 . After using cubic equations of state, φ is found to be

φ = (φ (0) )(φ (1) ) w
where the values of φ ( 0) and φ (1) can be obtained from the tables 6.6 and 6.7 in Riazi179.
Prediction of parameters needed to calculate k i and φ1V

In order to predict k i and φ1V , the critical parameter and acentric factor need to be
calculated. The critical point is a point on the pressure-volume-temperature diagram
where the saturated liquid and saturated vapor are identical and indistinguishable. In
other words, the critical temperature and pressure for a pure compound are the highest
temperature and pressure at which the vapor and liquid phase can coexist in equilibrium.
In the literature, equations to predict the critical parameters Tc , Pc , and Vc , are usually
referred to as Riazi-Daubert methods.

These equations are recommended only for
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hydrocarbons in the molecular range of 70-300 and have been widely used by the
industry.
Critical temperature: Tc = 19.06232Tb0.58848 SG 0.3596

I-8

Critical pressure: Pc = 5.53027 x10 7 Tb −2.3125 SG 2.3201

I-9

Critical volume: Vc = 1.7842 x10 −4 Tb2.3829 SG −1.683

I-10

where Tb is in Kelvin, Pc is in bar, and Vc is in cm3/mol. Critical compressibility factor:
Zc, where Zc is dimensionless, and R is the universal constant.

Zc =

PcVc
RTc

I-11

Acentric factor, w , is a parameter that was originally defined by Pitzer to
improve accuracy of corresponding state correlations from heavier and more complex
compounds.

Acentric factor is a defined parameter, not measurable quantity, and

dimensionless. Acentric factor is defined in a way that for simple fluids such as argon
and xenon it is zero and its value increases as the size and shape of molecule changes.
For methane w = 0.001 and for decane w = 0.489 . The relation for the estimation of
acentric factor is the Lee-Kesler method, for Tbr≤0.8 (≤C20∼M≤280).
boiling point, Tbr, is which is defined as Tbr =

−

w=

The reduced

Tb
.
Tc

ln Pc
6.09648
− 5.92714 +
+ 1.288662 ln Tbr − 0.169347Tbr6
Tbr
1.01325
15.6875
15.2518 −
− 13.4721 ln Tbr + 0.43577Tbr6
Tbr

I-12
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In order to predict the critical parameters and acentric factor, boiling point, Tb,
and, specific gravity, SG, are needed. When a gas is dissolved in a pure or mixed liquid
hydrocarbon, the viscosity of the solution can be calculated from viscosity of gas-free
hydrocarbon (μa) and gas-to-liquid ratio (GLR) using Equation I-13, where both, μ m and

μ a are at 37.8°C in cp.
μm
1.651(GLR) + 137 μ 1a/ 3 + 538.4 3
}
= { 1/ 3
μa
μ a [137 + 4.891(GRL)] + 538.4

I-13

The term gas-to-liquid ratio (GRL) is calculated following Equation I-14, where
x A is the mole fraction of dissolved gas in liquid, M B is the molecular weight of the

liquid, and SG B is the specific gravity of liquid. GRL is calculated as stm of gas/stm of
liquid (1m3/m3=1 scf/st*ft3=5.615scf/bbl)

GRL =

379 x A
(1 − x A ) * (

MB
62.4 SG B

I-14

)

In order to determine the viscosity of solution at temperature T, μT , where T is in
Kelvin, Equation I-15 has to be used. This equation should not be used for pressures
above 350 atm.
1.209 + log10 ( μ m )
log10 μT = −1.209 + 132.8(
)
T − 178

I-15
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